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W E L C O M E  M E S S A G E

DDeeaarr  CCoolllleeaagguueess  aanndd  FFrriieennddss,,

We welcome you to Greece and the 25th tRNA Conference.

We would like to thank you for your participation, which has exceeded our
expectations. Your contribution through excellent scientific work of the 
highest caliber reassures the continuation of the excellent research in the
field and highlights interdisciplinary and innovative approaches to unravel
novel pathways in biology. Most encouraging is the participation of new
groups and young investigators who bring fresh and novel perspectives on
tRNA biology.   

Research on tRNA has always been interconnected with the evolution of the
genetic code and translation. Today, more than ever, it is evident that tRNA
research continues to reveal new and surprising aspects of cellular 
metabolism which will be presented in sessions devoted to synthetic 
biology, tRNA biogenesis, processing, editing, transfer and localization, the
recognition of tRNA by aminoacyl-tRNA synthetases and their role in many
diseases, the relationship between structure and function of translation
factors, the regulation of translation at many levels, the role of many tRNA-
related proteins or protein networks outside translation and finally, the 
regulatory role of tRNA itself and its fragments, post-transcriptionally.  

We would like also to thank the members of the scientific committee, the
session chairs, the speakers and poster presenters and all the academic,
scientific and commercial entities that support this 25th anniversary tRNA
Conference. Their encouragement and help towards a successful and 
memorable conference is gratefully acknowledged. 

We welcome you to the place that gave birth to the great ideas of the 
modern world and we invite you to enjoy both the 25th tRNA Conference and
your stay in Greece.

Denis Drainas & Constantinos Stathopoulos
25th tRNA Conference Co-chairs

Department of Biochemistry
School of Medicine
University of Patras
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Sunday, September 21st 

From 15.00 Arrivals and Registration at Grecotel Olympia Oasis Conference Venue 

18.30-19.15 We l c o m e  C o c k t a i l

19.15-19.30 Welcome from the Organizers
D. Drainas (Greece), C. Stathopoulos (Greece), D. Kletsas (Greece)

19.30-20.30 Session 1 - 50 years of tRNA research and 25 Conferences

19.30-20.00 Keynote Lecture 1: Paul Agris (USA) 
Implications of RNA being modified: Basic and translational science

20.00-20.30 Keynote Lecture 2: Paul Schimmel (USA) 
The new biology of tRNAs and AARSs

20.30 D i n n e r

Monday, September 22nd

09.00-11.00 Session 2 - tRNA: Genetic code evolution and Synthetic Biology
Chairs: D. Söll (USA), S. Yokoyama (Japan)

09.00-09.20 O1 Shigeyuki Yokoyama (Japan) 
Structural studies on specific aminoacy-tRNA synthesis and genetic code
expansion  

09.20-09.40 O2 Dieter Söll (USA) 
Rewiring E. coli translation for synthesis of selenoproteins

09.40-10.00 O3 Jesse Rinehart (USA) 
Probing proteins and proteomes from organisms with expanded genetic
codes 

10.00-10.15 O4 Naohiro Terasaka (Japan) - Sidney Altman Endowment Lecture
An orthogonal ribosome-tRNAs pair by the engineering of peptidyl-trans-
ferase center

10.15-10.30 O5 Takahito Mukai (Japan) 
A rare codon can be captured by a non-canonical amino acid

10.30-10.45 O6 Joanne Ho (USA) 
Sense codon recoding in Escherichia coli

10.45-11.00 O7 Jeffrey R. Sampson (USA) 
Synthetic biology: A measurement solutions provider’s perspective

11.00-11.30 C o f f e e  b r e a k

11.30-13.30 Session 3 - tRNA: Biogenesis and Modification I
Chairs: D. Engelke (USA), E. Phizicky (USA)

11.30-11.50 O8 David Engelke (USA) 
Diverse roles of the prion-like protein, Mod5, in tRNA-modification and
RNA-silencing

Conference PROGRAM
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11.50-12.10 O9 Eric Phizicky (USA) 
Identification of the determinants of tRNA function and susceptibility to
rapid tRNA decay by high throughput in vivo analysis

12.10-12.30 O10 Walter Rossmanith (Austria)
RNase P: convergent evolution within a structurally diverse enzyme family

12.30-12.45 O11 Stewart Shuman (USA) 
Biology and chemistry of tRNA damage and its repair

12.45-13.00 O12 Mario Mörl (Germany) 
The identity of the discriminator base has an impact on CCA-addition

13.00-13.15 O13 Aaron Cozen (USA) 
Coupling demethylation to RNA sequencing provides a high-throughput
view of tRNA processing and modification

13.15-13.30 O14 Carine Tisné (France) 
1-methyladenosine in transfer RNA

13.30-15.00 C o n f e r e n c e  P h o t o  &  L u n c h  

15.00-17.05 Session 4 - tRNA: Biogenesis and Modification II
Chairs: T. Suzuki (Japan), V. deCrecy-Lagard (USA)

15.00-15.15 O15 Tsutomu Suzuki (Japan) 
Biogenesis and function of cyclic t6A and its derivatives

15.15-15.35 O16 Valerie de Crecy-Lagard (USA) 
Complex modification of tRNA, interplay with DNA metabolism?

15.35-15.55 O17 Juan Alfonzo (USA) 
A tRNA modification pathway in mitochondria unveils the origin of wybuto-
sine in eukaryotes

15.55-16.10 O18 Ya-Ming Hou (USA)
A divalent metal ion-dependent N1-methyl transfer to G37-tRNA

16.10-16.25 O19 Kazuhito Tomizawa (Japan) 
Cdk5rap1-mediated 2-methylthio modification of mitochondrial tRNAs con-
trols precise mitochondrial protein translation and contributes to myopathy 

16.25-16.40 O20 Sebastian A. Leidel (Germany) 
Wobble uridine hypomodification triggers protein misfolding by reducing
decoding speed in vivo

16.40-16.55 O21 Marc Graille (France) 
Structure-function analysis of the Trm9-Trm112 complex, a methyltrans-
ferase involved in the mcm5U34 tRNA modification and in response to
genotoxic stresses

16.55-17.05 O22 Takaaki Taniguchi (Japan)
A Rossmann-fold superfamily enzyme, TmcAL, is a novel acetate ligase
responsible for the formation of N4-acetylcytidine in tRNAMet in Bacillus
subtilis     

17.05-17.30 C o f f e e  b r e a k

Conference PROGRAM
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Monday, September 22nd

17.30-19.30 Session 5 - tRNA: Processing, Transport, Localization
Chairs: L. Marechal-Drouard (France), A. Hopper (USA)

17.30-17.50 O23 Laurence Marechal-Drouard (France) 
Metazoan mitochondrial genome expression: the tRNA punctuation model
revisited

17.50-18.10 O24 Anita Hopper (USA) 
Asking the cells: genome-wide screen of yeast uncovers the mechanisms
for tRNA intron turnover and targeting the SEN complex to mitochondria

18.10-18.30 O25 Sidney Kushner (USA) 
Multiple pathways for processing of tRNA primary transcripts in Es-
cherichia coli

18.30-18.45 O26 Philippe Giegé (France) 
Exploring the mode of action, diversity and evolution of protein-only
RNase P 

18.45-19.00 O27 Malgorzata Dobosz-Bartoszek (USA) 
The crystal structure of human selenocysteine tRNA-specific elongation
factor, eEFSec

19.00-19.15 O28 Jana Alexandrova (France) 
Elaborate uORF/IRES features control expression and localization of
human moonlighting glycyl-tRNA synthetase 

19.15-19.30 O29 Mary Anne T. Rubio 
Editing and methylation at a single tRNA site by functionally interdepend-
ent activities: Keeping a mutagenic enzyme in check

19.30-20.30 P O S T E R  E X H I B I T I O N  
(Open also after dinner until 23.00)

20.30 D i n n e r
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Tuesday, September 23rd

09.00-11.00 Session 6 - IUBMB Symposium “The dynamic networks of the tRNA 
protein community” I 
Chairs: S. Kim (Republic of Korea), X-L. Yang (USA) 

09.00-09.30 O30 Sunghoon Kim (Republic of Korea) 
Implications of tRNA synthetase network in cancer microenvironment  

09.30-10.00 O31 Xiang-Lei Yang (USA) 
Nuclear function of TyrRS under oxidative stress

10.00-10.20 O32 Susan Ackerman (USA) 
Ribosome stalling induced by mutation of a CNS-specific tRNA causes
neurodegeneration

10.20-10.40 O33 Pavel Ivanov (USA) 
Angiogenin-mediated tRNA cleavage in neurodegeneration

10.40-11.00 O34 Μin Guo (USA) 
Structural basis for multiplexed inhibition of translational and non-transla-
tional functions on a human tRNA synthetase

11.00-11.30 C o f f e e  b r e a k

11.30-13.30 Session 7 - IUBMB Symposium “The dynamic networks of the tRNA
protein community” II
Chairs: H.D. Becker (France), P. L. Fox (USA) 

11.30-12.00 O35 Hubert D. Becker (France) 
The yeast AME multisynthetase complex controls mitochondrial ATP 
production by coordinating expression and assembly of the F1FO ATP
synthase

12.00-12.30 O36 Paul L. Fox (USA) 
Glutamyl-prolyl tRNA synthetase and metabolism: New functions for an
ancient enzyme

12.30-12.50 O37 Ignacio Luque (Spain) 
Role of an alternative threonyl-tRNA synthetase in the adaptation to zinc
deficiency in prokaryotes

12.50-13.10 O38 Malcom R. Whitman (USA) 
EPRS inhibition signals to a novel matrix remodeling pathway in multiple
cell types

13.10-13.30   O39 Marc Mirande (France) 
Aminoacyl-tRNA synthetase complexes in evolution

13.30-15.00 L u n c h



10

Tuesday, September 23rd

15.00-17.00 Session 8 - tRNA: Recognition and Aminoacylation I
Chairs: K. Musier-Forsyth (USA), I. Gruić Sovulj (Croatia)

15.00-15.20 O40 Ita Gruić Sovulj (Croatia) 
Class I aaRS quality control mechanisms preserve canonical translation 
in Escherichia coli

15.20-15.40 O41 Karin Musier-Forsyth (USA) 
Homologous trans-editing factors with broad substrate specificity prevent
global mistranslation

15.40-16.00 O42 Mark Safro (Israel) 
Universal pathway for post-transfer editing reactions: insights from the
crystal structure of TtPheRS with puromycin

16.00-16.15 O43 Saumya Dasgupta (India) 
Functional evolution of bacterial GlxRS facilitated by isoacceptor plasticity
of tRNAGln

16.15-16.30 O44 John S. Reader (USA) 
Key immunity determinants in agrobacterial LeuRS prevent self-poisoning
of plant tumor biocontrol

16.30-16.45 O45 Adam C. Mirando (USA) 
A bioengineered macrolide inhibitor that separates the translational and
angiogenesis functions of threonyl-tRNA synthetase

16.45-17.00 O46 Young Ho Jeon (Korea) 
Interaction of lysyl-tRNA synthetase and laminin receptor in the control of
cell migration and cancer metastasis 

17.00-17.30 C o f f e e  b r e a k

17.30-19.30 Session 9 - tRNA: Recognition and Aminoacylation II 
Chairs: M. Ibba (USA), S. Martinis (USA)

17.30-17.50 O47 Michael Ibba (USA) 
Oxidation of cellular amino acid pools leads to cytotoxic mistranslation of
the genetic code

17.50-18.10 O48 Susan Martinis (USA) 
Quality control mechanisms of leucyl-tRNA synthetase

18.10-18.30 O49 Henna Tyynismaa (Finland) 
The importance of editing by mitochondrial alanyl-tRNA synthetase for mi-
tochondrial protein quality control in mammals

18.30-18.45 O50 Jana Ognjenović (USA)
Structural basis for the neurological disorders caused by mutations in
human cytosoloic GlnRS

18.45-19.00 O51 Yi Shi (USA) 
Seryl-tRNA synthetase counteracts c-Myc to develop functional vasculature
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19.00-19.15 O52 Michael Schwartz (USA) 
Methionyl-tRNA synthetase alters its tRNA substrate specificity to facilitate
adaptation to varying environments 

19.15-19.30 O53 Tamara Hendrickson (USA) 
Roles of non-canonical proteins and enzymes in indirect tRNA aminoacy-
lation in Helicobacter pylori

19.30-20.30 P O S T E R  E X H I B I T I O N  
(Open also after dinner until 23.00)

20.30 D i n n e r

Wednesday, September 24th 

09.00-11.00 Session 10 - tRNA: Translation, Structure and Function  
Chairs: C. Gualerzi (Italy), O. Nureki (Japan)

09.00-09.20 O54 Osamu Nureki (Japan) 
Structural insights into non-canonical aminoacylation 

09.20-09.40 O55 Claudio Gualerzi (Italy) 
Structural and dynamic aspects of initiator tRNA interactions with
the bacterial ribosome and other ribosomal ligands

09.40-10.00 O56 Marina Rodnina (Germany) 
Translational recoding as a kinetic event

10.00-10.15 O57 Joachim Frank (USA) 
Progression of tRNAs during elongation, visualized by cryo-EM of a single
sample

10.15-10.30 O58 Wolfgang Wintermeyer (Germany) 
Single-molecule fluorescence reveals multiple chimeric tRNA states during
EF-G-induced translocation on the ribosome

10.30-10.45 O59 Daniel N. Wilson (Germany) 
Structural insight into drug-dependent ribosome stalling

10.45-11.00 O60 Axel Innis (France) 
A proton wire to couple aminoacyl-tRNA accommodation and peptide
bond formation on the ribosome

11.00-11.30 C o f f e e  b r e a k
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Wednesday, September 24th 

11.30-12.00 The EMBO Keynote Lecture
Marat Yusupov (France) 
X-ray crystallography for ribosome function study

12.00-13.30 L u n c h

13.30-22.00 Conference Tour to Olympia Archaeological Museum and Site
& Dinner at Mercouri winery 

Thursday, September 25th

09.00-11.00 Session 11 - tRNA: Regulation, Genomics, Disease I
Chairs: I. Tarassov (France), A. Ferré-D’Amaré (USA)

09.00-09.20 O61 Ivan Tarassov (France) 
Modeling gene therapy of mitochondrial diseases by imported small RNA

09.20-09.40 O62 Adrian Ferré-D’Amaré (USA) - Sidney Altman Endowment Lecture
Co-crystal structure of a tRNA-T box riboswitch complex: molecular basis
for the control of gene expression by transfer RNA

09.40-10.00 O63 Orna Dahan (Israel) 
Exploring the dynamic and evolution of the tRNA pool through systematic
deletion of tRNA genes

10.00-10.15 O64 Umesh Varshney (India)  
An extended Shine-Dalgarno sequence in mRNA functionally bypasses a
vital defect in initiator tRNA

10.15-10.30 O65 Jennifer Gebetsberger (Switzerland) - 
Sidney Altman Endowment Lecture

tRNA-derived fragments target the small ribosomal subunit to fine-tune
translation

10.30-10.45 O66 Jordi Gómez (Spain) 
Messenger RNAs bearing tRNA features exemplified by a tRNA-mimic
motif within interferon alfa 5 mRNA

10.45-11.00 O67 Francesca Tuorto (Germany) 
The tRNA methyltransferase Dnmt2 is required for accurate protein 
synthesis during haematopoiesis

11.00-11.30 C o f f e e  b r e a k
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11.30-13.30 Session 12 - tRNA: Regulation, Genomics, Disease II 
Chairs: M. Frugier (France), L. Ribas de Pouplana (Spain)

11.30-11.50 O68 Magali Frugier (France) 
Malaria sporozoites import exogenous tRNAs

11.50-12.10 O69 Lluis Ribas de Pouplana (Spain) 
Signal saturation limits the development of tRNA identities and the size of
the genetic code

12.10-12.30 O70 Philip Farabaugh (USA) 
A model to explain frequent misreading of a subset of codons by individual tRNAs

12.30-12.45 O71 Jingji Zhang (Sweden)  
Accuracy of codon recognition by ternary complex on the ribosome

12.45-13.00 O72 Hila Gingold (Israel) 
A dual program for translation regulation in cellular proliferation and differentiation

13.00-13.15 O73 Rafael R. Argüello (France) 
Cracking the genomic code of codons: Using dendritic cells to explore 
beyond the genetic code

13.15-13.30 O74 Salvador Meseguer (Spain) 
Control of mitochondrial tRNA modification enzymes in MELAS cells by
the ROS-regulated microRNA miR-9/9*

13.30-15.00 L u n c h

15.00-17.00 Session 13 - tRNA: Regulation, Genomics, Disease III 
Chairs: T. Pan (USA), E. Razin (Israel)

15.00-15.20 O75 Tao Pan (USA) 
Discovering tRNA-protein interactome and its function in cellular 
communication between translation and other processes

15.20-15.40 O76 Ehud Razin (Israel) 
The role of the LysRS-Ap4A-Hint-1-MITF pathway in health in disease

15.40-16.00 O77 Maria Hatzoglou (USA) 
tiRNAs as potential inhibitors of apoptosis during hyperosmotic stress

16.00-16.15 O78 Sotiria Palioura (Greece) 
Selenoprotein biosynthesis and human disease

16.15-16.30 O79 Veerle Eggens (The Netherlands) 
Mutation in RNA kinase CLP1 causes neurodegeneration

16.30-16.45 O80 Elisa Vilardo (Austria) 
Pathogenic mutations in SDR5C1 impair the tRNA maturation activities of
human mitochondrial RNase P 

16.45-17.00 O81 Susan Robey-Bond (USA) 
Molecular basis of histidyl-tRNA synthetase-associated Usher syndrome
type 3B in cochlea-derived mouse cells and zebrafish

17.00-17.30 C o f f e e  b r e a k
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Thursday, September 25th

17.30 - 18.30 Session 14 - tRNA: Systems Biology
Chairs: J. Pütz (France), D. H. Ardell (USA)

17.30-17.45 O82 David H. Ardell (USA) 
Molecular evolution of tRNAs and tRNA CIFs in Drosophila 

17.45-18.00 O83 Tasos Gogakos (USA) 
tRNAseq: An experimental and computational pipeline to characterize 
expression and processing of precursor and mature human tRNAs

18.00-18.15 O84 Jonathan Morrand (USA) 
A novel program for analysis of tRNA expression from RNASeq datasets

18.15-18.30 O85 Patricia Chan (USA) 
An improved tRNAscan-SE and genomic tRNA database: new capabilities
and features to enhance tRNA research

18.30-19.15 Session 15 - Closing Session
Chairs: C. Stathopoulos (Greece), D. Drainas (Greece), G. Simos (Greece)

18.30-19.00 Keynote Lecture 3: Henri Grosjean (France) 
The expanding world of (t)RNA modification and editing:  
50 years of personal recollections

19.00-19.15 Closing remarks and invitation to attend the 26th tRNA Conference

21.00                  G a l a  D i n n e r  
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P1 Predicting the minimal translation apparatus: Lessons from the reductive evolution of Mollicutes
H. Grosjean, M. Breton, P. Sirand-Pugnet, F. Tardy, F. Thiaucourt, C. Citti, A. Barré, S. Yoshizawa, 
D. Fourmy, V. de Crécy-Lagard, A. Blanchard

P2 The identity elements for aminoacylation of metazoan mitochondrial tRNAArg have been widely
conserved throughout evolution
Gabor L. Igloi, Anne-Katrin Leisinger

P3 A comprehensive evolutionary analysis uncovers an unexpected complexity of tRN
modifications in yeast
L. Peter Sarin, Fiona Alings, Hannes C. A. Drexler, Sebastian A. Leidel

P4 Molecular characterization of Naegleria gruberi selenophosphate synthetase
Natália K. Bellini, Ivan R. e Silva, Marco T. A. da Silva, Otavio H. Thiemann

P5 A genetic code without the sulfur containing amino acids
Kazuaki Amikura, Daisuke Kiga

P6 Ancient genes: prediction, RNASeq detection, and ancestral tracing of tRNA in plantae
Jonathan Morrand, Kirtan Joshi, Kirstyn Tan, Matt Spencer, Bill Spollen, Chris Bottoms, 
and William Folk

P7 Intra-organism variation in tRNA structural type
Aditi Banerjee, Hanchao Zhao, Susan A. Martinis, Margaret E. Saks

P8 In vivo function of RtcA in tRNA processing
Bart Appelhof, Veerle R.C. Eggens, Tessa van Dijk, Anneloor ten Asbroek, Marian A.J. Weterman,
Joseph G. Gleeson, Frank Baas

P9 Identification of a new folate-dependent rRNA methyltransferase that catalyses m5U1939
modification in 23S Rrna
C. Lartigue, A. Lebaudy, A. Blanchard, B. El Yacoubi, S. Rose, S. Douthwaite, H. Grosjean

P10 Biosynthesis of wyosine derivatives in tRNAPhe of Archaea: Role of a remarkable bifunctional
tRNAPhe: m1G/imG2 methyltransferase
J. Urbonavicius, R. Rutkiene, J. Napryte, D. Tauraite, J. Stankeviciute, A. Aucynaite, 
R. Meskys, H. Grosjean

P11 Structural characterisation of two homologous 2’-O-methyltransferases showing different
specificities for their tRNA substrates
Bart Van Laer, Jonathan Somme, Martine Roovers, Jan Steyaert, Louis Droogmans, 
Wim Versées

P12 NMR conformational dynamics of La protein domains in interaction with pre-tRNA ligands 
from a lower eukaryote exhibiting identical structural organization with its human homolog
Dionysios Vourtsis, Maria Apostolidi, Aikaterini Argyriou, Christos Chasapis, 
Parthena Konstantinidou, Denis Drainas, Detlef Bentrop, Constantinos Stathopoulos 
and Georgios A. Spyroulias

P13 Peculiarities of queuosine biosynthesis in trypanosomes
Zdeněk Paris, Alan Kessler, Mary Anne T. Rubio, Juan D. Alfonzo 

P14 The differential activity of tRNA modifying enzyme: the role of anticodon stem loop sequence
Bhavik Sawhney, N Saraswathi, Akash Ranjan

P15 Pre-tRNA capping
Takayuki Ohira and Tsutomu Suzuki 

P16 A complete landscape of post-transcriptional modifications in mammalian mitochondrial tRNAs
Takeo Suzuki and Tsutomu Suzuki

P17 How does the folate dependent tRNA (m5U54) methyltransferase (TrmFO) recognize substrate
tRNA?
Ryota Yamagami, Koki Yamashita, Hiroshi Nishimasu, Chie Tomikawa, Anna Ochi, Chikako Iwashita,
Ryuichiro Ishitani, Osamu Nureki, and Hiroyuki Hori

P18 Alteration of the solid-phase DNA probe method for large-scale tRNA purification
Ai Kazayama, Ryota Yamagami, Takashi Yokogawa, and Hiroyuki Hori

P19 CmoM, the novel methyltransferase responsible for the last step of uridine-5-oxyacetic acid
methyl ester (mcmo5U) biogenesis
Yusuke Sakai, Kenjyo Miyauchi, Satoshi Kimura and Tsutomu Suzuki

P20 Topological knot tRNA methyltransferase (TrmH) discriminates substrate tRNA from 
non-substrate tRNA by a multistep recognition mechanism
Anna Ochi, Koki Makabe, Ryota Yamagami, Akira Hirata, Reiko Sakaguchi, Ya-Ming Hou, 
Kazunori Watanabe, Osamu Nureki, Kunihiro Kuwajima, and Hiroyuki Hori

P21 Proteinaceous vs. bacterial RNase P: a comparative mechanistic analysis
Nadine Wäber, Dennis Walczyk, Sören Seidler, Roland K. Hartmann

POSTERS
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P22 A rapid semiquantification of tRNA precursors in human cultured cell lines
Tamara Fernández, Florencia Cabrera, Danilo Segovia, Mónica Marín

P23 Unprecedented archaeal tRNA modifications found in Thermoplasma acidophilum
Chie Tomikawa, Takayuki Ohira, Yasushi Inoue, Takuya Kawamura, Akihiko Yamagishi, Tsutomu Suzuki,
and Hiroyuki Hori

P24 Substrate recognition by proteinaceous RNase P
Nadia Brillante, Markus Gößringer, Dominik Lindenhofer, Walter Rossmanith, Roland K. Hartmann

P25 Control of pre-tRNA processing by environmental conditions in S.cerevisiae
Dominika Foretek, Anita K. Hopper, Magdalena Boguta

P26 The threonylcarbamoyladenosine (t6A) tRNA modification is universally conserved but not
universally essential
Basma El Yacoubi, Patrick Thiaville, Caroline Köhrer, Jennifer Joseph-Thiaville, Lana McMillan,
Laurence Prunetti, Tom Rajbhandary and Valérie de Crécy-Lagard

P27 Psychrophilic tRNA nucleotidyltransferases: new insight into flexibility and fidelity
Felix G. M. Ernst, Joana Sammler, Heike Betat and Mario Mörl

P28 Biochemical characterization of Sua5, a universal protein present in the last universal common
ancestor
Adeline Pichard-Kostuch, Wenhua Zhang, Ludovic Perrochia, Bruno Collinet, Patrick Forterre,
Herman van Tilbeurgh2, Tamara Basta

P29 Where have all the inosines gone? Conflicting evidence for A-to-I editing of the anticodon 
of eukaryotic tRNAArgACG
Gabor L. Igloi

P30 Pus3p function becomes essential for yeast viability when the Elongator complex subunit Elp1p
is mutated
Emmanouil Venieris and George Simos

P31 Divergent amidinotransferases in the modification of archaeal tRNA  
Adriana Bon Ramos, Lide Bao, Valérie de Crécy-Lagard, and Dirk Iwata-Reuyl

P32 Structural characterization of a novel eukaryotic family of proteinaceous RNase P
Franziska Pinker, Antony Gobert, Pierre Roblin, Philippe Giegé, Claude Sauter

P33 Residue 248 and RNase P RNA mediated cleavage
Guanzhong Mao, Abhishek S. Srivastava, David Kosek Shiying Wu and Leif A. Kirsebom 

P34 Antisense inhibition of bacterial RNase P RNAs by oligonucleotides identified via SELEX
Roland K. Hartmann, Dennis Walczyk, Dagmar K. Willkomm

P35 Pus10 is involved in production of pseudouridine 54 of mammalian tRNAs
Manisha Deogharia, Archi Joardar and Ramesh Gupta

P36 Trit1 is a tRNA(Ser)Sec-isopentenyl-transferase
Noelia Fradejas , Bradley A. Carlson, Eddy Rijntjes, Niels-Peter Becker, Ryuta Tobe 
and Ulrich Schweizer

P37 A kinetic isotope effect to probe the mechanism of pseudouridine synthases
Govardhan Reddy Veerareddygari and Eugene G. Mueller

P38 Effect of osmotic shock on tRNA synthesis
Ewa Morawiec, Olivier Lefebvre and Magdalena Boguta

P39 Structural insights into elongator function
Sebastian Glatt, Ambroise Desfosses, Alessandro Ori, Jan Kosinski, Rene Zabel, 
Olga Kolaj-Robin, Carsten Sachse, Martin Beck, Karin Breunig, Bertrand Seraphin 
and Christoph W Müller

P40 Unravelling the trl1-like enzyme function in Trypanosoma brucei
Raphael R. S. Lopes; Gilbert de O. Silveira; Roberta Eitler; Juan D. Alfonzo; Raphael S. Vidal; 
Carla Polycarpo

P41 Novel insights into RNA structure-function relationships in RNase P from bacteria and
organelles
Olaf Gimple, Mario Krehan, Simon Otter and Astrid Schön

P42 Structural basis of mitochondrial tRNA maturation
Sagar Sridhara, Linda Reinhard, B. Martin Hällberg

P43 Molecular basis for the differential interaction of plant mitochondrial VDAC proteins with tRNAs
Thalia Salinas, Samira El Farouck-Ameqrane, Elodie Ubrig, Claude Sauter, Anne-Marie Duchêne,
Laurence Maréchal-Drouard

P44 Role of Rsp5 ubiquitin ligase in tRNA biogenesis in yeast
Anna Domańska, Anita Hopper, Teresa Żołądek
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P45 Study of a unique tRNA snatcher and its putative function in Plasmodium development
Delphine Kapps, Anne Théobald-Dietrich, Nassira Mahmoudi-Kaïdi, Robert Ménard and Magali Frugier

P46 The yeast Cex1p is not only involved in tRNA transport
Ludovic Enkler, Bruno Senger, Kayo Nozawa, Johan Owen de Craene, Jonathan Huot, 
Guillaume Octobre, Sylvie Friant, Osamu Nureki and Hubert Becker

P47 Nuclear import pathway and interactome of Saccharomyces cerevisiae methionyl-tRNA
synthetase
Daphne Laporte, Ludovic Enkler, Bruno Senger, Hubert Becker 

P48 A variant of human glutamyl-prolyl tRNA synthetase involved in mitochondrial translation
Ludovic Enkler, Gaétan Bader, Aline Huber, Jonathan Huot, Bruno Senger and Hubert Becker

P49 Expression analysis of rodent-specific alternative splice variant of tryptophanyl-tRNA synthetase
Miki Miyanokoshi, Tomoaki Tanaka, Miho Tamai, Yoh-ichi Tagawa, Keisuke Wakasugi

P50 Characterization of the ProRS/tRNAPro/YbaK ternary complex by analytical ultracentrifugation
and native mass spectrometry
Lin Chen, Akiko Tanimoto, Marina BaKhtina, Vicki Wysocki, and Karin Musier-Forsyth

P51 Plasmodium falciparum tryptophanyl-tRNA synthetase and identification of potential inhibitors
Charisse Flerida A. Pasaje, Katherine Putnam, Jonathan B. Baell, Stuart A. Ralph

P52 Quantitative analysis of the Escherichia coli proteome in the absence of LeuRS proofreading
Nevena Cvetesic, Boumediene Soufi, Maja Semanjski, Boris Macek and Ita Gruic-Sovulj

P53 tRNA charging pattern changes in different media and growth conditions
Ferro Iolanda, Ignatova Z

P54 Development of cysteine-specific tRNA and tRNA synthetase for site-specific protein
fluorescence labeling in co-translational protein folding studies
Jiří Koubek, Richard Ping Cheng, and Joseph Jen Tse Huang 

P55 New antibacterials with inhibitory activity on aminoacyl-tRNA synthetases (NABARSI)
Saint-Léger Adélaïde; Sinadinos Christopher; Benítez Lluís; Abella Montse; Olivares David
and Ribas de Pouplana Lluís

P56 Formation of a macromolecular complex between Escherichia coli selenophosphate synthetase
(SPS), selenocysteine synthase (SelA) and tRNASec (SelC)
Vitor H B Serrão & Ivan R Silva, Livia R Manzine, Lívia M Faim, Marco T A da Silva, Rapahela Makki,
Daniel Saindemberg, Marinônio L Cornélio, Mario S Palma, Otavio H Thiemann

P57 The dynamic tRNAHis aminoacylation kinetics of human histidyl-tRNA synthetase and two human
disease variants
Jamie A. Abbott, Christopher Francklyn, Susan Robey-Bond

P58 Solution NMR study of the Interaction between Lysyl-tRNA Synthetase and Laminin Receptor
Hye Young Cho, Ameeq Ul Mushtaq, Jin Young Lee, Dae Gyu Kim, Min Sook Seok, Sunghoon Kim, 
and Young Ho Jeon

P59 Multi-dimensional interactions between tRNA synthetases and cofactor: Implications for
translation and signaling
Yunje Cho

P60 The selective tRNA aminoacylation mechanism based on a single G•U pair
Masahiro Naganuma, Shun-ichi Sekine, Yeeting Esther Chong, Min Guo, Xiang-Lei Yang, 
Howard Gamper, Ya-Ming Hou, Paul Schimmel, and Shigeyuki Yokoyama

P61 Aminotransferase activity of a novel aminoacyl-tRNA synthetase appended domain
Sandhya Bharti Sharma and Rebecca Wagner Alexander

P62 The charging level of different E. coli tRNA isoacceptors vary in different media 
Irem Avcilar, Juan Varela, Alexander Leow, Zoya Ignatova

P63 Nuclear localization, high-resolution structure, and potential stress-response function 
of human C-Ala
Litao Sun1, Youngzee Song1, Leslie Nangle2, Kyle Chiang2, Paul Schimmel1

P64 Evolution of bacterial glutamyl- and glutaminyl-tRNA synthetase: New insights from whole
genome analysis
Saumya Dasgupta and Gautam Basu

P65 Molecular Basis for CC-addition by Aquifex aeolicus CC-adding enzyme
Seisuke Yamashita, Kozo Tomita

P66 Translation using non-natural aminoacyl-tRNAs in cells and cell-sized liposomes
Takashi Ohtsuki, Takuma Ohtsuka, Kodai Machida, Hiroaki Imataka, Tamotsu Kanai, 
Shinichiro M. Nomura

P67 Photoregulation of translation using a caged aminoacyl-tRNA
Akiya Akahoshi, Yoshio Doi, Tomoki Kiuchi, Kazunori Watanabe, Takashi Ohtsuki
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P68 Molecular mechanism of replication initiation of Qβ RNA by Qβ replicase
Daijiro Takeshita, Kozo Tomita

P69 Chemical synthesis of hydrolysis-resistant 3’-peptidyl-tRNA mimics that bind to the ribosome 
Anna-Skrollan Geiermann, Donna Matzov, Ada Yonath

P70 Use of tRNA-specific recognition to test miR-122-induced structural changes in the tRNA-like
domain of the hepatitis C virus internal ribosome entry site
Ascensión Ariza-Mateos and Jordi Gómez

P71 Simulating ribosome dynamics and tRNA translocation
Kien Nguyen and Paul Whitford

P72 Processive sliding of ribosomes through the non-coding gap in gene 60 mRNA of bacteriophage T4
Ekaterina N. Samatova, Andrey L. Konevega, Norma M. Wills, John F. Atkins, and Marina V. Rodnina

P73 A non-canonical tRNA-protein complex involved in tRNA mitochondrial import
Mariia Baleva, Mélanie Meyer, Ali Gowher, Nina Entelis, Benoît Masquida

P74 Artificial codon box division to encode multiple non-proteinogenic amino acids besides 20
proteinogenic ones
Y. Iwane, A. Hitomi, Y. Goto, T. Katoh, H. Murakami, H. Suga

P75 Modulation of organismal growth by initiator tRNA modification
Diego Rojas-Benítez, Alvaro Glavic

P76 Decoding mechanism of CGN codon box in Bacillus subtilis
Akiko Soma, Atsushi Kubota, Tsukasa Kohchi, Yoshiho Ikeuchi, Tsutomu Suzuki, Akikazu Ando,
Yasuhiko Sekine

P77 Rescue of fatal base-pair substitutions in the T stem by residues in distant tRNA domains
Margaret E. Saks, Devin H. Midura, and Daniel M. Curtis

P78 Multiple site-specific installations of Nε-monomethyl-L-lysine into histone proteins by cell-based
and cell-free protein synthesis
Tatsuo Yanagisawa, Mihoko Takahashi, Takahito Mukai, Shin Sato, Masatoshi Wakamori, 
Mikako Shirouzu, Kensaku Sakamoto, Takashi Umehara, and Shigeyuki Yokoyama

P79 Elongation factors on tRNA docking models 
Kozo Nagano

P80 tRNA dependence of stringent response factor RelA inhibition by thiostrepton suggests two
conformations of the ribosome-bound RelA
Pavel Kudrin, Vallo Varik, Jelena Beljantseva, Tanel Tenson, Dominik Rejman, Vasili Hauryliuk

P81 tRNA-derived RNAs are the most abundant small RNA in chronic viral hepatitis
Sara R. Selitsky, Jeanette Baran-Gale, Takahiro Masaki, Daisuke Yamane, Emily E. Fannin, Bernadette
Guerra, Tetsuro Shimakami, Robert E. Lanford, Masao Honda, Stanley M. Lemon, and Praveen Sethupathy

P82 Upregulated tRNA level alters insulin signaling in C2C12 myotubes
Anna Gajda, Aleksandra Rumińska and Agnieszka Dobrzyń

P83 Plant tRNA-derived RNA fragments: origin, biogenesis and function
Cyrille Megel, Geoffrey Morelle, Valérie Cognat, Elodie Ubrig, Stéphanie Lalande, 
Anne-Marie Duchêne, Laurence Maréchal-Drouard

P84 mTOR regulates the degradation of initiator tRNAMet under heat stress
Kazunori Watanabe, Kenichi Ijiri, Takashi Ohtsuki

P85 Regulation of tRNA transcription by TFIIIC in budding yeast
Michele Cristovao, Gary Male, Wolfgang Hübner, Michael Knop and Christoph W. Müller

P86 Sidney Altman Award
CLP1 as a novel player in linking tRNA splicing to neurodegenerative disorders
Stefan Weitzer, Toshikatsu Hanada, Ender Karaca, Hiroshi Shiraishi, Tasos Gogakos, Thomas Tuschl,
James R. Lupski, Josef M. Penninger, Javier Martinez 

P87 Dissecting the regulatory role in translation and cell wall formation of Staphyloccocus aureus
glyS T-Box riboswitch
Maria Apostolidi, Dimitrios Anastasakis, Parthena Konstantinidou, Nizaar Saad, Jonathan L. Huot,
Hubert D. Becker and Constantinos Stathopoulos

P88 Active methionyl-tRNA synthetase (MRS) controls cell cycle promoting triple-negative breast
cancer proliferation
Nam Hoon Kwon, Jin Young Lee, Sunghoon Kim

P89 Monitoring the expression dynamics of networks controlling tRNA expression, signaling 
and translation in lung cancer
Dimitrios Anastasakis, Katerina Grafanaki, Christos Kontos, Ilias Skeparnias, Maria Apostolidi,
Parthena Konstantinidou, Panagiotis Alexopoulos, Aris Gioutlakis, Dimitrios Dougenis, 
Denis Drainas, Nicholas K. Moschonas, Andreas Scorilas and Constantinos Stathopoulos
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Keynote Lecture 1
ImplicaEons of RNA being modified: Basic and translaEonal
science

Paul Agris

The RNA Ins?tute, University at AlbanyTSUNY, USA

Long before the term nonQcoding RNA was coined, there was tRNA, now the most understood
of all nonQcoding RNAs. tRNAs were found to contain nucleosides that had been enzyma9cally
modified a(er transcrip9on, which is also true for other nonQcoding RNAs. Inosine was the
first modified nucleoside of note found in tRNA, iden9fied and sited at the first posi9on of
the an9codon during sequencing of yeast tRNAAla by Holley in 1965. This important discovery
laid the founda9on for the Wobble Hypothesis postulated by Crick in 1966. He proposed that
inosine bound adenosine, as well as uridine and cytosine. Crick’s hypothesis has been altered
to include the wobble base pairing of other modified nucleosides. We have now shown that
inosine’s ability to decode A, U and C is regulated by another an9codon loop modifica9on.
The first half century of the tRNA Workshop/Conference, was also the first half century of
tRNA modified nucleoside inves9ga9ons. Ini9ally, it was replete with the biochemical
analyses of tRNA modifica9ons by TLC, then by HPLC, and finally by LCQMS. Simultaneously,
there was a hunt for the enzymes responsible for modified nucleoside synthesis, followed by
their mechanisms of ac9on, par9cularly those of the methyltransferases and pseudouridine
synthases. An understanding of modified nucleoside contribu9ons to the thermal stability
and dynamics of the an9codon gave insights into the func9ons of these numerous and
complex chemistries. Chief among them were the func9onal analyses of tRNA modifica9on,
and concurrently, structureQfunc9on rela9onships that contributed to tRNA’s codon
recogni9on, biases and wobbling. The early introduc9on of NMR and later xQray
crystallography has revealed that wobble codon binding is stabilized through uridine and
cytosine modifica9ons, facilita9ng tautomer forma9on. Today, a combina9on of ultraQhighly
sensi9ve techniques in modified nucleoside analysis and a variety of approaches to structureQ
func9on rela9onships have and can con9nue to relate tRNA modifica9on to basic biology,
expansion of the gene9c code and to solu9ons to human health problems.  
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Keynote Lecture 2
The new biology of tRNAs and AARSs

Paul Schimmel

The Scripps Laboratories for tRNA Synthetase Research, Scripps Florida Research Ins?tute,
Jupiter FL and The Scripps Research Ins?tute, La Jolla, CA

New biology has emerged from the recent realiza9on that the func9ons of tRNAs and AARSs
in transla9on per se also, surprisingly, link transla9on to cellular events such as genomic
stability and autoQimmunity. In another vein, the discovery of many alterna9ve forms of
AARSs in higher organisms has opened a fron9er for explora9on of a previously unrecognized
deep layer of biology that is controlled by a network of nonQtransla9onal ac9vi9es of these
natural, novel forms of AARSs. These novel forms, together with the recently discovered
nuclear and extracellular nonQtransla9on ac9vi9es of the na9ve AARSs, suggest that
inves9ga9ons of these unan9cipated func9ons of AARSs will be essen9al for uncovering new
pathways that impact broadly on all areas of biology.
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Keynote Lecture 3
The expanding world of [t\RNA modificaEon, ediEng 
and repair: 50 years of personal recollecEons

Henri Grosjean

Emeritus Scien?st at the Center of Molecular Gene?cs of the CNRS in GifTsurTYve@e / France

The first evidence for the presence of modified nucleosides in RNA was obtained in 1951
Uthe fi(h nucleoside, now designated PsiV, while the first RNA modifica9on enzyme was
iden9fied in 1962 UtRNA:m5U methyltransferase, now designated TrmA or Trm2V. In 1986, a
process of postQtranscrip9onal inser9on of nonQgenomically encoded uridylate residue within
the coding region of mitochondria mRNA of kinetopla9d protozoa was discovered URNA
edi9ngV. Soon it was demonstrated that RNA edi9ng also occurs by wellQestablished RNA
modifica9on enzymes. Another remarkable discovery U1996V was that RNA guides some RNA
modifica9on enzymes within mul9protein complexes catalysing forma9on of 2’QOQribose
methyla9on and pseudouridine in certain RNAs in Eukarya and Archaea. Recently U2003V,
demethylases, analogous to those ac9ng on DNA, were demonstrated to act also on RNA
URNA repairV. To date, 114 structurally dis9nguishable naturally occurring modified
nucleosides origina9ng from different types of cellular RNAs and from many organisms of
the three biological domains have been iden9fied. This is not an upper limit and every year
new modified nucleosides are s9ll discovered, especially that new tools for their easier
iden9fica9on exist and RNA of different organisms are studied. A large number of enzymes
catalysing the forma9on of these modified nucleosides or conver9ng one canonical base into
another at the pos:ranscrip9onal level have been iden9fied and their mechanisms,
structures and evolu9onary rela9onship of a large number of them become well established.
The effect of modifica9ons on RNA structure and func9on was for a long 9me elusive but
nowadays it is clear that they play major roles in controlling RNA quality and improve the
performance of the maturated RNAs by working more efficiently and accurately in various
steps of cellular metabolism, including their regula9on. Their effects can be subtle and not
easy to demonstrate in vivo or in vitro. Despite the considerable progress made during these
last five decades on our understanding of the biosynthesis and func9ons of modified
nucleosides in RNAs, s9ll much remains to be solved. I began to be interested to this problem
in October 1964, when I started my PhD thesis at University of Brussels in Belgium. In this talk
I shall present a brief history of this expanding World of RNA modifica9on, edi9ng and repair,
using examples of my own research work. 
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The EMBO Keynote Lecture
XZray crystallography for ribosome funcEon study

Marat Yusupov and Gulnara Yusupova

Ins?tute of Gene?c, Molecular and Cellular Biology, StrasbourgTIllkirch, France

Ribosomes from bacteria consist of a large and a small subunit, which together compose the
2.5 megadalton UMDaV 70S ribosome. Their eukaryo9c counterpart is the 80S ribosome Ufrom
3.5 MDa in lower eukaryotes to 4.5 MDa in higherV. Many ribosomal key components are
conserved across the three kingdoms of life: bacteria, archaea, and eukarya and cons9tutes
a common core undertaking the fundamental processes of protein biosynthesis.
The mechanism for decoding based on XQray structures of bacterial 70S ribosome determined
at 3.1Q3.4 Å resolu9on and modeling cognate or nearQcognate states of the decoding center
has been inves9gated. We show that the 30S subunit undergoes an iden9cal domain closure
upon binding of either cognate or nearQcognate tRNA. This conforma9onal change of the
30S subunit forms a decoding center that constrains the mRNA in such a way that the first
two nucleo9des of the A codon are limited to form WatsonQCrick base pairs. When a U•G or
G•U mismatch, generally considered to form a Wobble base pair, is at the first or second
codonQan9codon posi9on, the decoding center forces this pair to adopt the geometry close
to that of a canonical C•G pair. This by itself or together with distor9ons in the codonQ
an9codon miniQhelix and the an9codon loop causes the nearQcognate tRNA to dissociate
from the ribosome. Our study provides structural insights into a universal principle of
decoding on the ribosome.
The ribosome is a major target for smallQmolecule inhibitors. We used XQray crystallography
to determine 16 highQresolu9on structures of the full 80S ribosome from Saccharomyces
cerevisiae in complexes with 12 eukaryoteQspecific and 4 broadQspectrum inhibitors. All
inhibitors were found associated with messenger RNA and transfer RNA binding sites. The
study defines common principles of targe9ng and resistance, provides insights into their
mode of ac9on and unveil the structural determinants responsible for species selec9vity. 
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Structural studies on specific aminoacy-tRNA synthesis 
and geneEc code expansion 

Masahiro Naganuma1,2,4, Hiroshi M. Sasaki4, Takahito Mukai1,3,4, Tatsuo Yanagisawa1,2,
Kazumasa Ohtake1,3, Masatoshi Wakamori1,3, Yasushi Hikida1,2,4, Kyoko Higashijima1,
Rie Shibata1, Madoka Nishimoto1, Yoshitaka Bessho1,5, YeeEng Esther Chong6,
Min Guo6, XiangZLei Yang6, Paul Schimmel6, Ryuya Fukunaga1,4, Yoko Harada1,3,
Michiko Kimoto1,3, Jiro Adachi1, Nobumasa Hino1, Aya Sato1,3, Akiko Hayashi1,3,
Takaho Terada1,2, Takashi Umehara1,3, Takuhiro Ito1,3,4, Shunichi Sekine1,3,4, 
Ichiro Hirao1,3, Mikako Shirouzu1,3, Kensaku Sakamoto1,3, 
and Shigeyuki Yokoyama1,2,4

1RIKEN Systems and Structural Biology Center, 2RIKEN Structural Biology Laboratory, and
3Division of Structural and Synthe?c Biology, RIKEN Center for Life Science Technologies,
Yokohama 230T0045, Japan.
4Department of Biophysics and Biochemistry and Laboratory of Structural Biology,
Graduate School of Science, The University of Tokyo, Tokyo 113T0033, Japan.
5RIKEN SPringT8 Center, Harima Ins?tute, Hyogo 679T5148, Japan.
6The Skaggs Ins?tute for Chemical Biology and the Department of Molecular Biology, 
The Scripps Research Ins?tute, La Jolla, CA 92037, USA.

The gene9c code assigns each of the twenty amino acids to its codonUsV. The strict molecular
recogni9on of both the amino acid and tRNA by aminoacylQtRNA synthetases guarantees the
gene9c code. The amino acid specificity depends primarily on the interac9on of the substrate
amino acid with the binding pocket in the aminoacyla9on cataly9c site on the aminoacyla9on
domain. Several of the twenty aminoacylQtRNA synthetases have an edi9ng domain to correct
the possible errors in the amino acid recogni9on, by hydrolyzing misformed nonQcognate
aminoacylQtRNAs. We engineered the aminoacyla9on and/or edi9ng domains of tyrosylQ and
pyrrolysylQtRNA synthetases, on the basis of their crystal structures, in order to aminoacylate
tRNAs with unnatural amino acids. On the other hand, the tRNA specifici9es of aminoacylQ
tRNA synthetases depend mostly on the interac9ons of aminoacylQtRNA synthetases with
small numbers of nucleo9des Uthe iden9ty determinantsV, such as the an9codon and the
discriminator nucleo9de adjacent to the invariant 3’Qterminal CCA region, mostly via baseQ
specific interac9ons. The iden9ty determinants are 15R75 Å distant from the 3’ terminus on
the common LQshaped ter9ary structures of tRNAs. AminoacylQtRNA synthetases exhibit
about 100 9mes faster kcat values for their cognate tRNAs than nonQcognate tRNAs, with
much smaller differences in the Km values. In this study, we have elucidated novel structural
bases for the dynamic mechanisms for tRNA selec9ons at the kcat level. By using tRNA
variants with the an9codon complementary to UAG, we expanded the gene9c code to assign
UAG to unnatural amino acids. We knocked out the release factor 1 gene of Escherichia coli,
and enabled the complete reassignment of UAG to unnatural amino acids.
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Rewiring E. coli translaEon for synthesis of selenoproteins 

Dieter Söll

Department of Molecular Biophysics & Biochemistry, Yale University, New Haven, 
CT 06520, USA

dieter.soll`yale.edu

At the 9me of its elucida9on the gene9c code was suggested to be universal in all organisms,
and the result of a ‘frozen accident’ unable to evolve further U1V. Today we know 22 natural
amino acids U2V: selenocysteine, the 21st, and pyrrolysine, the 22nd, are directly inserted into
growing polypep9des during transla9on. The incorpora9on of selenocysteine directed by
UGA requires the ac9on of specific RNA and protein elements, a fact that has restricted
engineering of selenoproteins. Based on the realiza9on that protein plas9city is a feature of
living cells U3V, manQmade expansion of the gene9c code based on orthogonal transla9on
systems UOTSsV is an ac9ve research field U4,5V. However, the successful design of in vivo
specific and highly ac9ve OTS systems is far from ideal U6V. This will be illustrated at examples
of coQtransla9onal inser9on of selenocysteine U7Q9V. 
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Probing proteins and proteomes from organisms with expanded
geneEc codes

Hans R. Aerni1,2, Natasha Pirman1,2, Svetlana Rogulina1,2, and *Jesse Rinehart1,2

1 Department of Cellular & Molecular Physiology, 2 Systems Biology Ins?tute
Yale University, New Haven, CT 06520 USA.

*Correspondence to jesse.rinehart`yale.edu

Orthogonal transla9on systems UOTSV that direct nonstandard amino acid UNSAAV
incorpora9on into recombinant proteins are increasing in their diversity and u9lity in
biotechnology applica9ons.  Recently, E. coli strains that lack release factor one URF1V have
shown improvements in their ability to “reassign” the amber codon from stop to sense
func9on.  We have made significant contribu9ons to this effort1,2,3 and have focused on
improving phosphoprotein synthesis via an OTS for phosphoserine.  During these efforts we
recognized the need for robust proteomics methodologies to characterize proteins in this
new biological context where the absence of RF1 drama9cally changes the natural proper9es
of transla9on at so called “open” codons. We wondered what the extent of on and off target
amino acid inser9ons would be in various E. coli strains with different engineered OTSs.  We
also iden9fied the need for a general strategy to characterize transla9on products derived
from TAG codons in recombinant proteins or in the host genome.  To this end, we will present
a versa9le proteomics pla8orm to probe proteins and proteomes from organisms with
expanded gene9c codes.  Our workflow accurately iden9fies standard and nonQstandard
amino acids inserted at reassigned TAG codons.  We u9lized our methods to demonstrate on
and off target amino acid inser9ons in both recombinant proteins and across the E. coli
proteome.  We extended our method to quan9fy the fidelity of several phosphoserine OTSs
engineered for enhanced performance.  We have applied these improved OTSs to understand
the role of protein phosphoryla9on in human signaling networks.
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An orthogonal ribosomeZtRNAs pair by the engineering 
of pepEdyl transferase center

Naohiro Terasaka1, Gosuke Hayashi1, Takayuki Katoh1, Hiroaki Suga*1,2

1 Department of Chemistry, The University of Tokyo, Tokyo, Japan 
2 JST, CREST, Tokyo, Japan 

hsuga`chem.s.uTtokyo.ac.jp

The 3′QCCA sequence of tRNA is conserved among all organisms. In bacteria, the CCA end
makes WatsonQCrick base pairs with 23S rRNA in both A and P sites during transla9on. These
base pairs are important for transla9onal ac9vity, and the compensatory muta9ons in these
base pairs are tolerated during pep9dyl transfer reac9on. However, it is yet empirically
unknown whether such muta9ons accommodates transla9on in its en9rety.
In this study, we evaluated the transla9onal ac9vity of mutant ribosomes and CCAQmutated
tRNAs pairs using a recons9tuted in vitro transla9on system, and discovered a compensatory
mutant ribosomeQtRNA pair which works independently of the wild type ribosomeQtRNA pair.
We developed a simple method to prepare CCAQmutated aminoacylQtRNAs by using the
aminoacyla9on ribozyme, “flexizyme”, because CCAQmutated tRNAs are poor substrates for
aminoacylQtRNA synthetases. Flexizyme recognizes tRNA by base pairing with the CCA end of
tRNAs, and therefore flexizymes, which are engineered to be complementary to the CCAQ
mutated tRNAs, can readily aminoacylate CCAQmutated tRNAs. Ribosome mutants were
prepared by MS2Qtag affinity purifica9on, which have point muta9ons corresponding to the
WatsonQCrick base pairs with the CCAQmutated tRNAs.
We discovered several mutant ribosomeQtRNA pairs having transla9onal ac9vity and one of
these pairs showed orthogonality with the wild type pair. In addi9on, we demonstrated that
two different pep9des were simultaneously translated from single mRNA by these wild type
and mutant ribosomeQtRNA pairs without misQincorpora9on of undesired amino acids, which
indicates two different gene9c codes can work independently in one pot. This work thus
iden9fies a new way to reprogram the gene9c code.
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A rare codon can be captured by a nonZcanonical amino acid 
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*correspondence eTmail: kensaku.sakamoto`riken.jp

Codon reassignment occurs when the original decoding factors of a par9cular codon are
superseded by new ones while changing the meaning of the codon. Previously, we found
that UAG stop codon reassignment in E. coli required only the prior elimina9on of 7 TAG
codons and expression of a suppressor tRNA. Ac9ve suppressor tRNAs such as supP and supE
sufficiently complemented the loss of the release factor 1. Several unnatural amino acids,
including 3Qiodotyrosine and AlocQlysine, were also efficiently assigned to UAG. To generalize
the assump9on that the gene9c code remains flexible and mutable even in a modern
organism, we extended our rapid strategy for UAG to sense codon reassignment. The steps
are: 1V Breaking the redundancy of degenerate codons for the codonQspecific reassignment.
2V Elimina9ng the minimum numbers of the codon by synonymous subs9tu9on for par9al
recoding. 3V Overwri9ng the assignment of the codon by an analogue of the cognate amino
acid not to significantly disturb the proteome. Among the sense codons and nonQcanonical
amino acids, we chose AGG and LQhomoarginine, as the AGG codon is the rarest in E. coli
Uabout 1500 9mes in total, and only 38 9mes in the essen9al genesV, and because 
LQhomoarginine is thought to be a good or be:er alterna9ve to arginine. We found that the
slow growth of the E. coli Magic21UDE3V strain so constructed was dependent on the 
LQhomoarginine Uassigned to the AGG codonV. The upcoming challenge will be to
select/screen for more ac9ve transla9on by the orthogonal aaRS/tRNA/amino acid system.
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Sense codon recoding in Escherichia coli

Joanne M. L. Hoa,b, Jiqiang Linga, George M. Churchb, & Dieter Söll*a

a Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT
06520T8114, USA; b Department of Gene?cs, Harvard Medical School, Boston, MA 02115,
USA

*Corresponding author: dieter.soll`yale.edu

Expansion of the gene9c code is an ac9ve research topic in synthe9c biology U1V. Recoding
of two stop codons UUAG, UGAV has been studied for three decades, but sense codon
recoding is experimentally s9ll poorly addressed. Natural recoding of leucine CUG codons to
serine in Candida species has led to exci9ng results U2V. However, to date, no successful in vivo
recoding has been reported with synthe9c systems. A recent a:empt in Mycoplasma
capricolum to recode the arginine CGG codon using the pyrrolysylQtRNA synthetase: tRNAPyl

pair failed, probably since the endogenous arginylQtRNA synthetase charged the exogenous
tRNAPyl

CCG with arginine. Most endogenous aminoacylQtRNA synthetases recognize their
tRNA substrates via their an9codon sequences U3V; this phenomenon increases transla9on
fidelity but complicates sense codon recoding. In order to reassign sense codons using
orthogonal synthetase: tRNA pairs that do not crosstalk with the endogenous aminoacyla9on
machinery, one needs to address the challenges posed by tRNA iden9ty U3V. We will report
data from our current a:empts to recode a number of sense codons in Escherichia coli. 
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SyntheEc biology: A measurement soluEons provider’s
perspecEve

Jeffrey R. Sampson 

Agilent Laboratories, Agilent Technologies Inc., Santa Clara California, USA 

Jeff_Sampson`Agilent.com

Synthe9c Biology is an emerging discipline at the intersec9on of biology and engineering
with the goal of designing and construc9ng biological devices, pathways, systems, and en9re
genomes for useful purposes. The advance of synthe9c biology relies on several key enabling
technologies provided at ever increasing throughput and lower cost. DNA sequencing, the
synthesis of genes, pathways and genomes and precisely measuring gene behavior are
essen9al tools in synthe9c biology. It is also clear that RNA is playing an ever increasing role
in advancing this field.
In this talk, I will provide a brief overview of Agilent’s view of synthe9c biology and why we,
as a measurement solu9ons provider for life sciences and chemical analysis, are so excited
about this emerging field.  I will also touch on the central role that tRNA plays in gene9c code
reassignment and expansion which is major thrust of the synthe9c biology field and a great
research opportunity for the tRNA community.
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Diverse roles of the prionZlike protein, Mod5, in tRNAZ
modificaEon and RNAZsilencing

Philip J. Smaldino1, MaGhew PryaGZHyaG1, David F. Read1, Paul D. Good1, 
Anita K. Hopper2, David R. Engelke1*

1University of Michigan, Biological Chemistry, Ann Arbor, MI, USA
2Ohio State University, Department of Molecular Gene?cs, Columbus, OH, USA

Mod5 is a highly conserved tRNA modifying enzyme residing primarily in the cytoplasm
where it modifies a small subset of tRNAs by transferring a isopentenyl group from
dimethylallyl pyrophosphate to A37 adjacent to the an9codon. A small popula9on of Mod5
also resides with nuclear tRNA gene transcrip9on complexes and nascent preQtRNAs, and is
required for silencing RNA polymerase II transcrip9on near tRNA genes U1V. Yeast Mod5 can
misfold into heritable prionQlike aggregates,  allowing more of the dimethylallyl
pyrophosphate substrate to be diverted to the essen9al prenyla9on pathways .  The human
homolog of Mod5, TRIT1, complements both the tRNAQmodifica9on and tRNA geneQ
mediated silencing func9ons in yeast and has similar cytoplasmic/nuclear localiza9on in
human cells. We are inves9ga9ng the folding behavior of Mod5/TRIT1 in yeast and in human
cells, addressing whether amyloid  forma9on affects the nuclear or cytoplasmic func9ons of
Mod5. Although it is known that tRNA modifica9on in the cytoplasm is significantly reduced
when Mod5 aggregates, our studies demonstrate that tRNA geneQmediated silencing in the
nucleus is unaffected.  Thus, either the nuclear Mod5 is aggrega9onQresistant or threshold
level for the nuclear func9on is different.  

1. Pra@THya@, et al. Y2013Z Mod5 protein binds to tRNA gene complexes and affects local transcrip?onal
silencing. Proc Natl Acad Sci U S A, 110, E3081T3089.

2. Suzuki, et al. Y2012Z A yeast prion, Mod5, promotes acquired drug resistance and cell survival under
environmental stress. Science, 336, 355T359.
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IdenEficaEon of the determinants of tRNA funcEon 
and suscepEbility to rapid tRNA decay by high throughput 
in vivo analysis

Michael P. Guy1, David Young2, MaGhew J. Payea1, Xiaoju Zhang1, Yoshiko Kon1,
Kimberly M. Dean1, Elizabeth J. Grayhack1, David H. Mathews1, Stanley Fields2,3,
and Eric M. Phizicky1*

1University of Rochester, Rochester, NY, USA
2University of Washington, 3Howard Hughes Medical Ins?tute, Sea@le, WA, USA

*eric_phizicky`urmc.rochester.edu

Sequence varia9on in tRNA genes influences the structure, modifica9on, and stability of
tRNA, affects transla9on fidelity, impacts the ac9vity of numerous isodecoders in metazoans,
and leads to human diseases.  To comprehensively define the effects of sequence varia9on
on tRNA func9on, we developed a high throughput in vivo screen to quan9fy the ac9vity of
the nonsense suppressor SUP4oc of Saccharomyces cerevisiae. Using a highly sensi9ve GFP
fluorescent reporter gene with an ochre muta9on YDean, K. M. and Grayhack, E. J. Y2012Z
RNA 18:2335T2344Z, fluorescenceQac9vated cell sor9ng of a library of SUP4oc mutant yeast
strains, and deep sequencing, we scored 25,491 variants for func9on.  Unexpectedly, we find
that SUP4oc tolerates numerous sequence varia9ons without significant loss of func9on,
accommodates slippage in several ter9ary and secondary interac9ons, and exhibits gene9c
interac9ons that suggest an alterna9ve func9onal tRNA conforma9on. 
We have also applied this methodology to comprehensively define tRNA variants subject to
rapid tRNA decay URTDV.  Although RTD normally degrades tRNAs with exposed 5’ ends,
muta9ons that sensi9ze SUP4oc to RTD were found to be located throughout the sequence,
including the an9codon stem. Thus, the integrity of the en9re tRNA molecule is under
surveillance by cellular quality control machinery.  
This approach to assess ac9vity by high throughput quan9fica9on in vivo is widely applicable
to many problems in tRNA biology.
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RNase P: convergent evoluEon within a structurally diverse
enzyme family

Christoph Weber1, Nadia Brillante1, Markus Gößringer2, Andreas HarEg3, 
Roland K. Hartmann2, Walter Rossmanith1

1Medical University of Vienna, Center for Anatomy & Cell Biology, Austria
2Philipps University of Marburg, Ins?tute of Pharmaceu?cal Chemistry, Germany
3University of Vienna, Max F. Perutz Laboratories, Austria

walter.rossmanith`meduniwien.ac.at

The RNase P family is a diverse group of endonucleases responsible for the removal of 5’
extensions from tRNA precursors. The diversity of enzyme forms finds its extremes in the
eukaryal nucleus where RNAQbased catalysis by complex ribonucleoproteins in some
organisms contrasts with singleQpolypep9de enzymes in others. Such extraordinary contrast
in composi9on and structural complexity raises the ques9on of whether the different
enzymes use similar or dis9nct enzyma9c mechanisms, but also whether they are at all
func9onally equivalent. The complexity of the ribonucleoprotein was indeed proposed to
broaden its func9onality beyond tRNA processing. To explore func9onal overlap and
differences between most divergent forms of RNase P in vivo, we replaced yeast nuclear
RNase P, a 10Qsubunit ribonucleoprotein, with Arabidopsis PRORP3, a single monomeric
protein. Surprisingly, the RNase PQswapped yeast strains were not only viable, but had
essen9ally unchanged growth proper9es and fitness, indica9ng the full func9onal
exchangeability of the dissimilar enzymes. The molecular analysis showed a minor
disturbance in tRNA metabolism, but did not point to any RNase P substrates or func9ons
beyond that. An inQdepth analysis of substrate recogni9on and cleavage site selec9on by
PRORP3 indicated a high degree of similarity to what is known about nuclear
ribonucleoprotein enzymes. Together these data establish the RNase P family, combining
structural diversity with func9onal and mechanis9c uniformity, as an extreme case of
convergent evolu9on. It moreover suggests that the apparently gratuitous complexity of
some RNase P forms is the result of construc9ve neutral evolu9on rather than reflec9ng
increased func9onal versa9lity.



34

25th tRNA Conference 2014

O11

Biology and chemistry of tRNA damage and its repair

Stewart Shuman

Memorial Sloan Ke@ering Cancer Center, New York, USA

tRNA an9codon breakage inflicted by bacterial and eukaryal “ribotoxins” Ua phenomenon
referred to as tRNA restric9onV underlies a rudimentary innate immune system that
dis9nguishes self from nonQself species, defends cells against virus infec9on, and modulates
protein synthesis in response to stress. Pichia acaciae toxin UPaTV arrests the growth of the
nonQself species Saccharomyces cerevisiae by incising the an9codon loop of tRNAGln to form
2,3’Qcyclic phosphate and 5’QOH ends at the break. I will present the atomic structure of PaT,
the first of a eukaryal tRNA restric9on enzyme.
RNA repair enzymes capable of sealing 2’,3’Qcyclic phosphate and 5’QOH ends are present in
diverse taxa in all phylogene9c domains of life. Repair pathways anchored by “classic” ATPQ
dependent RNA ligases entail the joining of 3’QOH and 5’QPO4 termini. To sa9sfy the ligase
specificity for 3’QOH/5’QPO4 ends, the original broken 2’,3’Qcyclic phosphate and 5’QOH ends
must be “healed” before they can be sealed. Healing entails two discrete reac9ons: hydrolysis
of the 2’,3’Qcyclic phosphate by a phosphoesterase enzyme to form a 3’QOH; and
phosphoryla9on of the 5’QOH by a polynucleo9de kinase enzyme to form a 5’QPO4. 
We have elucidated a wholly different mechanism of RNA break repair whereby 3’QPO4 and
5’QOH ends are spliced by a new flavor of RNA ligase, exemplified by E. coli RtcB. RtcB
executes a fourQstep pathway of end joining that requires GTP as an energy source and Mn2+

as a cofactor. RtcB first reacts with GTP to form a covalent RtcBQUhis9dinylQNVQGMP
intermediate. It then hydrolyzes the RNA 2’,3’Qcyclic phosphate end to a 3’Qphosphate and
transfers guanylate from His337 to the RNA 3’Qphosphate to form an RNAQU3’VppU5’VG
intermediate. Finally, RtcB catalyzes the a:ack of an RNA 5’QOH on the RNU3’VppU5’VG end to
form the splice junc9on and liberate GMP.
RtcB is structurally sui generis and its chemical mechanism is unique. The wide distribu9on
of RtcB proteins in bacteria, archaea and metazoa raises the prospect of an alterna9ve
enzymology based on covalently ac9vated 3’ ends.
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The idenEty of the discriminator base has an impact 
on CCAZaddiEon

Sandra Wende, Heike Betat, Mario Mörl*

Ins?tute for Biochemistry, University of Leipzig, Brüderstr. 34, 04103 Leipzig, Germany

Email: mario.moerl`uniTleipzig.de

CCAQadding enzymes synthesize and maintain the CQCQA sequence at the tRNA 3’Qend,
genera9ng the a:achment site for amino acids. While tRNAs are the most prominent
substrates for this polymerase, CCAQaddi9ons on nonQtRNA transcripts are described as well.
To iden9fy general features for substrate requirement, a pool of randomized transcripts was
incubated with the human CCAQadding enzyme. Most of the RNAs accepted for CCAQaddi9on
carry an acceptor stemRlike terminal structure, consistent with tRNA as the main substrate
group for this enzyme. While these RNAs show no sequence conserva9on, the posi9on
upstream of the CCAQend was in most cases represented by an adenosine residue. In tRNA,
this posi9on is described as discriminator base, an important iden9ty element for correct
aminoacyla9on. Muta9onal analysis of the impact of the discriminator iden9ty on CCAQ
addi9on revealed that purine bases Uwith a preference for adenosineV are strongly favoured
over pyrimidines. Furthermore, depending on the tRNA context, a cytosine discriminator can
cause a drama9c number of misincorpora9ons during CCAQaddi9on. The data correlate with
a high frequency of adenosine residues at the discriminator posi9on observed in vivo.
Originally iden9fied as a prominent iden9ty element for aminoacyla9on, this posi9on
represents a likewise important element for efficient and accurate CCAQaddi9on.
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Coupling demethylaEon to RNA sequencing provides 
a highZthroughput view of tRNA processing and modificaEon

Aaron Cozen1, Erin Quartley2, Andrew Holmes1, Eva Robinson1, Eric Phizicky2*,
Todd Lowe1*

1 Department of Biomolecular Engineering, University of California Santa Cruz
2 Department of Biochemistry & Biophysics University of Rochester Medical Center

* corresponding authors
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Transfer RNAs are among the most abundant RNAs in cells, but their abundant postQ
transcrip9onal modifica9ons pose special challenges for high throughput sequencingQbased
profiling. We have developed an approach to facilitate sequencing of RNAs modified with 1Q
methyladenosine Um1AV, which is among the most common tRNA modifica9ons in many
organisms, or the less common 3Qmethylcytosine Um3CV, both of which cause problema9c
stops during the reverse transcrip9on step of RNAQseq library prepara9on. Our method uses
enzyma9c preQtreatment to demethylate these modified bases, revealing a large class of
modified tRNA fragments, precursors, and processing intermediates that are otherwise
absent or grossly underrepresented in libraries prepared using common RNAQseq protocols.
Treatment of samples from Saccharomyces cerevisiae and from several human cell lines
shows that demethyla9on produces striking changes in tRNA fragment profiles. Furthermore,
comparing treated versus untreated samples provides a highQthroughput, sta9s9callyQ
supported readout of modifica9on state for mul9ple tRNA species in parallel, enabling new
inves9ga9ons of modifica9on dynamics over 9me, cell environment, and cell type. These
compara9ve analyses support established pa:erns of modifica9on for most tRNAs in S.
cerevisiae, and provide new modifica9on predic9ons for a large number of human tRNAs.
Further analyses yielded a range of new observa9ons: modified tRNA fragments from most
tRNA isotypes greatly outnumber unmodified tRNA fragments; numerous human tRNAs
appear to be modified at an early stage of processing, prior to removal of preQtRNA trailer
sequences; and there are clear differences in the tRNA fragment profiles of human cancer
versus nonQcancer cell lines that were not apparent without demethyla9on treatment.  Thus,
the rich landscape of tRNA processing and modifica9on illuminated by this method sets the
stage for understanding the dynamics of tRNA func9on and regula9on at new levels of
complexity.
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1Zmethyladenosine in transfer RNA

Clément Dégut1, Pierre Barraud1, Franck Brachet1, MarEne Roovers2, 
Joël Caillet3 , Louis Droogmans2, Valéry Larue1, Carine Tisné1

1 Laboratory of Biological cristallography and NMR, Paris, France 
2 Laboratory of microbiology, Bruxelles, France 
3IBPC, Paris, France

carine.?sne`parisdescartes.fr

RNA modifica9on is a postQtranscrip9onal process by which certain nucleo9des are altered
a(er their ini9al incorpora9on into an RNA chain. Transfer RNA is the most heavily modified
class of RNA molecules. These modifica9ons expand the chemical and func9onal diversity of
tRNA, and enhance its structural stability. We focussed our research on m1A tRNA
modifica9on. m1A nucleo9de is found at posi9on 9, 14, 22, 57 and 58 in tRNA. We solved the
XQray structures of the T. thermophilus m1A58 UTrmIV and of the B. sub?lis m1A22 tRNA UTrmKV
methyltransferases. We then conducted biophysical studies using mass spectrometry, NMR,
siteQdirected mutagenesis and molecular docking to obtain data on the tRNA recogni9on
mode specific to each methyltransferase and on the reac9on mechanism. We showed that
TrmI has to maintain its tetrameric organiza9on in order to achieve its enzyme ac9vity
whereas TrmK modifies the tRNA as a monomer. TrmI presents  two grooves that are large
enough and electrosta9cally compa9ble to accommodate one tRNA per face of TrmI
tetramer. TrmK presents two domains : the ‘RossmanQfold’ domain responsible for the
methyltransferase ac9vity and a domain that presents two helices that formed a coiledQcoil,
probably necessary to bind to tRNA. These two domains form a concave surface of posi9ve
electrosta9c poten9als favorable to the tRNA binding just below the cataly9c pocket. 
Recent results regarding the specific recogni9on with tRNA substrates and the reac9on
mechanisms of these two enzymes will be presented. 
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Biogenesis and funcEon of cyclic t6A and its derivaEves

Tsutomu Suzuki

Department of Chemistry and Biotechnology, Graduate School of Engineering, the University
of Tokyo, Tokyo, Japan
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N6Qthreonylcarbamoyladenosine Ut6AV and its deriva9ves are universally conserved, essen9al
modified nucleosides found at posi9on 37 of tRNAs responsible for ANN codons in all three
domains of life. t6A plays a crucial role in maintaining decoding accuracy during protein
synthesis, and it is also required for aminoacyla9on of tRNA, tRNA binding to the AQsite
codon, efficient transloca9on, readingQframe maintenance, and preven9on of leaky scanning
of ini9a9on codons and readQthrough of stop codons. We reported that t6A is a hydrolyzed
ar9fact of cyclic t6A Uct6AV, a bona fide modified base of E. coli tRNAs UMiyauchi et al., 2013V.
ct6A is an addi9onal modifica9on of t6A that enhances tRNAQdecoding ac9vity. ct6A is widely
distributed among tRNAs from a certain group of bacteria, fungi, plants, and some pro9sts,
whereas t6A is present in tRNAs of mammals, archaea, and other group of bacteria. We
iden9fied an E1Qlike enzyme named tRNA threonylcarbamoyladenosine dehydratase A UTcdAV
which catalyzes ATPQdependent dehydra9on of t6A to form ct6A. Detailed cataly9c mechanism
of t6A dehydra9on has been inves9gated by structural and biochemical approaches. In
addi9on, we iden9fied a cysteine desulfurase UCsdAV and a sulfur carrier protein UCsdEV to be
required for efficient ct6A forma9on, indica9ng that sulfur relay system is involved in this
reac9on.
N6QmethylQN6Qthreonylcarbamoyladenosine Um6t6AV is a t6A deriva9ve found in tRNAs from
bacteria, Drosophila, plants, and mammals. In E. coli, we recently iden9fied trmO responsible
for the N6Qmethyl group of m6t6A in tRNAThr specific for ACY codons. TrmO has a unique singleQ
sheeted βQbarrel structure and does not belong to any known classes of methyltransferases.
Recombinant TrmO employs SQadenosylQLQmethionine UAdoMetV as a methyl donor to
methylate t6A to form m6t6A in tRNAThr. Therefore, TrmO represents a novel category of
AdoMetQdependent methyltransferase UClass VIIIV. In a ΔtrmO strain, m6t6A was converted to
ct6A, sugges9ng that t6A is a common precursor for both m6t6A and ct6A. N6Qmethyla9on of
t6A enhanced the a:enua9on ac9vity of the thr operon, sugges9ng that TrmO ensures
efficient decoding of ACY. We also iden9fied a human homolog, TRMO, indica9ng that m6t6A
plays a general role in fineQtuning of decoding in organisms from bacteria to mammals.
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Complex modificaEon of tRNA, interplay with DNA metabolism?

Valérie de CrécyZLagard 1,2
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USA; 
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The synthesis of complex modifica9ons of tRNAs requires mul9ple enzymes, precursors and
cofactors. Our longQstanding interest in both the queuosine UQV modifica9on found at posi9on
34 of tRNAs decoding GUN codons and the threonylcarbamoyladenosine Ut6AV modifica9on
found at posi9on 37 of tRNAs decoding ANN codons led to the discovery of their synthesis
genes by combining in silico dataQmining and experimental valida9ons. As more wholeQ
genome sequences became available, we have used this knowledge to discover remaining Q
salvage genes in bacteria and eukaryotes, with some clearly derived from DNA metabolism.
Addi9onally, we discovered the unexpected presence of Q precursors in DNA. These 7Q
deazaguanosine deriva9ves in DNA could provide protec9on against physical denatura9on
and/or act as selfQrecogni9on markers. Finally, the iden9fica9on of inac9ve paralogs of the
t6A tRNA modifica9on enzyme TsaC of the YciO subfamily, probably  linked to DNA repair,
raises the ques9on of how RNA and DNA modifica9on synthesis enzymes discriminate
between the closely related DNA and RNA substrates. 
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A tRNA modificaEon pathway in mitochondria unveils 
the origin of wybutosine in eukaryotes
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Chemistry, University of Cincinna?, Cincinna?, OH 45221, USA.

Corresponding author: Alfonzo.1`osu.edu

Strategies for reading frame maintenance were likely prerequisites to establish the early
gene9c code and must have inevitably involved tRNA postQtranscrip9onal modifica9ons.
Given their wellQdocumented effects on transla9onal fidelity, wyosine/wybutosine found in
tRNAPhe of Archaea and Eukarya probably played a central role as one of the drivers of
transla9onal accuracy. In its most common form in eukaryotes, hydroxywybutosine is the
product of five highly conserved enzymes that use a methylated guanosine Um1G37V as a
precursor, but its func9on has been relegated to cytosolic transla9on. Here we present
gene9c, molecular and mass spectrometry data demonstra9ng the first example of a wyosine
pathway in mitochondria, a situa9on thus far unique to the kinetoplas9d lineage. Although
two forms of wyosine/wybutosineQmodified tRNAPhe exist in Trypanosoma brucei
mitochondrion, the organellar pathway has features in common with that of Archaea. Based
on molecular phylogeny arguments, we suggest that mitochondrial wyosine biosynthesis
represents an ancestral pathway da9ng back to the last common ancestor with the Archaea.
These findings are discussed in the context of the extensive RNA edi9ng in the
trypanosoma9d mitochondrion, whereby edi9ng, in genera9ng poten9ally “slippery” UQrich
sequences, provided the selec9ve pressure to maintain mitochondrial wyosine. 
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A divalent metal ionZdependent N1Zmethyl transfer 
to G37ZtRNA
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and YaZMing Hou1,*
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233 South 10th Street, Philadelphia, PA 19107 USA

*Corresponding author: Email: yaTming.hou`jefferson.edu

The N1Qmethyla9on of G37 to synthesize m1G37 on the 3’ side of the an9codon of tRNA is
essen9al for the survivability of cells in all three domains of life. The m1G37 is a postQ
transcrip9onal modifica9on that prevents frameshi( errors during tRNAQmediated protein
synthesis on the ribosome. Unlike misQsense errors, frameshi( errors interrupt the reading
frame of protein synthesis, resul9ng in premature termina9on. While m1G37 is conserved in
evolu9on, the bacterial enzyme TrmD that synthesizes this modifica9on is not related to its
eukaryo9c or archaeal counterpart Trm5. We have shown that while TrmD and Trm5 both use
SQadenosyl methionine UAdoMetV as the methyl donor and G37QtRNA as the acceptor, these
two enzymes are fundamentally dis9nct in structure and in mechanism. While TrmD uses a
deep topological kno:ed protein fold to bind the methyl donor, Trm5 uses an open
dinucleo9de fold. Recently, we have discovered that TrmD differs from Trm5 in one major
mechanis9c aspect, in that TrmD requires Mg2+ to catalyze methyl transfer whereas Trm5
does not. The Mg2+Qdependence of TrmD is highly unusual, because the great majority of
AdoMetQdependent methyl transferases require no Mg2+, due to the facile ca9onic nature
of the methyl sulfonium center of AdoMet. More importantly, we showed that TrmD uses
Mg2+ not to modulate substrate binding, but to ac9vate the nucleophile for methyl transfer.
Our new finding demonstrates how Mg2+ contributes to the cataly9c mechanism of AdoMetQ
dependent methyl transfer in one of the most crucial postQtranscrip9onal modifica9ons to
tRNA. 
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Cdk5rap1Zmediated 2Zmethylthio modificaEon of mitochondrial
tRNAs controls precise mitochondrial protein translaEon 
and contributes to myopathy
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Kumamoto University, Kumamoto, Japan 
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of Tokyo, Tokyo, Japan
4First Department of Physiology, Kawasaki Medical School, Okayama, Japan
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Transfer RNA UtRNAV contains a variety of pos:ranscrip9onal modifica9ons in all species.
Some of the modifica9ons iden9fied in bacteria have been inherited in mammalian
mitochondria, but the physiological role of the modifica9ons and modifying enzymes have
remained largely unknown. Here, we report that four mitochondrial tRNAs UmtQtRNAsV
contain 2Qmethylthio Ums2V modifica9ons, which are catalyzed by Cdk5 regulatory subunit
associated protein 1 UCdk5rap1V in mammalian cells. The ms2Qmodified mtQtRNAs are
essen9al for oxida9ve phosphoryla9on ac9vity by regula9ng the accurate and efficient
transla9on of mitochondrial proteins. Deficiency of ms2Qmodifica9on markedly impairs
mitochondrial quality and accelerates myopathy and heart failure under stress. Furthermore,
we show that ms2Qmodifica9ons of mtQtRNAs are highly sensi9ve to oxida9ve stress and
associated with mitochondrial disease. These findings highlight the fundamental role of ms2Q
modifica9ons of mtQtRNAs in the quality control of mitochondrial transla9on, as well as their
importance in mitochondrial disease.
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Wobble uridine hypomodificaEon triggers protein misfolding
by reducing decoding speed in vivo

Danny D. Nedialkova1, Karin Buhne1, Hannes C.A. Drexler1, SebasEan A. Leidel*1
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Chemical modifica9ons of wobble uridine UU34V in tRNAs are found in all domains of life.
They are dispensable for tRNA stability and aminoacyla9on in eukaryotes but are essen9al
for cellular fitness. However, the molecular events linking U34 modifica9on loss to cellular
dysfunc9on remain unknown. Interes9ngly, phenotypes of yeast lacking U34 modifica9ons
are rescued by elevated levels of tKUUUUV and tQUUUGV, poin9ng to inefficient transla9on of
the cognate codons as a phenotypic trigger. To test this hypothesis, we used ribosome
profiling and compared ribosomal distribu9ons along endogenous mRNAs in wild type and
U34 modifica9onQmutants of yeast and nematodes.
Importantly, in both organisms, U34 hypomodifica9on led to increased AQsite ribosome
occupancy at certain codons, indica9ng slowed transla9on elonga9on. Surprisingly, while
eleven tRNAs had unmodified U34, we detected slowdown only for tKUUUUV and tQUUUGV,
implying that chemical groups at U34 in other tRNAs play li:le func9onal roles. Second, we
examined ribosome occupancy under stress condi9ons that exacerbate the phenotypes of
U34 modifica9onQdeficient yeast. Interes9ngly, AQsite codon occupancies in mutant strains
were similar under stress, sugges9ng that the stress sensi9vity of those strains has another
trigger. Indeed, we found that U34 hypomodifica9on leads to disrupted protein homeostasis.
Cells with hypomodified U34 accumulate protein aggregates, and the ability to induce and
maintain high chaperone and proteasome levels is cri9cal for cell survival. Importantly,
overexpression of tKUUUUV and tQUUUGV reduces aggregate forma9on and relieves
proteotoxic stress, along with restoring codon transla9on speed.
Our findings establish a link between an9codon modifica9on, codon transla9on rates and
protein folding in vivo, sugges9ng that the phenotypes of U34 hypomodifica9on mainly stem
from the toxicity of misfolded proteins.
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StructureZfuncEon analysis of the Trm9ZTrm112 complex, 
a methyltransferase involved in the mcm5U34 tRNA
modificaEon and in response to genotoxic stresses
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Trm112 is truly unique ac9ng as an ac9va9ng pla8orm of four eukaryo9c methyltransferases
UMTasesV involved in rRNA, tRNA and transla9on factor modifica9ons, ideally placing it at the
interface between ribosome synthesis and func9on.
The Mtq2QTrm112 complex methylates the transla9on termina9on factor eRF1 on the
glutamine side chain of its universally conserved GGQ mo9f, which is directly involved in the
release of newly synthesized proteins U1V. The Bud23QTrm112 complex is implicated in
ribosome biogenesis by methyla9ng guanosine 1575 of 18S rRNA U2V. Trm11QTrm112 forms
2Qmethylguanosine at posi9on 10 on tRNAs, a modifica9on assumed to stabilize tRNA
structure. The Trm9QTrm112 complex par9cipates in the modifica9on of wobble uridine 34
of some tRNAs. It catalyses the methyla9on of the cm5U U5Qcarboxymethyl UridineV into
mcm5U U5Qmethoxycarbonylmethyl UridineV. This methyla9on enhances the decoding
accuracy of specific codons highly represented in some key genes of DNA damage response.
ALKBH8, the human orthologue of Trm9 is overQexpressed in various types of cancer and its
absence significantly suppresses invasion, angiogenesis, and growth of bladder cancers.
We will present the crystal structure as well as in vitro and in vivo func9onal studies of the
Trm9QTrm112 complex. In addi9on, we will compare the known crystal structures of Trm112Q
MTase complexes, revealing the structural plas9city allowing Trm112 to interact with all its
MTase partners, which share less than 20% sequence iden9ty, through a very similar mode. 

U1V Liger et al; 2011; Nuc.AcidsRes; 39U24V; 6249Q59
U2V Figaro et al; 2012; Mol.Cell.Biol; 32[12\; 2254Q67



21-25 September • K y l l i n i Greece ABSTRACT BOOK

45

TA
L

K
S

O22

A RossmannZfold superfamily enzyme, TmcAL, is a novel
acetate ligase responsible for the formaEon of N4ZacetylcyEdine
in tRNAMet in Bacillus sub�lis
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N4Tacetylcy9dine Uac4CV is a widespread modified nucleoside found in tRNAs and rRNAs from
all domains of life. In Escherichia coli and other bacteria, ac4C is present at the wobble
posi9on U34V of the elongator tRNAMet. ac4C34 is thought to prevent misreading of AUA codon.
Our group previously reported that ac4C34 in E. coli tRNAMet is synthesized by TmcA which
catalyzes the acetyla9on of tRNA using acetylQCoA and ATP as substrates UIkeuchi et al., 2008V.
TmcA is a GNAT family acetyltransferase conjugated with WalkerQtype ATPase domain.
Although homologs of TmcA occur in many Eukarya and Archaea, bacterial TmcA appears to
be limited to the γQproteobacterial subphylum. In Bacillus sub?lis, the wobble posi9on of
the elongator tRNAMet was reported to be unmodified. In addi9on, TmcA homolog is not
encoded in B. sub?lis genome. However, we clearly detected ac4C34 in the elongator tRNAMet

isolated from B. sub?lis, indica9ng the presence of novel enzyme responsible for ac4C34 in
B. sub?lis. Taking advantage of compara9ve genomics using Mycoplasma species, we
narrowed down candidate genes responsible for the ac4C forma9on, and then succeeded in
iden9fying a novel enzyme which belongs to RossmannQfold superfamily with HIGH mo9f, in
which class I aminoacylQtRNA synthetases are also classified. Intriguingly, ac4C34 in tRNAMet

was successfully recons9tuted by the recombinant protein using acetate and ATP as
substrates. Hence, we named this enzyme as tRNAMet cy9dine acetate ligase UTmcALV which
catalyzes two consecu9ve reac9ons. TmcAL first synthesizes acetyladenylate UAcQAMPV as a
reac9on intermediate, then the acetyl group of AcQAMP is transferred to N4Qamino group of
C34 in tRNAMet with releasing AMP. TmcAL is the first enzyme, which u9lizes acetate as a
substrate to modify RNA molecule, urging us to reconsider our common knowledge that
acetylQCoA is a sole substrate for acetyla9on. Based on this discovery, ac4C34 might be
established by convergent evolu9on in bacterial system.
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Metazoan mitochondrial genome expression: 
the tRNA punctuaEon model revisited
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Reminiscent of its prokaryo9c origin, mitochondria contain their own DNA UmtDNAV.
Metazoan mtDNA presents a highly compact gene organiza9on and is transcribed as large
polycistronic transcripts. The tRNA processing is then essen9al for the release and matura9on
of mt mRNAs and rRNAs, ins9tu9ng the tRNA punctua9on model. The existence of this
punctua9on model has become a dogma1. 
With more than 2000 completely sequenced mt genomes, in silico observa9ons sugges9ng
that this punctua9on model cannot always be applied are emerging. Here, using the isopod
crustacean Armadillidium vulgare as a model organism, we now provide experimental
evidence.
In this arthropod, only a par9al set of tRNA genes was iden9fied by computa9onal means2,3.
Interes9ngly, a cons9tu9ve heteroplasmic site forming a dual tRNA gene was found4. Based
on these observa9ons, we first reanalyzed the tRNA gene content and experimentally
validated the tRNA candidates. Several essen9al mt tRNA genes are missing thus likely mt
import of nucleusQencoded tRNAs compensate for this lack. Then we demonstrated that a
tRNA expressed from a single mt gene is extensively repaired both at the 5’ and 3’ ends.
Then, we showed that out of the 13 expressed tRNA genes, 9 overlap with other genes.
Extreme cases were encountered such as a huge overlap between 2 tRNA genes transcribed
in the same direc9on or a tRNA gene fully inserted into a proteinQcoding gene.
Altogether, the data obtained provide experimental evidence that contradicts the dogma
describing tRNA processing as essen9al for the release and matura9on of mt mRNAs and
rRNAs and support the existence of new biochemical mechanisms to count for mtgene
expression.

References
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Asking the cells: genomeZwide screen of yeast uncovers the
mechanisms for tRNA intron turnover and targeEng the SEN
complex to mitochondria
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We conducted a systema9c and unbiased screen of the yeast proteome for gene products
involved in tRNA biology. We employed the yeast dele9on and temperatureQsensi9ve
collec9ons, that together provide mutant alleles of >90% of the annotated genes, to assess
of the impact of each gene upon tRNA biology��Gene9c and biochemical analyses of some
of the iden9fied mutants have provided surprising insights for two steps in tRNA biology and
cell biology. First, although tRNA splicing has been studied for years, the fate of released
introns has been a mystery. Even though 600,000 such intron molecules are generated each
genera9on, they are barely detectable, indica9ng a very efficient turnover mechanism. We
discovered that dele9on of XRN1, encoding the cytoplasmic 5’ to 3’ exonuclease, causes
accumula9on of free tRNA introns. Further studies revealed that tRNA turnover requires
collabora9on by the tRNA splicing ligase Uhealing by phosphoryla9on of the 5’ terminus of the
linear intronV and destruc9on by the cytoplasmic tRNA quality control 5’ to 3’ exonuclease,
Xrn1, that has specificity for 5’ phosphorylated RNAs. Second, previous studies by Yoshiihisa
et al. U2003V showed that preQtRNA splicing catalyzed by the tRNA splicing endonuclease,
SEN, in yeast occurs on the mitochondrial surface, but the mechanism to direct and assemble
the SEN complex on mitochondria was unknown. We discovered that dele9on of TOM70,
encoding a mitochondrial outer membrane protein, causes accumula9on of endQmatured
intronQcontaining tRNAs. The tRNA splicing defect occurs because Tom70 is required for
proper localiza9on, assembly, and func9on of the SEN complex subunits onto the
mitochondrial surface. Numerous addi9onal muta9ons that affect other aspects of tRNA
biology were also iden9fied. Thus, our genomeQwide screen has led to discoveries of novel
gene products that func9on in eukaryo9c tRNA biology.

Funding: NIH grant GM27930 to AKH and OSU Pelotonia graduate fellowship to JW
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MulEple pathways for processing of tRNA primary transcripts
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The E. coli the genome contains 86 tRNA genes that are organized as either monocistronic
transcripts or complex operons containing other tRNAs, messenger RNAs UmRNAsV or
ribosomal RNAs UrRNAV genes.  Every tRNA is transcribed as a precursor that contains an
encode CCA determinant and requires subsequent processing at both ends to generate
mature species that are charged by their cognate aminoacyl tRNA synthetases. In addi9on,
tRNAs that are part of polycistronic transcripts require ini9al endonucleoly9c cleavages to
generate the preQtRNAs that undergo further processing at their 5’ and 3’ termini.  The
generally accepted model for such processing proposes that endonucleoly9c cleavages of
polycistronic transcripts by RNase E generate preQtRNAs.  Subsequently, the ribozyme RNase
P endonucleoly9cally removes the extra nucleo9des at the 5’ terminus, while the 3’ terminus
is processed exonucleoly9cally by a combina9on of RNase T, RNase PH, RNase BN/Z, RNase
D, RNase II and PNPase.  However, we have now shown that a significant por9on of E. coli
primary transcripts are ini9ally processed by RNase P and not RNase E.  Thus all seven leucine
tRNAs Ufound in three polycistronic transcriptsV are ini9ally separated into preQtRNAs
exclusively by RNase P.  Furthermore, RNase P processes the valU and lysT operons in the
3’�5’ direc9on by first removing the RhoQindependent transcrip9on terminators.
Furthermore, we demonstrate that polyadenyla9on of preQtRNAs by polyUAV polymerase I
exacerbates the condi9onal lethality associated with muta9ons in the protein subunit of
RNase P, such that inac9va9on of PAP I leads to par9ally suppression of the lethality. Of even
greater interest is our data demonstra9ng that short unprocessed 5’ regions U1Q5 ntV on preQ
tRNAs do not interfere with aminoacyla9on if the 3’ ends are fully processed.  Finally, we
will present data to show that the three proline tRNAs are processed in such a fashion that they
do not require any 3’�5’ processing by RNase T, RNase PH, RNase BN/Z, RNase D, RNase II or
PNPase.  This work was supported in part by research grants from the Na9onal Ins9tutes of
Health to S.R.K.  UGM57220 and GM81554V.
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The dogma of the universal conserva9on of RNase P as a ribonucleoprotein URNPV has been
challenged with the discovery of proteinQonly RNase P enzymes called PRORP UHolzmann,
2008; Gobert, 2010V. We have shown that these enzymes are responsible for RNase P ac9vity
in both organelles and the nucleus in plants UGutmann, 2012V. Although plant PRORP act as
single subunit enzymes, we provide evidence to show their interac9on with a number of
factors in vivo, thus showing the integra9on of PRORP func9ons among other gene expression
processes. 
Beyond plants, it becomes evident that PRORP proteins are prominent in many distantly
related eukaryote lineages. We thus explore the diversity of PRORP func9on and mode of
ac9on in a number of representa9ve eukaryote model species.
Finally, mechanis9c data show that PRORP proteins have evolved a mode of tRNA recogni9on
reminiscent from the one used by RNP RNase P UGobert, 2013V.
The diversity of PRORP and RNP enzymes is compared and should give clues to understand
the evolu9ve history of RNase P.
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Faithful transla9on of mRNA is cri9cal for the structure and func9on of proteins and for the
maintenance of vital cellular func9ons. Elaborate machinery composed of the aminoacylQ
tRNA synthetases, ribosome, tRNAs, transla9onal protein factors, and auxiliary inTcis and
inTtrans factors is responsible for gene transla9on in all organisms. Because of its importance
for protein synthesis, the role of transla9onal elonga9on factors has been a subject of intense
scien9fic scru9ny during the last two decades. In a canonical pathway, the general elonga9on
factor EFQTu/EF1A delivers aminoacylQtRNAs to the ribosome, and EFQG/EF2 promotes the
ratche9ng of the small ribosomal subunit and transloca9on of the deacylated tRNAs and
mRNA. While the mechanism of the prokaryo9c transla9on factors has largely been
elucidated at atomic resolu9on, the corresponding informa9on about the eukaryo9c system,
in general, and the human system, in par9cular, is scarce if not completely absent. Perhaps
the least understood is the mechanism governing decoding and coQtransla9onal inser9on of
the 21st amino acid, selenocysteine. This fundamental process, which is dis9nct from the
canonical pathway facilita9ng inser9on of the 20 standard amino acids into nascent
polypep9des, instructs synthesis of 25 human selenoproteins and selenoenzymes. The
process is dependent on a specialized elonga9on factor eEFSec USelB in prokaryotesV, which
evolved to bind only selenocysteinylQtRNASec and to promote decoding of the selenocysteine
UGA codon. However, the mechanism at the structural level by which eEFSec exerts its
func9onUsV is not well understood. Herein, we present the crystal structure of human eEFSec,
which provides a pla8orm for explaining unique func9onal proper9es of this specialized
elonga9on factor and represents, to our knowledge, the first structure of a component of the
human transla9onal machinery.
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Elaborate uORF/IRES features control expression and
localizaEon of human moonlighEng glycylZtRNA synthetase
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Human GlycylQtRNA synthetase UGRSV is a housekeeping enzyme with a key role in protein
synthesis, responsible for the charging of glycine on its cognate tRNAs. In metazoans, there
is a unique gene, GARS, which encodes both cytoplasmic and mitochondrial forms of GRS by
using alterna9ve start codons. These enzymes are thus responsible for maintaining cytosolic
and mitochondrial transla9ons. However, outside transla9on GRS was also shown to
par9cipate in many other func9ons, amongst which its involvement in peripheral axonal
degenera9on UCharcotQMarie Tooth diseaseV is s9ll not understood. We iden9fied two mRNA
isoforms both capable of sustaining transla9on of cytosolic and mitochondrial GRSs. Using
immunolocaliza9on assays, in vitro transla9on assays and bicistronic constructs, we provided
experimental evidences that expression and localiza9on of human GRS are 9ghtly controlled.
An intricate regulatory domain was found in the 5’ UTR of one of the mRNA isoforms only and
displays a func9onal Internal Ribosome Entry Site and a short Upstream Open Reading Frame.
Together, both elements hinder the synthesis of the mitochondrial GRS and target the
transla9on of the cytosolic enzyme to ERQbound ribosomes. We uncovered an original postQ
transcrip9onal regulatory mechanism that is conserved in mammals. This finding sheds light
on the regula9on of mRNA directed trafficking to the ER and reveals a complex picture of
GRS transla9on and localiza9on. In this context, we discuss how GRS expression could
influence moonligh9ng ac9vi9es of human GRS and its involvement in diseases.
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In all cells tRNAs undergo extensive postQtranscrip9onal modifica9ons, which collec9vely
play important roles in tRNA structure and func9on. RNA edi9ng, a specialized form of
modifica9on, has a wide phylogene9c distribu9on and in tRNAs may either expand their
decoding capacity or generate conserved structural features. We showed that tRNAThr

AGU
undergoes both adenosine to inosine UA to IV and cytosine to uridine UC to UV edi9ng in the
an9codon loop, while robust A to I edi9ng was recons9tuted in vitro, C to U edi9ng ac9vity
was not. Yet in vivo the TbADAT2/3 deaminase was essen9al for both edi9ng events. Adding
to the puzzle was the finding that the C to U edited posi9on is also methylated leading to
forma9on of 3Qmethylcytosine Um3CV and 3Qmethyluridine Um3UV, respec9vely. This finding
raised the possibility that edi9ng and methyla9on are interconnected events. Here we
present the iden9fica9on of tRNA methylase for posi9on 32 in tRNAThr. We show that
recons9tu9on of methylase ac9vity requires the presence of the TbADAT2/3 deaminase.
These findings are discussed in the context of the intracellular localiza9on of both enzymes
and how the poten9ally mutagenic deaminase is kept in check while it traffics to the nucleus
of T. brucei. 
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AminoacylQtRNA synthetases UARSsV are pleotropic proteins that are not only involved in
diverse signal pathways as signal mediators, but also in protein synthesis as a catalysis.
Although most of ARSs can perfom their cataly9c roles by themselves, they form dynamic
func9onal network through proteinQprotein interac9ons with each other and with other
cellular factors. Some ARSs are even secreted out of the cells to mediate diverse cellQcell and
cellQextracellular matrix communica9ons. Their func9onal flexibility appears to be achieved
by postQtransla9onal modifica9ons, extraQdomain acquisi9on, and alterna9ve splicing. The
func9onsl significance of their network are also pathologically implicated in various human
diseases such as cancer, neurodegenera9ve and immuneQrelated diseases U1V. For instance,
lysylQtRNA synthetase plays a cri9cal roles in cancer microenvironment as signal mediator in
plasma membrane of cancer cells U2V and also as secreted inflammatory signaling factor U3V.
On the contrary, glycylQtRNA synthetase is secreted from macrophages upon challenges by
cancer cells to suppress specific cancer cells U4V. All of these ac9vi9esi involve specific postQ
transla9onal modifica9ons or proteoly9c cleavage of the corresponding ARSs. 

References  
1. AminoacylTtRNA synthetase and tumorigenesis; More than protein synthesis, Kim et al, Nat Rev

Cancer 11, 708T718, Y2011Z
2. Chemical suppression of proTmetata?c lysylTtRNA synthetase and laminin receptor interac?on, Kim

et al, Nat Chem Biol. (2014)
3. Human lysylTtRNA synthetase is secreted to trigger proinflammatory response. Park et al. PNAS 102,

6356T6361, 2005
4. Park et al, Secreted Human GlyTtRNA synthetase implicated in defense against ERKTac?vated

tumorigenesis, PNAS 109, E640T646, Y2012Z
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Nuclear funcEon of TyrRS under oxidaEve stress

Na Wei, Yi Shi and XiangZLei Yang

The Scripps Research Ins?tute
La Jolla, California, USA

xlyang`scripps.edu

The demand of global protein synthesis decreases under stress condi9ons, as the transla9on
machinery is diverted to preferen9ally promote synthesis of stressQresponse gene. Here we
report that oxida9ve stress s9mulates tyrosylQtRNA synthetase to translocate into the
nucleus, where the tRNA synthetase performs dual func9ons through transcrip9onal
regula9on. Nuclear TyrRS upregulates the expression of DNA damage repair genes for
protec9on against DNA damage, while simultaneously it downregulates the expression of
protein synthesis genes to suppress global transla9on. The mechanism and the interac9on
network behind how TyrRS achieves this dual regula9on will be presented.

References
1. Fu, G., Xu, T., Shi, Y. Wei, N. & Yang, X.TL. Y2012Z tRNA controlled nuclear import of a human tRNA

synthetase. J. Biol. Chem. 287, 9330T9334
2. Wei, N., Shi, Y., Truong, L.N., Fisch, K., Gardiner, E., Fu, G., Kishi, S., Su, A., Wu, X. & Yang, X.TL. Y2014Z

Oxida?ve stress diverts tyrosylTtRNA synthetse to the nucleus for protec?on againest DNA damage.
Yunder revisionZ
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Ribosome stalling induced by mutaEon of a CNSZspecific tRNA
causes neurodegeneraEon

Ryuta Ishimura1†, Gabor Nagy1†, Ivan Dotu2, Huihao Zhou3, XiangZLei Yang3, 
Paul Schimmel3, Satoru Senju4, Yasuharu Nishimura4, Jeffrey H. Chuang2, 
and Susan L. Ackerman1*

1Howard Hughes Medical Ins?tute and The Jackson Laboratory, Bar Harbor, ME  USA
2The Jackson Laboratory for Genomic Medicine, Farmington, CT  USA
3The Skaggs Ins?tute for Chemical Biology, The Scripps Research Ins?tute, La Jolla, CA  USA
4Department of Immunogene?cs, Graduate School of Medical Sciences, Kumamoto
University, Kumamoto, Japan
†These authors contributed equally to this work

Correspondence: susan.ackerman`jax.org

In higher eukaryotes, tRNAs with the same an9codon are encoded by mul9ple nuclear genes
and li:le is known how muta9ons in these genes affect transla9on and cellular homeostasis.
Similarly, the surveillance systems that respond to such defects in higher eukaryotes are not
clear. Here, we discover that a lossQofQfunc9on mouse muta9on in a member of the nuclearQ
encoded tRNAArg

UCU family that is expressed specifically in the central nervous system UCNSV,
leads to low but detectable levels of ribosome stalling. In the absence of a newly iden9fied
binding partner of the ribosome recycling protein Pelota, ribosome stalling increases, leading
to widespread neurodegenera9on. Our results not only define a novel ribosome rescue
factor, but also unmask the disease poten9al of muta9ons in nuclearQencoded tRNA genes.
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AngiogeninZmediated tRNA cleavage in neurodegeneraEon

Pavel Ivanov, Paul Anderson and Nancy Kedersha

Department of Medicine, Division of Rheumatology, Immunology and Allergy, Brigham 
and Women's Hospital, Harvard Medical School, Boston USA

Angiogenin UANGV is a stressQac9vated ribonuclease that promotes the survival of motor
neurons. Ribonuclease inac9va9ng point muta9ons are found in a subset of pa9ents with
amyotrophic lateral sclerosis, a fatal neurodegenera9ve disease with no cure. We recently
showed that ANG cleaves tRNA within an9codon loops to produce 5’Q and 3’Qfragments
known as 9RNAs UtRNAQderived, stressQinduced RNAsV. Selected 5’Q9RNAs Ue.g., 9RNAAla and
9RNACysV coQoperate with the transla9onal repressor YBQ1 to displace eIF4F from m7GQcapped
mRNA, inhibit transla9on ini9a9on and induce the assembly of stress granules USGsV. Here we
show that transla9onally ac9ve 9RNAs assemble unique GQquadruplex structures that are
required for transla9on inhibi9on. We show that 9RNAAla binds the cold shock domain of YBQ
1 to ac9vate these transla9onal reprogramming events. We discovered that 5’Q9DNAAla Uthe
DNA equivalent of 5’Q9RNAAlaV is a stable 9RNA analogue that displaces eIF4F from capped
mRNA, inhibits transla9on ini9a9on, and induces the assembly of SGs. 5’Q9DNAAla also
assembles a GQquadruplex structure that allows it to spontaneously enter primary motor
neurons and trigger a neuroprotec9ve response in a YBQ1Qdependent manner. Our results
explain why the ribonuclease ac9vity of ANG is required for its cytoprotec9ve proper9es and
introduce 5’Q9DNAAla as a lead compound for the development of a new class of
neuroprotec9ve drugs.
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Structural basis for mulEplexed inhibiEon of translaEonal 
and nontranslaEonal funcEons on a human tRNA synthetase 

Pengfei Fang, Xue Yu, Seung Jae Jeong, Adam Mirando, Kaige Chen, Xin Chen,
Sunghoon Kim, Christopher S. Francklyn, Min Guo*

Department of Cancer Biology, The Scripps Research Ins?tute, Scripps Florida,

guomin`scripps.edu

The polyke9de natural product borrelidin UBNV has mul9ple biological ac9vi9es including
an9bacterial, an9fungal, an9malarial, insec9cidal and herbicidal, and recently an9QVEGFQ
induced angiogenesis ac9vi9es, through selec9ve inhibi9on of threonylQtRNA synthetase
UThrRSV. How BN simultaneously a:enuates angiogenesis and suppresses a variety of
infec9ons in plants and animals is not known.  Using xQray crystal structure and func9onal
analysis, binding of a single molecule of BN is shown here to simultaneously block four
dis9nct sites on ThrRS. These include three used for redundant inhibi9on of its
aminoacyla9on func9on in protein synthesis, and a fourth ‘orthogonal’ site that suppresses
angiogenesis in vascularized metastasis. The results highlight a remarkably natural design to
intervene across diverse diseases via a diverged family of orthologous enzyme targets. The
commodious ac9ve site cavi9es for aminoacyla9on in other tRNA synthetases may also
provide previously unappreciated opportuni9es for iden9fying powerful agent targe9ng
transla9onal and nontransla9onal ac9vi9es of AARSs with therapeu9c benefits. 
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The yeast AME mulEsynthetase complex controls
mitochondrial ATP producEon by coordinaEng expression
and assembly of the F1FO ATP synthase

Mathieu Frechin2, 5, Ludovic Enkler1, Emmanuel Tetaud3, Daphné Laporte1, 
Bruno Senger1, Corinne Blancard3, Philippe Hammann4, Gaétan Bader1, 
Sandra ClauderZMünster6, Lars Steinmetz6, Robert Pierre MarEn1, 
JeanZPaul di Rago3 and Hubert Dominique Becker1*
1UMR ‘Géné?que Moléculaire, Génomique, Microbiologie’, CNRS, Université de Strasbourg, 21 rue
René Descartes, 67084 Strasbourg Cedex, France. 2Ins?tute of Molecular Life Sciences, University of
Zurich, Winterthurerstrasse 190, CHT8057 Zurich, Switzerland. 3Université de Bordeaux, IBGC,
UMR5095, 1, rue Camille Saint Saëns, 33077, Bordeaux Cedex,France.4Plateforme Protéomique de
l’Esplanade, Université de Strasbourg, CNRST FRC1589, IBMC, 15 Rue René Descartes, FT67084
Strasbourg Cedex, France. 5UPR ‘Architecture et Réac?vité de l’ARN’, Université de Strasbourg,
CNRS, Ins?tut de Biologie Moléculaire et Cellulaire, 15, Rue René Descartes, FT67084 Strasbourg
Cedex,France. 6European Molecular Biology Laboratory YEMBLZ, Genome Biology Unit,
Meyerhofstrasse 1, 69117 Heidelberg,

In eukaryo9c cells, oxida9ve phosphoryla9on involves mul9subunit respiratory complexes URCV of
mixed gene9c origin. Assembling these complexes requires an organelleQindependent
synchronizing system for the proper expression of nuclear and mitochondrial genes U1V. Here we
show that expression of the mitochondrial F1FO ATP synthase Ucomplex VV depends on the cytosolic
mul9synthetase AME complex made of two aminoacylQtRNA synthetases UaaRSsV: glutamylQ
UcERSV and methionylQtRNA synthetase UcMRSV a:ached to the assembly protein Arc1 U2V. When
yeast cells switch from fermenta9on to respira9on the Snf1/4 glucoseQsensing pathway U3V inhibits
expression of Arc1 thereby triggering disassembly of the AME complex and simultaneous release
of both aaRSs. The free cMRS and cERS then relocate to the nucleus and mitochondria
respec9vely. To decipher their organellar roles and verify whether the synchronicity of cERS and
cMRS reloca9on is crucial for the adapta9on to the respiratory metabolism, we engineered strains
unable to release synchronously the two aaRSs. Four strains were constructed: the ARC strain
that cons9tu9vely expresses Arc1, the nE and nM strains able to only release cERS and cMRS
respec9vely and the nE/nM strain in which both aaRSs are cons9tu9vely released.
Desynchronizing release of cERS and cMRS from Arc1 resulted in aberrant assembly of ATP
synthase. In depth analysis of these strains reveals that nuclear cMRS regulates transcrip9on of
the Atp1 subunit of the F1 cataly9c head of ATP synthase, while mitochondrial cERS regulates
transla9on of the cri9cal Atp9 subunit of the FO rotor. By doing so, synchronously relocated cERS
and cMRS enable coordinated assembly of the F1 cataly9c subunit of ATP synthase with the FO

proton channel U4V. Finally, we show that defects in Atp9 subunit expression in the desynchronized
nM strain, can be suppressed by ectopic expression of ATP1 sugges9ng that the F1domain of ATP
synthase somehow regulates expression of the mitochondrialQencoded FO proton channel.

U1V Fox, T. D. U2012V. Mitochondrial protein synthesis, import, and assembly. Gene?cs 192, 1203Q1234.
U2V Simos, G., Segref, A., Fasiolo, F., Hellmuth, K., Shevchenko, A., Mann, M. and Hurt, E.C. U1996V. The

yeast protein Arc1p binds to tRNA and func9ons as a cofactor for the methionylQ and glutamylQ
tRNA synthetases. EMBO J 15, 5437Q48

U3V Zaman, S., Lippman, S.I., Zhao, X., and Broach, J.R. U2008V. How Saccharomyces responds to
nutrients. Annu. Rev. Genet. 42, 27Q81.

U4V Rak, M., Gokova, S.,  and Tzagoloff, A. U2011V. Modular assembly of yeast mitochondrial ATP synthase.
EMBO J 30, 920Q930.
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GlutamylZprolyl tRNA synthetase and metabolism: 
New funcEons for an ancient enzyme

Abul Arif1 and Paul L. Fox1*

1Department of Cellular and Molecular Medicine, Lerner Research Ins?tute, Cleveland Clinic,
Cleveland, OH 44195, USA

GlutamylQprolyl tRNA synthetase UEPRSV is the unique component of the GAIT UInterferonQ
Gamma Ac9vated Inhibitor of Transla9onV complex that binds GAIT elements in the 3’UTR of
inflamma9onQrelated mRNAs and inhibits their transla9on. Induced phosphoryla9on at Ser886

and Ser999 in the nonQcataly9c linker domain of human EPRS orchestrates its release from
the parental mul9Qaminoacyl tRNA synthetase complex, assembly of the GAIT complex,
mRNA binding, and transla9onal silencing ac9vity. CyclinQdependent kinase 5 UCdk5V, in
conjunc9on with regulatory protein Cdk5R1 Up35V, induces the ini9al phosphoryla9on at
Ser886 of EPRS. We show that mammalian target of rapamycin complex UmTORCV1, in
coordina9on with Cdk5, phosphorylates ribosomal protein S6 kinaseQ1 US6K1V, which in turn
phosphorylates Ser999 to generate transla9on silencingQcompetent EPRS, and establishing
EPRS as a novel mTORC1QS6K1 axis target. Remarkably, S6K1 exhibits an unprecedented
“kinase phosphoQcode” that determines target selec9vity. mTORC1Qdependent S6K1
phosphoryla9on induces phosphoryla9on of RPS6, eIF4B, and eEF2K, all components of the
protein synthe9c apparatus that s9mulate transla9on globally. In contrast, dual S6K1
phosphoryla9on by mTORC1 and Cdk5 directs specific phosphoryla9on of EPRS that
selec9vely inhibits transla9on of an ensemble of inflamma9onQrelated genes. To inves9gate
the role of EPRS phosphoryla9on in vivo, we have generated a lossQofQfunc9on mouse strain
with knockQin of Ser999QtoQAla in the EPRS gene. Adult homozygous mutant mice exhibit
markedly reduced body weight and adipose 9ssue mass, approximately phenocopying S6K1Q
null and adipocyteQspecific mTORC1Qnull mice, implica9ng EPRS as a cri9cal mTORC1QS6K1
effector regula9ng metabolism and growth. In view of previous findings that LeuRS is an
upstream nutrient sensor that regulates mTORC1 ac9va9on, and our new results establishing
EPRS as a cri9cal downstream mTORC1 effector, we propose these synthetases act as
macromolecular “bookends” encasing this cri9cal metabolic pathway.
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Role of an alternaEve threonylZtRNA synthetase in the
adaptaEon to zinc deficiency in prokaryotes

Rubio1, M.A.; Napolitano1, M.; PaGerson2, C.; SantamaríaZGómez, J.1 Vioque,
A.1, Ochoa de Alda3, J.A.G.; Robinson2, N.J. and Luque, I.1*

1Ins?tuto de Bioquímica Vegetal y Fotosíntesis, CSIC and Universidad de Sevilla, Spain. 
2Biophysical Sciences Ins?tute, Durham University, UK.
3Fac. Formación Profesorado, Universidad de Extremadura, Cáceres YSpainZ

*correspondence eTmail: ignacio.luque`ibvf.csic.es

ThreonylQtRNA synthetases UThrRSV are dimeric class II enzymes containing a zinc atom in the
ac9ve site which directly interacts with the amino acid substrate. Some prokaryo9c organisms
contain duplicated thrS genes. The cyanobacterium Anabaena sp. PCC 7120 contains a
housekeeping gene, thrS1, and an alterna9ve one, thrS2, inducible under low zinc condi9ons
and required for survival when zinc is limi9ng. Despite their high sequence similarity and
their comparable affinity for zinc, ThrRS1 and ThrRS2 show a striking different behavior under
low zinc in vitro, i.e. ThrRS1 dissociates and becomes inac9ve, whereas ThrRS2 also loses
ac9vity but remains stable as a dimer. Subs9tu9on of the three residues coordina9ng zinc in
ThrRS1 rendered a mutant protein unable to dimerize, indica9ng that the zinc cofactor is
required to maintain the dimeric structure of ThrRS1. In an effort to elucidate the structural
basis for the dissocia9on of ThrRS1, we have deleted two short inser9ons of 3 and 6 amino
acids in its cataly9c domain, genera9ng a stably dimeric Uand ac9veV ThrRS1 protein resistant
to dissocia9on under low zinc. As zinc is not located in the dimeriza9on surface, it seems
plausible that dissocia9on of ThrRS1 occurs by the transmission atQaQdistance of a
conforma9onal rearrangement provoked by cofactor loss. It is thus possible that the two
inser9ons are involved in the propaga9on of the structural change from the zincQbinding
pocket to the dimeriza9on surface. These results provide a link between the structural and
func9onal differences observed for ThrRS1 and ThrRS2. We hypothesize that the higher
robustness and stability of ThrRS2 in low zinc are probably key evolu9onary adapta9ons of
this enzyme to zinc limita9on. 
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EPRS inhibiEon signals to a novel matrix remodeling pathway
in mulEple cell types

Tracy Keller1, Mark Sundrud3, Davide Zocco1, Yeonjin Kim2, Chang YeolZYeo2,
Malcolm Whitman1

1Department of Developmental Biology, Harvard School of Dental Medicine, Boston,
Massachuse@s, USA. 
2Department of Life Science, Division of Life and Pharmaceu?cal Sciences, Ewha Womans
University, Seoul, Korea
3Department of Cancer Biology, The Scripps Research Ins?tute, Jupiter, FL

The Whitman Lab recently iden9fied glutamylQprolylQtRNA synthetase UEPRSV to be the
molecular target of febrifugine and halofuginone UHFV, and showed that EPRSQinhibi9on
underlies the broad therapeu9c ac9vi9es of these natural products. Febrifugine is the
bioac9ve cons9tuent of Chang Shan, one of the 50 fundamental herbs of tradi9onal Chinese
medicine. Febrifugine and its deriva9ve HF have been used to treat malaria, cancer, fibrosis
and inflammatory disease, but the cellular target and mechanism of ac9on have proved
elusive. We previously showed that HF inhibits the differen9a9on of proQinflammatory Th17
cells in vitro and in vivo, in part through ac9va9on of the cellular amino acid stress response
UAARV pathway. We now have found that HFQinhibi9on of differen9a9on of Th17 cells and
HFQinhibi9on of inflammatory cytokineQdriven extracellular matrix remodeling program in
stromal cells can occur independent of GCN2, the kinase that ac9vates the canonical AAR.
Inhibi9on of EPRS by HF, therefore, leads to ac9va9on of the canonical AAR, and ac9va9on
of a novel cellular pathway that dampens 9ssue response to inflammatory cytokines. We
propose that HF inhibits a broad set of cytokine responses, in mul9ple 9ssue types, via a
nonQcanonical pathway downstream of EPRS inhibi9on. 
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AminoacylZtRNA synthetase complexes in evoluEon
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2Ins?tute of Molecular Biology and Gene?cs, Na?onal Academy of Sciences of Ukraine,
150 Acad. Zabolotnogo Street, 03143 Kiev, Ukraine
1eQmail: mirande\lebs.cnrsQgif.fr

AminoacylQtRNA synthetases are interpre9ng the gene9c code and are among the most
ancient protein families. Along evolu9on, these proteins acquired new domains that are
involved in protein:protein interac9ons, and in the assembly of supramolecular assemblies.
In human, two types of stable complexes containing one or several aaRSs have been
described. The VEGA UValRSQEF1AQGEFQAssemblyV associates valylQtRNA synthetase UValRSV
with the four subunits of elonga9on factor 1 UEF1A, and the guanine nucleo9de exchange
factors EF1Ba, EF1Bb and EF1BgV. The NQterminal appended domain of eukaryote ValRS is
required for its interac9on with the EF1Bb subunit of the complex. The MARS UMul9Q
AminoacylQtRNA Synthetase ComplexV contains the nine aminoacylQtRNA synthetases ArgRS,
AspRS, GlnRS, GluRS, IleRS, LeuRS, LysRS, MetRS, ProRS and the three nonsynthetase
components p18, p38 and p43. Polypep9de extensions appended to eukaryo9c enzymes are
landmarks of their assembly within the MARS.
Analysis of the sequences of AARS throughout evolu9on of eukaryotes suggests that the
VEGA only occurs in the deuterostome branch of bilaterians, as opposed to the MARS that
also exists in the protostome branch. However, analysis of the domain organiza9on of
eukaryote aaRSs is not always sufficient to unambiguously establish whether a par9cular
enzyme will be a member of the MARS or could be referred to as a ‘free’ enzyme.
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Class I aaRS quality control mechanisms preserve canonical
translaEon in Escherichia coli

Nevena Cvetesic1, Mirna Bilus1, Andres Palencia2, Morana Dulic1, Stephen Cusack2

and Ita GruicZSovulj1,*

1Chemistry Department, Faculty of Science, University of Zagreb, Horvatovac 102a, 10000
Zagreb, Croa?a, 
2European Molecular Biology Laboratory, Grenoble Outsta?on, 6 rue Jules Horowitz,
38042 Grenoble Cedex 9, France

Email: gruic`chem.pmf.hr

Norvaline, a side product of the leucine biosynthe9c pathway, accumulates in Escherichia
coli under downshi( of oxygen to the concentra9on capable to jeopardize accuracy of IleQ
tRNAIle and LeuQtRNALeu synthesis.  Incorpora9on of this nonQcanonical amino acid into the cell
proteome is however prevented by rapid postQtransfer edi9ng within the IleRS and LeuRS
CP1Qedi9ng domains. IleRS, unlike LeuRS, proofreads norvaline also at the level of tRNAQ
dependent preQtransfer edi9ng. Intriguingly, nonQproteinogenic norvaline, not isoleucine,
sets up the requirement for LeuRS edi9ng. This conclusion follows from a reassessment of the
LeuRS discriminatory power using isoleucine that was addi9onally purified from traces of
cognate leucine. Indeed, opposite to the prevailing opinion, we demonstrate that LeuRS
discriminates against isoleucine with specificity of be:er than 104Qfold, and thus obviates
need for postQtransfer edi9ng of IleQtRNALeu. Kine9c, structural and thermodynamic
approaches establish that both very weak ground state binding and the decreased rate of the
chemical step contribute to isoleucine specificity. Both features clearly dis9nguish isoleucine
from norvaline which exhibits only 102Qfold specificity in the LeuRS synthe9c reac9on. The
growth of an E. coli strain deprived of LeuRS postQtransfer edi9ng displays accordingly a high
intolerance towards a surplus of norvaline, but not isoleucine, in the media. Likewise, edi9ngQ
dependent cell viability correlates well with microQaerobic but not normal growth condi9ons.
It thus appears that class I aaRS edi9ng plays an important role in the E. coli adap9ve
response to quickly changing oxygen environments by preserving canonical transla9on under
these natural errorQprone condi9ons.
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Homologous transZediEng factors with broad substrate
specificity prevent global mistranslaEon

Karin MusierZForsyth

Ohio State University

AminoacylQtRNA synthetases UARSsV establish the rules of the gene9c code, whereby each
amino acid UaaV is a:ached to a cognate tRNA. Errors in this process lead to mistransla9on,
which can be toxic to bacteria and mammalian cells. Recent studies suggest that the selec9ve
forces exerted by cellQspecific requirements and environmental condi9ons poten9ally shape
quality control mechanisms. Approximately half of the ARSs possess a proofreading func9on
to hydrolyze mischarged aaQtRNAs. Interes9ngly, singleQdomain proteins homologous to ARS
edi9ng domains are encoded in many genomes but the physiological func9on of these
puta9ve transQedi9ng proteins is s9ll largely unknown. Infiltra9on of the gene9c code by
nonQprotein aa’s is likely to pose an even greater threat to cell viability than misincorpora9on
of protein aa’s into the proteome. While proofreading of gene9callyQencoded aa’s by ARSs
is well documented, much less is known about how the transla9on quality control machinery
prevents misincorpora9on of nonQprotein aa’s. A family of transQedi9ng factors collec9vely
known as the “INS superfamily” is encoded in organisms from bacteria to humans. This family
includes the cisQedi9ng domain UINSV of bacterial ProRS, which clears AlaQtRNAPro, the transQ
edi9ng factor YbaK, which clears CysQtRNAPro, and 4 addi9onal ProXp’s. The dis9nct substrate
specifici9es of these transQedi9ng domains, which extend beyond aaQtRNAPro and include
nonQprotein aa’s, will be discussed.
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Universal pathway for postZtransfer ediEng reacEons: 
Insights from the crystal structure of TtPheRS with puromycin

M. Safro*1, D. Tworowski1, L. Klipcan2, M. Peretz1

1Z Department of Structural Biology, Weizmann Ins?tute of Science, Rehovot 7610001, Israel.
2Z Medical Research Council, Mitochondrial Biology Unit, Wellcome Trust / MRC Building Hills
Road, Cambridge CB2 0XY, United Kingdom.

eTmail: mark.safro`weizmann.ac.il

At the amino acid binding and recogni9on step, PhenylalanylQtRNA synthetase UPheRSV faces
the challenge of discrimina9on between cognate phenylalanine and closely similar nonQ
cognate tyrosine U1V. Resampling of TyrQtRNAPhe to PheRS increasing the number of correctly
charged tRNA molecules have recently been revealed U2V. Thus, the very same edi9ng site of
PheRS promotes hydrolysis of sterically different 2’ and 3’QOH misacylated tRNA species,
associated with cisQ and transQedi9ng pathways. Here we present the crystal structure of the
T. thermophilus PheRS UTtPheRSV at 2.6Å resolu9on, in complex with phenylalanine and
aminonucleoside an9bio9c puromycin mimicking the A76 of tRNA acylated with Tyr. Star9ng
from the complex structure and using hybrid quantum mechanics/molecular mechanics
UQM/MMV approach we inves9gate the pathways of edi9ng mechanism catalyzed by
TtPheRS. We showed that both 2’ and 3’ isomeric esters undergo mutual transforma9on via
the cyclic intermediate orthoester U3V and the hydroly9c cleavage of the ester bond proceeds
without regard to whether the 2’ or the 3’ isomer is approaching the edi9ng site. The
suggested pathway of hydroly9c reac9on at the edi9ng site of PheRS is of sufficient generality
to warrant comparison with those of other class I and class II aaRSs.

1. Ko?kTKogan, O. et al. Y2005Z, Structure, 13, 1799T807. 
2. Ling, J. et al. Y2009Z, Mol Cell, 33, 654T60.
3. Főrster, C. et al. Y1994Z, Proc Natl Acad Sci U S A 91, 4254T7 
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FuncEonal evoluEon of bacterial GlxRS facilitated by
isoacceptor plasEcity of tRNAGln

Saumya Dasgupta and Gautam Basu

Department of Biophysics, Bose Ins?tute, PT1/12 CIT Scheme VIIM, Kolkata 700054, India

Glutamyl tRNAQsynthetase UGluRSV is nonQdiscriminatory in most bacteria, capable of
glutamyla9ng both tRNAGlu and tRNAGln. During the course of bacterial evolu9on,
acquisi9on of glutaminyl tRNAQsynthetase UGlnRSV by horizontal gene transfer from
eukaryotes, or the appearance of an addi9onal GluRS UGluRS2V, triggered the parent
nonQdiscriminatory GluRS to evolve into a discriminatory Uagainst tRNAGlnV GluRS in
some bacteria. For example, majority of proteobacteria, thought to have diverged
more recently than most other bacteria, either contain a single copy of discriminatory
GluRS or contain two copies of GluRS UGluRS1 and GluRS2V, GluRS1 being
discriminatory. Mere acquisi9on of GlnRS or GluRS2 in a bacterium is not sufficient
for a nonQdiscriminatory GluRS to evolve into a discriminatory GluRS. The newly
acquired GlnRS Uor GluRS2V and the parent nonQdiscriminatory GluRS need to reop9mize
their interac9ons with tRNAGln in a concurrent fashion. The double op9miza9on can be fatal
for bacteria that contain only one tRNAGln isoacceptor. From an analysis of whole genome
bacteria sequences we show that the nature and number of extant tRNAGln isoacceptors and
the tRNAGlnQspecificity of GluRS are strongly coupled in proteobacteria. The result not only
highlights an undocumented aspect of GluRS evolu9on in bacteria, it also establishes an
important role that tRNA isoacceptor plas9city plays in func9onal evolu9on of proteins,
emphasizing that genome plas9city is an important requirement for robustness of func9onal
proteins. This has important implica9ons in design of synthe9c life using a minimalist
approach or incorpora9on of nonQcoded amino acids using redundant codons.
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Key immunity determinants in agrobacterial LeuRS prevent
selfZpoisoning of plant tumor biocontrol
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Agrobacterium radiobacter strain K84 is a bacterial biocontrol that prevents the spread of
tumors in a wide variety of commercially important plant species. The biocontrol secretes a
pathogenQspecific Trojan Horse an9bio9c, agrocin 84, which targets the causa9ve agent of the
tumors pathogenic strains of Agrobacterium tumefaciens. A(er selec9ve uptake by A.
tumefaciens, agrocin 84 is processed into the toxin TM84 that closely resembles a stable
form of leucylQadenylate and potently inhibits leucylQtRNA synthetase ULeuRSV. We recently
showed that TM84 does indeed bind to the cataly9c domain of LeuRS but uses a novel tRNAQ
dependent inhibi9on mechanism U1V. In order to provide selfQimmunity to the an9bio9c, A.
radiobacter K84 expresses a second func9onal LeuRS, AgnB2, which is resistant to TM84.
The mechanism by which AgnB2 LeuRS is resistant to TM84, yet is s9ll capable of catalyzing
the aminoacyla9on of tRNALeu, is currently unknown. Here we iden9fy key immunity
determinants within AgnB2 whose cumula9ve ac9on is responsible for impar9ng a
substan9al degree of TM84 resistance to the enzyme while s9ll allowing AgnB2 to catalyze
the aminoacyla9on reac9on. We use a combina9on of steady state enzyme kine9cs,
thermodynamic and structural approaches to analyze wildQtype and mutant forms of AgnB2
LeuRS to reveal the role these determinants play in destabilizing the TM84 ternary inhibi9on
complex. Our results also show that it is possible to manipulate some of the corresponding
determinants in the LeuRS from A. tumefaciens to convert a TM84 sensi9ve enzyme into a
resistant form.
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In addi9on to its canonical role in aminoacyla9on, threonylQtRNA synthetase UTARSV possesses
proQangiogenic ac9vity suscep9ble to the TARSQspecific an9bio9c borrelidin UBNV. However,
the therapeu9c benefit of BN is offset by its strong toxicity to living cells. The removal of a
single methylene group from the parent BN generates BC194, a modified compound with
significantly reduced toxicity but comparable an9Qangiogenic poten9al. Biochemical analyses
reveal that the difference in toxici9es is due to BN’s s9mula9on of amino acid starva9on at
tenQfold lower concentra9ons than BC194. However, both compounds were found to inhibit
in vitro and in vivo models of angiogenesis at subQtoxic concentra9ons, sugges9ng a similar
mechanism that is dis9nct from the toxic responses. Crystal structures of TARS in complex
with each compound indicate that the decreased contacts in the BC194 structure may render
it more suscep9ble to compe99on with the canonical substrates and permit sufficient
aminoacyla9on ac9vity over a wider concentra9on of inhibitor. Conversely, both BN and
BC194 induce iden9cal conforma9onal changes in TARS, providing a ra9onale for their
comparable effects on angiogenesis. The mechanisms of TARS and BNQbased compounds on
angiogenesis were subsequently tested using zebrafish and cellQbased models. These data
revealed ectopic branching, nonQfunc9onal vessels, and increased cellQcell contracts following
BC194Qtreatment sugges9ng a role for TARS in the matura9on and guidance of nascent
vasculature. In situ hybridiza9on and RTQqPCR data also demonstrate changes in VEGF and
TARS expression in response to TARS inhibi9on, possibly indica9ng a receptorQmediated
response for TARS signaling. However, the iden9ty of this receptor and the exact mechanism
of BN’s an9Qangiogenic effects remain to be determined.  
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InteracEon of lysylZtRNA synthetase and laminin receptor 
in the control of cell migraEon and cancer metastasis 

Young Ho Jeon1, Hye Young Cho1, Ameeq Ul Mushtaq1, Nam Hoon Kwon2, 
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1College of Pharmacy, Korea University, 2511 SejongTro, Sejong 339T700, Korea 
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LysylQtRNA synthetase UKRSV is the ARS liga9ng the lysine to tRNALys. Although human lysylQ
tRNA synthetase UKRSV, an enzyme for protein synthesis, is o(en highly expressed in various
cancer cells, its pathophysiological implica9ons have not been understood. KRS enhances
the cell migra9on in membrane through the binding with 67kDa laminin receptor U67LRV,
dimerized form of p40/37LRP which is one of the ribosomal components. 67LR was well
reported as a cri9cal factor in cell migra9on and cancer metastasis. Here we present the
structural study and the binding analyses of KRS with the selected inhibitors of KRSQlaminin
receptor interac9on. Using NMRQbased study, we iden9fied that the an9codonQbinding
domain of KRS binds directly to the CQterminal region of 37LRP, and the previously found
inhibitors BCQKQ01 and BCQKQYH16899 interfere the KRSQ37LRP binding. Not only laminin
receptor, KRS has affinity to the laminin molecules sugges9ng the interac9on of KRSQlaminin
receptor is stabilized in extracellular matrix. Restrained docking study with NMRQderived
experimental data elucidates the binding mode of BCQK1 and BCQKQYH16899 into the pocket
of KRS an9codon binding domain. These results suggest a mechanism of ac9on to prevent
cancer metastasis by modula9ng the interac9on of KRS with MSC and laminin receptor in
cellular membrane.
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AminoacylQtRNA synthetases use a variety of mechanisms to ensure fidelity of the gene9c
code and ul9mately select the correct amino acids to be used in protein synthesis. The
physiological necessity of these quality control mechanisms in different environments
remains unclear, as the cost versus benefit of accurate protein synthesis is difficult to predict.
We show that in Escherichia coli, a nonQcoded amino acid produced through oxida9ve
damage is a significant threat to the accuracy of protein synthesis and must be cleared by
phenylalanineQtRNA synthetase in order to prevent cellular toxicity caused by misQsynthesized
proteins. These findings demonstrate how stress can lead to the accumula9on of nonQ
canonical amino acids that must be excluded from the proteome in order to maintain cellular
viability.
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LeucylQtRNA synthetases ac9vate diverse sets of standard and nonQstandard amino acids.1

CP1 domainQspecific mutants induce mischarging of tRNALeu.2 These mischarged tRNAs can
be cleared by the CP1 domain hydroly9c edi9ng site to clear mistakes and guard against
sta9s9cal muta9ons in the proteome that might be detrimental or even toxic to the organism.
A new class of an9microbial benzoxaborole compounds is a potent inhibitor of leucylQtRNA
synthetase ULeuRSV and relies on a mechanism of ac9on that involves crossQlinking tRNALeu in
the edi9ng site.3 Resistance muta9ons to the oxaborole include CP1Qbased ac9ve site
muta9ons, but also some that are distal to the edi9ng site. A combina9on of XQray
crystallography, molecular dynamics, biochemical experiments, and muta9onal analysis of
one of these muta9ons uncovered a eukaryoteQspecific tyrosine “switch” with three states
that are cri9cal to tRNAQdependent postQtransfer edi9ng.  The oxaborole’s mechanism of
ac9on capitalizes upon one of these edi9ng ac9ve site states. Evolu9on of this tunable
edi9ng mechanism in eukaryo9c and archaea LeuRSs is proposed to enable precise control
of aminoacyla9on fidelity.   

1 Karkhanis, Mascarenhas, and Mar9nis U2007V Amino Acid Toxici?es of Escherichia coli that are
Prevented by LeucylTtRNA Synthetase Amino Acid Edi?ng.  J. Bacteriology, 189, 8765Q8768.

2 Mursinna, R.S. and Mar9nis, S.A. U2002V Ra?onal Design to Block Amino Acid Edi?ng of a tRNA
Synthetase.   J. Am. Chem. Soc., 124:7286.

3 Rock, Mao, Yaremchuk, Tukalo, Crépin, Zhou, Zhang, Hernandez, Akama, Baker, Pla@ner, Shapiro,
Mar?nis, Benkovic, Cusack, and Alley. Y2007Z An An?fungal Agent Inhibits an AminoacylTtRNA
Synthetase by Trapping tRNA in the Edi?ng Site.  Science 316:1759. 
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Mischarged tRNAs leading to intracellular accumula9on of misfolded proteins can underlie
pathologies such as neurodegenera9on. The edi9ng func9ons of aminoacylQtRNA synthetases
play an important role in maintaining transla9onal fidelity by removing mischarged tRNAs.
Consequently it has been shown in mice that edi9ngQdefec9ve cytoplasmic alanylQtRNA
synthetase causes ataxia and cerebellar Purkinje cell degenera9on because of protein
misfolding in neurons U1V.  
Mitochondria are essen9al organelles with their own protein synthesis machinery. Protein
quality control is important for mitochondrial func9on but the role of edi9ng by aminoacylQ
tRNA synthetases has not been clearly demonstrated in mammalian mitochondria. In fact,
most of the nuclearQencoded mitochondrial aminoacylQtRNA synthetases lack edi9ng ac9vity.
Thus it has been suggested that mitochondria mainly operate protein quality control at a
postQsynthesis level to maintain the correct assembly of the oxida9ve phosphoryla9on
complexes U2V.The mitochondrial alanylQtRNA synthetase UmtAlaRS, encoded by AARS2V is an
excep9on, with a conserved edi9ng domain. We have previously iden9fied a pathogenic
muta9on in human AARS2 that affects an amino acid in the mtAlaRS edi9ng domain and
leads to an earlyQonset cardiomyopathy U3V. 
As an effort to create a mouse model for mitochondrial mistransla9on, we have generated
proofreadingQdeficient Aars2 knockQin mice. The heterozygous mice are viable and show no
overt phenotype. The homozygous knockQin mice will clarify the importance of mischarged
tRNA edi9ng in mammalian mitochondria, and may enable studies addressing the
consequences and responses of mistranslated mitochondrial proteins in different 9ssues.  

References
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Structural basis for neurological disorders caused by mutaEons
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AminoacylQtRNA synthetases UaaRSV, ubiquitously expressed enzymes, are essen9al for protein
synthesis in all organisms. Each aaRS couples a specific amino acid to the cognate tRNA and
thus ensures faithful transla9on of the gene9c informa9on. The importance of these enzymes
for the integrity of the cellular proteome is further emphasized by the fact that the overall
error rate of transla9on corresponds to the error rate displayed by aaRSs. It is, therefore,
generally accepted that muta9ons affec9ng aaRS cataly9c ac9vi9es Ui.e. aminoacyla9on and
edi9ngV would have detrimental effects on vital cellular func9ons. A number of biochemical
and gene9c studies have demonstrated that muta9ons in AlaRS, GlyRS, LysRS, and TyrRS are
causa9vely linked to heritable peripheral neuropathy, CharcotQMarieQTooth Ureviewed in W1XV,
and that muta9ons in SepSecS, the terminal synthe9c enzyme of the selenocysteine pathway,
cause severe neurodegenera9ve disorders Ureviewed in W2XV. Most recently, two sets of
compound heterozygous muta9ons in a gene encoding human cytosolic GlnRS UQARSV have
been reported to cause progressive microcephaly, cerebralQcerebellar atrophy, and intractable
seizures W3X. In one instance, the siblings harbored G54V and R403W muta9ons, whereas in
the other, a pa9ent carried Y57H and R515W muta9ons on different QARS alleles. To
understand how muta9ons in GlnRS affect the enzyme’s structure and func9on, and the
downstream cellular processes, we have determined the crystal structure of the intact wildQ
type human cytosolic GlnRS. Also, we solved structures G54V and Y57H point mutants of
GlnRS. The crystal structures reveal the fold of the NQterminal domain, which is involved in
binding to tRNA and mul9Qsynthetase complex. Further, using the threeQdimensional structure,
we speculate how each of the muta9ons may affect the GlnRS func9on.
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SerylQtRNA synthetase USerRSV plays an essen9al role in vascular development1Q3. This role is
independent of the aminoacyla9on func9on of SerRS. We have previously reported that a
unique nucleusQdirec9ng domain, added at the invertebrateQtoQvertebrate transi9on, confers
a nonQtransla9onal ac9vity of SerRS in modula9ng VEGF expression4. Using in vitro, cell and
animal experiments, we further discovered that SerRS controls VEGF expression by
counterac9ng the ac9vity of cQMyc and that vertebrate SerRS and cQMyc is a pair of ‘YinQYang’
transcrip9onal regulator for proper development of a func9onal vasculature5. Because cQ
Myc is a major transcrip9on factor promo9ng expression of 15% of all genes including VEGF,
the nonQtransla9onal role of SerRS may go beyond vascular development. Current studies
are focused on how the nonQtransla9onal role of SerRS is regulated through postQtransla9onal
modifica9ons and our result will be discussed. 

1. Amsterdam, A. et al. Iden?fica?on of 315 genes essen?al for early zebrafish development. Proc Natl
Acad Sci U S A 101, 12792T12797, Y2004Z.

2. Fukui, H., Hanaoka, R. & Kawahara, A. Noncanonical ac?vity of serylTtRNA synthetase is involved in
vascular development. Circ Res 104, 1253T1259, Y2009Z.

3. Herzog, W., Muller, K., Huisken, J. & Stainier, D. Y. Gene?c evidence for a noncanonical func?on of
serylTtRNA synthetase in vascular development. Circ Res 104, 1260T1266, Y2009Z.

4. Xu, X. and Shi, Y. et al. Unique domain appended to vertebrate tRNA synthetase is essen?al for
vascular development. Nat Commun 3, 681, Y2012Z.

5.  Shi, Y. and Xu, X. et al. tRNA synthetase counteracts cTMyc to develop func?onal vasculature. Elife
3, e02349, Y2014Z.
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MethionylZtRNA synthetase alters its tRNA substrate
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Bacteria must subsist throughout the extensive varia9ons of their natural habitats in order
to survive and reproduce. Despite this crucial tenet of fitness, all organisms universally
encode, synthesize, and u9lize proteins that func9on op9mally within subset of growth
condi9ons. Although it may be deleterious to maintain differen9ally adapted protein variants
in the genome to preserve op9mal protein func9onality during environmental changes,
recent evidence has revealed that cells can circumvent their gene9c confines by altering their
exis9ng proteins during condi9ons which may otherwise compromise protein ac9vity. In
Escherichia coli, we have characterized one mechanism by which proteins can be globally
altered through the incorpora9on of nongene9cally encoded methionine residues into
specific amino acid posi9ons. This process is accomplished through regulated misacyla9on
of par9cular nonmethionylQtRNAs with methionine by the methionylQtRNA synthetase
UMetRSV. We iden9fied dis9nct molecular states of the MetRS which facilitate the adaptable
tRNA substrate specificity of the enzyme. Remarkably, two redundant succinylQlysine
modifica9ons at the tRNA binding interface of the MetRS mediate its high aminoacyla9on
fidelity, while the unmodified MetRS is capable of accep9ng specific nonmethionylQtRNAs as
substrates. This adap9ve transla9onal response does not occur under the standard condi9ons
for laboratory cul9va9on, where proteomes are presumably best adapted, but it can be
ac9vated rapidly in response to certain growth condi9ons. We are tes9ng the hypothesis
that adap9ve transla9on can simultaneously adjust the proteome of an organism for op9mal
func9on in varying environments. Our inves9ga9on aims to establish that devia9on from the
central dogma has evolved to facilitate adapta9on to fluctua9ng growth condi9ons in natural
habitats.
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Most microorganisms and organelles rely on indirect aminoacyla9on to produce AsnQtRNAAsn

and/or GlnQtRNAGln.  In these cases, tRNAAsn and tRNAGln are misacylated to produce AspQ
tRNAAsn and GluQtRNAGln. These intermediates are converted to AsnQtRNAAsn and/or
GlnQtRNAGln by an amidotransferase UGatCAB in bacteriaV. AspQtRNAAsn and GluQtRNAGln are
rarely used erroneously in protein transla9on. In at least some bacteria, efficient
sequestra9on and transamida9on of AspQtRNAAsn is ensured by forma9on of a
transamidosome complex.1 We have recently shown that transamidosome assembly in
Helicobacter pylori is tRNAQindependent and requires a novel protein factor called Hp0100.2

Since this report, our characteriza9on of Hp0100 has revealed that this enzyme uses
bifurcated hydrolysis of ATP to improve the transamida9on efficiency of both AspQtRNAAsn

and GluQtRNAGln by GatCAB and experimental observa9ons suggest that these ATPase
ac9vi9es are regulated by metal ions. These results will be discussed and put into context of
Hp0100 func9on in vivo.
We first iden9fied Hp0100 from a proteinQprotein interac9on map of the H. pylori proteome.3

This same map hints at other roles for Hp0100 and the possibility that the �Qproteobacteria
rely on addi9onal unknown proteins for tRNA aminoacyla9on and perhaps for the nonQ
canonical use of different aminoacylQtRNAs.  In par9cular, we have discovered that Hp0495,
an 86 amino acid protein, preferen9ally forms a 1:1 complex with elonga9on factor Tu and
either tRNAGlu1 or tRNAGln.  Possible roles for this small protein will be discussed. 
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AminoacylQtRNA synthetases link the correct amino acid to the corresponding tRNAs in a
canonical aminoacyla9on pathway. However, there exist noncanonical aminoacyla9on pathways
devoted for protein biosynthesis or other biological ac9vi9es. GlutaminylQtRNA UGlnQtRNAGlnV in
archaea or organelle is synthesized in a pretransla9onal amida9on of misacylated GluQtRNAGln by
the heterodimeric or heterotrimeric GluQtRNAGln amidotransferase, respec9vely. We reported the
first crystal structure of archaeal GatDE amidotransferase complexed with tRNAGln, which revealed
the ammonium shu:ling mechanism from GatD to GatE ac9ve sites. The GatE enzyme recognizes
tRNAGln by indirect readout based on shape complementarity of the DQloop. In yeast mitochondria,
trimeric GatFAB amidotransferase converts GluQmtRNAGln Ugenerated by cytoplasmic misQcharging
GluRSV to GlnQmtRNAGln. The GatF subunit is a fungiQspecific ortholog of the GatC subunit found
in all other known heterotrimeric amidotransferase UGatCABV. The NQterminal extension of GatF
forms several addi9onal hydrophobic and hydrophilic interac9ons with GatA, which works as a
transQac9ng scaffolding pep9de for the GatA glutaminase ac9ve site. 
AminoacylQphospha9dylglycerol synthases UaaPGSsV are membrane proteins that catalyze the

biosynthesis of aminoacylQphospha9dylglycerol UaaQPGV by transferring amino acids from
aminoacylQtRNAs UaaQtRNAsV to PG in bacteria, thus catalyzing a nonQcanonical aminoacyla9on
pathway. Incorpora9on of amino acids into membrane PG reduce the net nega9ve charge of
the outer surface of the membrane, facilita9ng the cellular tolerance to ca9onic an9microbial
pep9des and increasing an9bio9c tolerance. Thus, aaPGSs have a:racted strong medical
interest as a novel therapeu9c targets. Most aaPGSs have two domains. The NQterminal domain
is a transQmembrane domain composed of 6 to 14 Qhelicies and works as a flippase. The CQ
terminal domain is a cytosolic domain and responsible for the aminoacyla9on of PG. Here, we
present the crystal structure of the CQterminal domain of aaPGS UaaPGS CTDV. The overall
structure of aaPGSUCTDV is composed of an a/b mixed fold and belonged to the GCN5Qrelated
NQacetyltransferase UGNATV family with tandem GNAT domains. Structural similarity with FemX,
which catalyzes transfer of Ala from AlaQtRNAAla to a pep9doglycan precursor, combined with
biochemical data provided us the clues to understand the molecular mechanism of aaPGSs.
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Structural and dynamic aspects of iniEator tRNA interacEons
with the bacterial ribosome and other ribosomal ligands

Claudio O. Gualerzi, Anna Maria Giuliodori, LeEzia Brandi & AHlio FabbreH*

Department of Biosciences and Biotechnolgy, University of Camerino, 62032 Camerino YMCZ

* aAlio.fabbreA`unicam.it

Bacterial ini9ator tRNA UfMetQtRNAV is structurally different from all other cellular tRNAs and
its par9cipa9on in protein synthesis relies on unique and specific interac9ons with the
ribosome and other components of the transla9onal apparatus. Several cisQac9ng and transQ
ac9ng factors may influence the interac9ons of fMetQtRNA and the ribosome thereby
determining efficiency and accuracy of transla9on ini9a9on and some9mes playing a key
role in regula9ng gene expression. The nature, the dynamics and the func9onal
consequences of these interac9ons, canonical or nonQcanonical, during the various steps of
the transla9on ini9a9on pathway will be described.

Acknowledgements 
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TranslaEonal recoding as a kineEc event

M. V. Rodnina

Max Planck Ins?tute for Biophysical Chemistry, Am Fassberg 11, 37077 GöAngen

rodnina`mpibpc.mpg.de

The transla9on of the gene9c code is normally very accurate. However, during the expression
of certain genes the informa9on is recoded to yield an alterna9ve protein product. Recoding
occurs in response to special signals in mRNA. Frameshi(ing or bypassing are bestQknown
examples of such excep9ons to the canonical coQlinear informa9on flow. To understand
molecular mechanisms that govern Q1 programmed ribosomal frameshi(ing and transla9onal
bypassing, we monitored the movement of the ribosome over the respec9ve recoding sites,
one codon at a 9me, by rapid kine9cs. Recoding is explained in terms of kine9c bifurca9on
events leading to the commitment to the alterna9ve coding. 
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Progression of tRNAs during elongaEon, visualized by cryoZEM 
of a single sample

Joachim Frank

Howard Hughes Medical Ins?tute, Department of Biochemistry and Molecular Biophysics,
and Department of Biological Science, Columbia University, New York.

CryoQelectron microscopy of ribosomes engaged in transla9on yields large heterogeneous
projec9on data sets, numbering in the hundreds of thousands, from which subpopula9ons
in individual states can be recovered by using classifica9on U1V.  Thanks to the advent of direct
electron detectors, the resolu9on of some of the resul9ng reconstruc9ons is now reaching
the atomic level.  I will present three studies in which the rela9ve movement of the subunits,
their individual domains, and the progression of the tRNAs through the ribosome has been
visualized in this manner: one for yeast U2V, one for T. brucei U3V, and one for E. coli U4V.  

Acknowledgments
Supported by HHMI and grants NIH R01 GM29169 and R01 GM55440.
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SingleZmolecule fluorescence reveals mulEple chimeric tRNA
states during EFZGZinduced translocaEon on the ribosome

Sarah Adio, Tamara Senyushkina, Frank Peske, Marina V. Rodnina, 
and Wolfgang Wintermeyer

Max Planck Ins?tute for Biophysical Chemistry, Department of Physical Biochemistry
37077 GöAngen, Germany

wolfgang.wintermeyer`mpibpc.mpg.de

Coupled transloca9on of tRNA and mRNA through the ribosome entails involves largeQscale
structural rearrangements, including the stepwise movement of tRNAs rela9ve to the
ribosomal subunits. Recent structural work has visualized intermediates of tRNA
transloca9on induced by elonga9on factor G UEFQGV with the two tRNAs trapped in chimeric
states with respect to the 30S and 50S subunits. The func9onal role of the chimeric states is
not known. Here we use a singleQmolecule FRET assay to characterize EFQGQpromoted
transloca9on intermediates. Using EFQG mutants and an9bio9cs that slow down or block
transloca9on, we iden9fy several chimeric states on the transloca9on pathway and show
that these intermediates readily interconvert with the preQ and postQtransloca9on states. 
EFQG engagement disallows backward transi9ons at an early stage of transloca9on and
increases the dynamics of tRNA fluctua9ons between preQtransloca9on hybrid, chimeric, and
postQtransloca9on states. The results suggest how the engagement of EFQG alters the
energe9cs of transloca9on towards a flat, lowQenergy landscape.
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Structural insight into drugZdependent ribosome stalling

Stefan Arenz and Daniel N. Wilson*

Gene Center and Department of Biochemistry, University of Munich, 81377 Munich,
Germany

wilson`lmb.uniTmuenchen.de

In bacteria, ribosome stalling during transla9on of Erm leader pep9de occurs in the presence
of the an9bio9c erythromycin and leads to induc9on of expression of the downstream
macrolide resistance Erm methyltransferases1. Here we present our recent cryoQelectron
microscopy UEMV structure of the erythromycinQdependent ErmBLQSRC2. The structure reveals
that the an9bio9c does not interact directly with ErmBL, but rather redirects the path of the
pep9de within the tunnel. Furthermore, we iden9fy a key pep9deRribosome interac9on that
defines an important relay pathway from the ribosomal tunnel to the pep9dyltransferase
centre UPTCV. The PTC of the ErmBLQSRC appears to adopt an uninduced state that prevents
accommoda9on of LysQtRNA at the AQsite, thus providing a structural basis for understanding
how the drug and the nascent pep9de cooperate to inhibit pep9de bond forma9on and
induce transla9on arrest. In addi9on, we now have cryoQEM structure of the ErmCLQSRC at
nearQatomic resolu9on. In comparison to ErmBL, the ErmCL pep9de adopts a dis9nct
conforma9on within the ribosomal tunnel directly interac9ng with the drug. Surprisingly,
ErmCL induces large scale conforma9onal rearrangements within the PTC, thus illustra9ng
how Erm pep9des can inhibit transla9on using vastly dis9nct mechanisms of ac9on. Such
insights will be important for development of new improved macrolide an9bio9cs that
circumvent induc9on of Erm mediated erythromycin resistance.

References
1. VázquezTLaslop, N., Ramu, H. & Mankin, A.S. in Ribosomes. Structure, func?on, evolu?on. Yeds
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A proton wire to couple aminoacylZtRNA accommodaEon 
and pepEde bond formaEon on the ribosome

Yury S. Polikanov1,3, Thomas A. Steitz1,2,3, C. Axel Innis1,4,5

1 Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT
06520, USA
2 Department of Chemistry, Yale University, New Haven, CT 06520, USA
3 Howard Hughes Medical Ins?tute, Yale University, New Haven, CT 06520, USA
4 Present address: Ins?tut Européen de Chimie et Biologie, Univ. Bordeaux, 33607 Pessac,
France
5 Present address: INSERM U869, 33000 Bordeaux, France

During ribosomeQcatalyzed pep9de bond forma9on, the αQamino group of an aminoacylQ
tRNA a:acks the ester carbonyl carbon of a pep9dylQtRNA to yield a pep9de that is
lengthened by one amino acid. This process is further accompanied by the net transfer of a
proton from the a:acking amine to the 3’Qoxygen leaving group of the PQsite tRNA. While
the ribosome has been shown to decrease the entropy of ac9va9on for the reac9on, the
lack of highQresolu9on structural data for the complete ribosomal ac9ve site with bound fullQ
length substrates or products has made it difficult to assess what role the ribosome might
play in coordina9ng proton movement during catalysis. Using different combina9ons of
natural and nonQhydrolyzable aminoacylQtRNAs, we have determined the crystal structures
of preQa:ack and postQcatalysis complexes of the Thermus thermophilus 70S ribosome at a
resolu9on of ~2.6 Å resolu9on. These structures reveal a previously unseen network of
hydrogen bonds, or “proton wire”, along which hydrogen transfer from the a:acking amine
could take place to ensure the concerted, rateQlimi9ng forma9on of an intermediate. An
alternate reac9on model that differs substan9ally from the prevailing models in the field is
presented.
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Modeling gene therapy of mitochondrial diseases by imported
small RNA

I. Tarassov1, Y. Tonin1, A.ZM. Heckel1, C. Comte1, I. Dovydenko1,2, A. Venyaminova2 ,
A. Smirnova1, R. Loutre1, N. Entelis1

1 UMR 7156 CNRS T UdS, Strasbourg, France
2 Inst. of Chemical Biology and Fundamental Medicine SB RAS, Novosibirsk, Russia 

Mitochondria are essen9al organelles of eukaryo9c cells, taking part in several essen9al
cellular processes. They carry their own genome UmtDNAV assembled into nucleoid
complexes. Muta9ons in mtDNA, o(en in tRNA genes, have been associated with a variety
of human pathologies. In pa9ents with mtDNA defects, it is common to find mutant and
normal Uwild typeV mtDNA molecules in the same cell, a phenomenon described as
heteroplasmy. Manifesta9on of biochemical and clinical defects occurs only when a threshold
level of heteroplasmy U>60% of mutant genomesV has been reached. Since there is no
effec9ve treatment for these disorders, one a:rac9ve approach would be to either address
into mitochondria RNAs which whould func9onally replace mutant mtDNA encoded ones,
the strategy termed as “allotopic”, or to specifically target mutant mtDNA with
mitochondrially imported aptamers to prevent it from replica9ng, thereby allowing
propaga9on of wild type genomes, the stratagy termed as “an9genomic”. 
We first validated the allotopic approach for two pathogenic mtDNA muta9ons, associated
with the syndromes MERRF Umuta9on in tRNAULysVV and MELAS Umuta9on in tRNAULeuVV
UKolesnikova et al., Hum. Mol Genet 2004; Karicheva et al., Nucleic Acids Res, 2011V. The
an9genomic strategy is confronted to 2 challenges: transloca9on of the an9Qgenomic
molecules through the double mitochondrial membrane, and their access and specific
binding to mutated region of mtDNA. Our study of the natural pathway of RNA import into
mitochondria permi:ed to iden9fy the import determinants in tRNA and 5S rRNA structures.
Basing on these data, a set of small RNA molecules with significantly improved efficiency of
mitochondrial import was constructed UKolesnikova et al. RNA, 2010; Smirnov et al., Genes
and Dev., 2011V. To create a vector system able to target therapeu9c oligonucleo9des into
deficient human mitochondria, we inserted into these RNAs short sequences corresponding
to the boundaries of a large dele9on in mtDNA associated with a neuromuscular syndrome
KSS. Recombinant RNAs, introduced into cultured human cells containing KSS dele9on, were
shown to be stable in the cytosol, par9ally imported into mitochondria, and induced a
decrease of the mutant mtDNA propor9on, thus valida9ng the poten9al of our approach to
rescue the deleterious mtDNA muta9ons UComte et al., Nucl. Acid Res., 2013V. 

This work was supported by the Labex MitoCross, ANR, FRM, AFM and LIA ARNTmitocure
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CoZcrystal structure of a tRNAZT box riboswitch complex:
molecular basis for the control of gene expression by transfer
RNA

Jinwei Zhang & Adrian R. FerréZD’Amaré*

Na?onal Heart, Lung and Blood Ins?tute, NIH.  

adrian.ferre`nih.gov

TQbox riboswitches are widespread in GramQposi9ve bacteria, where they regulate the
expression of genes encoding aminoacylQtRNA synthetases and other proteins in response to
the intracellular concentra9on of their cognate aminoacylQtRNA.  These regulatory mRNA
elements func9on by binding to tRNA and concurrently decoding its an9codon and sensing
its aminoacyla9on status UGrundy & Henkin, Cell 74:474, 1993V.  TQbox riboswitches comprise
two conserved domains.  First, an ~100 nucleo9de Stem I domain is necessary and sufficient
for high affinity UKd ~ 150 nMV, an9Qcodon dependent binding to tRNA.  Second, an
an9terminator domain senses the charge status of the tRNA acceptor end, and makes the
transcrip9on termina9on decision.  Recently, we reported the first crystal structure of a TQbox
Stem I domain in complex with its cognate tRNA UZhang & FerréQD’Amaré, Nature 500:363,
2013V.  Our structure reveals that the Stem I domain not only binds to the an9codon, as
predicted gene9cally, but in fact recognizes the overall architecture of tRNA by interac9ng
extensively with its elbow region.  Remarkably, the TQbox employs the same structural mo9f
Utwo interdigitated TQloopsV to recognize the elbow of tRNA as RNase P and the EQsite of the
ribosome. We find that the TQbox and tRNA undergo mutually induced fit Utaking advantage,
among other elements, of the intrinsic flexibility of tRNA and of its postQtranscrip9onal
modifica9onsV; this rearrangement may help orchestrate the gene9c control decision.  We
have also inves9gated how the TQbox determines the aminoacyla9on state of tRNA.  We have
developed a method to generate biophysical quan99es of >95% pure aminoacylated tRNA.
Using such prepara9ons, we show that, in vitro, the glyQ TQbox can selec9vely terminate
transcrip9on in response to glycylated tRNAQgly, without a need for accessory factors, such
as EFQTu UZhang & FerréQD’Amaré, Mol. Cell, in pressV.  

Supported by the intramural program of the Na?onal Heart, Lung and Blood Ins?tute, NIH.
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Exploring the dynamic and evoluEon of the tRNA pool through
systemaEc deleEon of tRNA genes

Zohar Bloom1, Avihu Yona1, Idan Frumkin1, Yitzhak Pilpel1*, Orna Dahan1*

1 Molecular Gene?cs Dep., Weizmann Ins?tute of science, Rehovot, Israel

* pilpel`weizmann.ac.il
* ornadh`gmail.com

Transla9on is regulated by many factors ac9ng at the levels of ini9a9on, elonga9on and
termina9on. The efficiency of the elonga9on step is dependent, among other things, on the
balance between levels of the different tRNA molecules UtRNA supplyV and the representa9on
of the various codons in the transcriptome UtRNA demandV. In this work we aimed to dissect
the specific contribu9on of each tRNA gene to the tRNA pool, and explore the mechanisms
by which the transla9onal machinery adapts to changes in the balance between tRNA supply
and demand. Towards this challenge we have systema9cally deleted most tRNA genes in
S.cerevisiae genera9ng tRNA dele9on library. We found extensive backup interac9ons
between different tRNA genes that endowed yeast with robustness to gene9c perturba9on
especially under op9mal growth condi9ons, yet under more challenging condi9ons,
addi9onal phenotypes were observed. Interes9ngly, we detect differences in the essen9ally
of various gene copies coding the same tRNA molecule, sugges9ng differen9al regula9on
between iden9cal tRNA gene copies located at different genomic loca9ons. Finally, using lab
evolu9on experiments we have shown that mutants deleted for specific tRNA can adapt to
such perturba9on and restore the balance between tRNA supply and demand. This
adapta9on was based on strategic muta9ons that changed the an9codon of other tRNA
genes to match that of the deleted one. We believe that our tRNA dele9on library is a novel
invaluable gene9c tool that can provide insights into the dynamic nature and evolu9on of the
tRNA pool. 
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An extended ShineZDalgarno sequence in mRNA funcEonally
bypasses a vital defect in iniEator tRNA

Sunil SheGy1, Himapriyanka Nadimpalli1, Riyaz Ahmad Shah1, SmriE Arora1,
Gautam Das1 and Umesh Varshney1,2,*

1Department of Microbiology and Cell Biology, Indian Ins?tute of Science, Bangalore, 560012,
India 
2Jawaharlal Nehru Centre for Advanced Scien?fic Research, Bangalore, 560064, India
*Correspondence ETmail: varshney`mcbl.iisc.ernet.in

Ini9ator tRNAs are special in their direct binding to the ribosomal PQsite due to the hallmark
occurrence of the three consecu9ve GQC base pairs U3GC pairsV in their an9codon stems. How
the 3GC pairs func9on in this role, has remained unsolved. We show that muta9ons in either
the mRNA or rRNA leading to extended interac9on between the ShineQDalgarno USDV and
an9QSD sequences compensate for the vital need of the 3GC pairs in tRNAfMet for its func9on
in Escherichia coli. In vivo, the 3GC mutant tRNAfMet occurred less abundantly in 70S
ribosomes but normally on 30S subunits. However, the extended SD:an9QSD interac9on
increased its occurrence in 70S ribosomes. We propose that the 3GC pairs play a cri9cal role
in tRNAfMet reten9on in ribosome during the conforma9onal changes that mark the transi9on
of 30S preQini9a9on complex into elonga9on competent 70S complex. Furthermore, trea9ng
cells with kasugamycin, decreasing ribosome recycling factor URRFV ac9vity or increasing
ini9a9on factor 2 UIF2V levels enhanced ini9a9on with the 3GC mutant tRNAfMet, sugges9ng
that the 70S mode of ini9a9on is less dependent on the 3GC pairs in tRNAfMet.
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tRNAZderived fragments target the small ribosomal subunit 
to fineZtune translaEon

Gebetsberger J.1, Polacek N.1*

1 Departement for Chemistry and Biochemistry YDCBZ, University of Bern, Switzerland
* Correspondence: Norbert.polacek`dcb.unibe.ch

PostQtranscrip9onal cleavage of RNA molecules to generate smaller fragments is a
widespread mechanism that enlarges the structural and func9onal complexity of cellular
RNomes. In par9cular, fragments deriving from both precursor and mature tRNAs represent
one of the rapidly growing classes of postQtranscrip9onal RNA pieces. Importantly, these
tRNAQderived fragments UtRFsV possess dis9nct expression pa:erns, abundance, cellular
localiza9ons, or biological roles compared with their parental tRNA molecules U1V.
Here we present evidence that tRFs from the archaeon Haloferax volcanii directly bind to
ribosomes. In a previous genomic screen for ribosomeQassociated small RNAs we have
iden9fied a 26 residue long fragment origina9ng from the 5’ part of valine tRNA UValQtRFV to
be by far the most abundant tRF in H. volcanii U2V. The ValQtRF is processed in a stressQ
dependent manner and was found to primarily target the small ribosomal subunit in vitro and
in vivo. Transla9onal ac9vity was markedly reduced in the presence of ValQtRF, while control
RNA fragments of similar length did not show inhibi9on of protein biosynthesis. Crosslinking
experiments and subsequent primer extension analyses revealed the ValQtRF interac9on site
to surround the mRNA path in the 30S subunit. In support of this, binding experiments
demonstrated that ValQtRF does compete with mRNAs for ribosome binding. Therefore this
tRF represents a ribosomeQbound nonQproteinQcoding RNA UncRNAV capable of regula9ng
gene expression in H. volcanii under environmental stress condi9ons probably by fineQtuning
the rate of protein produc9on U1V.

Y1Z Gebetsberger J. and Polacek N. Y2013Z, RNA Biol. 10:1798T1808
Y2Z Gebetsberger J. et. al. Y2012Z, Archaea, Ar?cle ID 260909
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Messenger RNAs bearing tRNA features exemplified 
by a tRNAZmimic moEf within interferon alfa 5 mRNA

Rosa DíazZToledano3 and Jordi Gómez1,2*

1Laboratory of RNA Archeology, Ins?tuto de Parasitología y Biomedicina ‘LópezTNeyra’,
CSIC, Armilla, 18100 Granada, Spain
2Centro de Inves?gación Biomédica en Red de Enfermedades Hepá?cas y Diges?vas
YCIBERehdZ
3Centro de Biología Molecular Severo Ochoa, CSICTUAM, 28049 Madrid, Spain

*jgomez`ipb.csic.es

RNase P is a structureQdependent nuclease that specifically cleaves tRNA precursors UpreQ
tRNAsV. The purpose of this work was to ascertain whether liver mRNA species share
common structural features with hepa99s C viral UHCVV mRNA that allow them to support the
RNase P cleavage reac9on in vitro and, if so, whether any of the mRNA species iden9fied
could provide clues regarding the advantages to the viruses of incorpora9ng tRNAQmimicking
elements in their genomes. We observed that human liver mRNA competed with preQtRNA
cleavage in a human RNase P compe99on, and subsequently iden9fied a set of sensi9ve
mRNA species for which three cleavage sites were characterised. One of these sites was
found in interferonQalfa mRNA within a large RNase T1Qresistant fragment of approximately
59Qnts. Structural probing revealed a pseudokno:ed fourQbranched structure compa9ble
with tRNAQlike folding. This element mapped in a posi9on that coincided with a cytoplasmicQ
accumula9onQregion UCARV Qa signal described during func9onal analysisQ thereby posi9oning
both of its consensus CARQE sequences in symmetrical and equivalent posi9ons in the
secondary structure thereof. The pseudokno:ed core structure, a similar CARQE sequence
and other similar features can be iden9fied in the tRNAQlike element of HCV. The shared
ability of an an9viral host defence and a viral mRNA to mimic tRNA is discussed in biosemio9c
terms.



90

25th tRNA Conference 2014

O67

The tRNA methyltransferase Dnmt2 is required for accurate
protein synthesis during haematopoiesis

Francesca Tuorto1, Friederike Herbst2, SebasEan Bender1, Reinhard Liebers1, 
Oliver Popp3, Tanja Musch1, Gunnar DiGmar3, Hanno Glimm2 & Frank Lyko1

1 Division of Epigene?cs, Deutsches Krebsforschungszentrum, Heidelberg, Germany
2 Department of Transla?onal Oncology, Na?onal Center for Tumor Diseases YNCTZ and
German Cancer Research Center YDKFZZ, Heidelberg, Germany
3 Mass spectrometry core unit, MDC, Berlin, Germany

f.tuorto`dkfz.de

RNA modifica9ons have long been considered to modulate RNA ac9vity, but their func9on
is poorly characterized. Dnmt2 is a unique enzyme that u9lizes the cataly9c mechanism of
eukaryo9c DNA methyltransferases to methylate several tRNAs at cytosine 38. Dnmt2 mutant
mice, flies and plants were reported to be viable and fer9le. Recently we demonstrated that
cytosineQ5 tRNA methyla9on is important for tRNA homeostasis, protein synthesis and
cellular differen9a9on during mammalian development. To further characterize the func9on
of cytosineQ5 tRNA methyla9on, we now performed a more detailed analysis of the Dnmt2
mutant mouse phenotype using the mouse hematopoie9c system as paradigm of stem cell
renewal and differen9a9on. In Dnmt2Qdeficient mice, haematopoiesis was impaired and
haematopoie9c progenitors were reduced, as observed by in vitro colony forma9on assays
and in vivo by serial transplanta9on of bone marrow cells. Further analysis also revealed an
impaired stromal support, as demonstrated by mesenchymal stem cells UMSCV differen9a9on
defects. Using RNA bisulfite sequencing, we show that Dnmt2 methylates C38 of tRNA AspGTC,
GlyGCC, and ValAAC in bone marrow as well in MSC and differen9ated cells. Dnmt2Qmediated
C38 methyla9on modulates the steady state and fragmenta9on of tRNA substrates as
demonstrated by Northern blo;ng and small RNA sequencing. Proteomic analysis of bone
marrow from Dnmt2Qdeficient mice and dynamic SILAC analysis from primary bone marrow
cells in combina9on with gene expression profiles revealed that the differences in protein
expression are not due to altered mRNA levels but caused by codon bias related to the tRNA
methyla9on func9on of Dnmt2. Our observa9ons demonstrate that Dnmt2 plays an
important role in hematopoiesis and define a func9on of C38 tRNA methyla9on in the
accuracy of protein synthesis

References
Tuorto F, et al Y2012Z RNA cytosine methyla?on by Dnmt2 and NSun2 promotes tRNA stability and
protein synthesis. Nature Struct. Mol. Biol. 900T5
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Malaria sporozoites import exogenous tRNAs
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Descartes, 67084 Strasbourg Cedex, France
2 Malaria Biology and Gene?cs Unit, Ins?tut Pasteur 25T28 rue du docteur Roux, 75015 Paris,
France

* These authors contributed equally to the work
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Plasmodium falciparum belongs to the phylum of Apicomplexa; it causes the most severe
form of malaria in humans. It is responsible for the infec9on of 300 to 500 million people and
leads to one million deaths every year Uthe Malaria Founda9on Interna9onal websiteV. We
used Saccharomyces cerevisiae ARC1p and Homo sapiens AIMP1 Up43V to look for proteins
containing a tRNA binding module UtRBDV in P. falciparum. This allowed us to iden9fy a
protein, that we named tRip Ufor tRNA import proteinV, present exclusively in Apicomplexa.
This protein is characterized by a unique modular organiza9on. The NQterminal domain of tRip
shows no significant homology with any known protein but does contains a predicted short
internal transmembrane region. Besides, as expected, the CQterminal tRBD of tRip specifically
binds tRNAs in vitro, by recognizing the elbow of the tRNA structure. Although tRNA
trafficking has only been observed between the cytoplasm and different organelles of
eukaryo9c cells, here we show that tRip is expressed at the surface of the parasite and
facilitates import of exogenous tRNAs into Plasmodium sporozoites Uthe infec9ous form of
the parasite that accumulates in mosquitoe salivary glands and are injected into the
vertebrate hostV. We propose a specific stage where Plasmodium can divert tRNA’s from host
cells and we will discuss the biological per9nence of this original hostQpathogen interac9on
as well as the possible fate of imported tRNAs. 
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Signal saturaEon limits the development of tRNA idenEEes
and the size of the geneEc code
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The canonical gene9c code contains sixtyQfour codons, but only codes for twenty amino acids.
Francis Crick labeled the code as a frozen accident, and a vast body of literature has
accumulated that a:empts to explain how did the code emerge, evolve, and reach its extant
complexity. However, the ques9on of why does it contain twenty amino acids and not more
has been rarely addressed and remains unanswered.
The importance of the ques9on is not limited to the academic understanding of the origin
of life. Many biotechnological applica9ons, and the ul9mate goal of systems biology, depend
upon our ability to manipulate the gene9c code and introduce new amino acids into ar9ficial
proteomes. It is unlikely that this can be done effec9vely if we don’t understand where do
the limits of the universal code lie.
We would like to propose that the limit of the universal gene9c code was set by the satura9on
of iden9ty elements in tRNA molecules. Using experimental data, structure modeling, and
mathema9cal analysis we will defend the idea that the structural and func9onal constraints
that operate on the seventyQsix bases of tRNA have reached an opera9onal limit that impedes
the incorpora9on of new tRNA iden99es Uand hence new amino acidsV to the system.
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A model to explain frequent misreading of a subset of codons
by individual tRNAs

Nandini Manickam1, 2, Nabanita Nag1, 3, Monica BhaG1, Ling Cao1, KarEkeya Joshi1, 
Philip J. Farabaugh1*

1 Department of Biological Sciences, University of Maryland Bal?more County, Bal?more,
MD USA
2 University of Michigan Health Service, Brehm Center for Diabetes Research, Ann Arbor, MI,
USA
3 Food and Drug Administra?on, Laboratory of Bacterial and Transmissible Spongiform
Encephalopathy Agents, Kensington, MD, USA

The accuracy of the process of transla9on is essen9al to cellular health. Cells use a variety of
mechanisms to insure op9mal accuracy by blocking codon recogni9on by other than correct,
cognate aminoacylQtRNAs. tRNA discrimina9on is efficient but not completely so. As a result,
incorrect amino acids can be incorporated by misreading by nearQcognate tRNAs, which we
define as those making no more than two legal base pairs with the codon. We have
developed sensi9ve and quan9ta9ve in vivo assays to measure the frequency of all possible
nearQcognate decoding events by individual tRNAs. We find that the frequency of errors
varies among codons and that they are extremely low for the majority of codons. The lowest
frequencies of errors, by a tRNAGlu, were on the order of 2 x 10Q6 per codon. For each tRNA
tested errors at a few codons are much more frequent, up to several in 1000 codons. We are
interested in the molecular reason for this varia9on in error frequency.
We had found that errors by tRNALys were highest for codons recognized by a lowQabundance
compe9ng cognate tRNA, for example at the Arg codons AGA and AGG in E. coli. Further
work has shown that poor availability of the cognate tRNA is not required for frequent errors
although it tends to increase errors at errorQprone codons. Analysis of errors by mul9ple
tRNAs in E. coli, the yeast Saccharomyces cerevisiae and human cells UHEK 293TV suggests that
the most frequent errors require a small set of mismatched base pairs. PostQtranscrip9onal
modifica9on of tRNAs modulates error frequency but the same modifica9on can have
opposite effects on “strong” and “weak” codons. These data suggest a general model to
explain frequent misreading at a small number of codons based on the ribosome’s inability
to reject some nearQcognate events.
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Accuracy of codon recogniEon by ternary complex on the
ribosome

Jingji Zhang, KaZWeng Ieong, Magnus Johansson and Måns Ehrenberg*

Department of Cell and Molecular Biology, Biomedical Center, Uppsala University, Box 596,
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*To whom correspondence should be addressed. ETmail: ehrenberg`xray.bmc.uu.se

On mRNA programmed ribosome, the accuracy of AQsite codon recogni9on between the
cognate and nonQcognate aminoacylated transfer RNAs UaaQtRNAsV could be separated by
GTP hydrolysis into ini9al selec9on and proofreading step. In ini9al selec9on, aaQtRNAs
together with elonga9on factor Tu UEFQTuV and GTP consist of ternary complex. The cognate
ternary complex associates high probability of codon recogni9on followed by the GTP
hydrolysis, while the nonQcognate case dissociates from the AQsite codon with high
probability. Previously, tRNALys displayed a linear tradeQoff between efficiency of cognate
codon reading and the accuracy of codon selec9on1. In that paper, the dQvalues varied from
1 500 to 25 000. Now we find that the dQvalues varys tremendously from 200 to 80 000 as
the set of six addi9onal tRNAs, which are RNAPhe, tRNAGlu, tRNAAsp, tRNAHis, tRNACys and tRNATyr.
A(er GTP hydrolysis, the proofreading step could enhance the accuracy by high probability
of nonQcognate aaQtRNAs rejec9on. Interes9ngly, with the low dQvalues are error hot spots.
In the whole selec9on steps, our in vitro accuracy hot spots are iden9cal to Farabaugh and
collaborators’ in living E. coli cells ßQgalactosidase assay accuracy data2. We can even further
see the par99on of the ini9al selec9on and proofreading with those hot spots. So our in vitro
biochemistry accuracy data could calibrate to the Farabaugh’s in vivo data. From this, we
could even es9mate error levels which have not obtained or remain in the background of 
ßQgalactosidase measurements.

References
1. Johansson M, Zhang J, Ehrenberg M. Y2012Z Gene?c code transla?on displays a linear tradeToff

between efficiency and accuracy of tRNA selec?on, Proc Natl Acad Sci USA 109: 131U136.
2. Manickam N, Nag N, Abbasi A, Patel K, Farabaugh PJ. Y2014Z Studies of transla?onal misreading in

vivo show that the ribosome very efficiently discriminates against most poten?al errors. RNA 20: 
9T15.
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A dual program for translaEon regulaEon in cellular
proliferaEon and differenEaEon
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A central choice for metazoan cells is between prolifera9on and differen9a9on. Measuring
tRNA pools in various cellQtypes, we found two dis9nct subsets, one that is induced in
prolifera9ng cells, and repressed otherwise, and another with the opposite signature.
Correspondingly, we found that genes serving cellQautonomous func9ons and genes involved
in mul9Qcellularity obey dis9nct codonQusage. Prolifera9onQinduced and differen9a9onQ
induced tRNAs o(en carry an9Qcodons that correspond to the codons enriched among the
cellQautonomous and the mul9Qcellularity genes, respec9vely. Since mRNAs of cellQ
autonomous genes are induced in prolifera9on and cancer in par9cular, the concomitant
induc9on of their codonQenriched tRNAs suggests coordina9on between transcrip9on and
transla9on. Histone modifica9ons indeed change similarly in the vicinity of cellQautonomous
genes and their corresponding tRNAs, and in mul9Qcellularity genes and their tRNAs,
sugges9ng the existence of transcrip9onal programs coordina9ng tRNA supply and demand.
Hence, we describe the existence of two dis9nct transla9on programs that operate during
prolifera9on and differen9a9on.
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Cracking the genomic code of codons: Using dendriEc cells 
to explore beyond the geneEc code
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1Centre d´Immunologie Marseille Luminy, Marseille, France
2Laboratory of RNA, University of Aveiro, Aveiro, Portugal

*corresponding author: pierre`ciml.univTmrs.fr

During the last decade the advances in computa9onal sciences and sequencing technologies
allowed to iden9fy most coding sequences from the genome of model organisms and also
to iden9fy the gene copy number for each an9codon containing tRNAs. Using proprietary
so(wares, we were able to iden9fy that immune genes from Homo sapiens, Mus musculus
and Caenorhabdi?s elegans use a par9cular common set of codons. The conserva9on during
evolu9on of the same group of codons in genes with similar func9ons, suggests that codon
usage is part of a previously not described gene expression regulatory program during stress
and immunity.
Dendri9c cells are cells are par9cular immune cells that change their expression pa:ern
rapidly a(er ac9va9on and are key for correct func9oning of the immune system. In order to
inves9gate the importance of tRNA metabolism and the changes in translatability of
synonymous codons in dendri9c cells, we developed two strategies. First, we analyzed the
regula9on of most known genes involved in synthesis, splicing, modifica9on, transport,
aminoacyla9on and degrada9on of tRNAs in a genomic dataset of 96 microarrays performed
in bone marrow derived Dendri9c cells UbmDCsV. Second, we generated recombinant reporter
genes and transduced them on bmDCs in order to monitor the translatability of synonymous
codons and the changes in speed of transla9on a(er pa:ern recogni9on receptors
s9mula9on.
Our results indicate that DCs modulate their mRNA decoding abili9es during PRR ac9va9on
and this reprogramming might add a new layer of regula9on for gene expression.
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Control of mitochondrial tRNA modificaEon enzymes in
MELAS cells by the ROSZregulated microRNA miRZ9/9*
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*Corresponding authors:
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The molecular mechanisms underlying mitochondrial UmtV human diseases associated with
defects in mtQtRNA modifica9on like MELAS s9ll remain unresolved. MELAS syndrome is
caused by muta9ons in mtDNA affec9ng mtQtRNALeuUUURV. Pa9ent and cybrid cells exhibit
elevated oxida9ve stress. Moreover, mutant mtQtRNAsLeuUUURV lack the taurineQcontaining
modifica9on normally present at the wobble uridine of wildQtype mtQtRNALeuUUURV, which is
considered an e9ology of MELAS. Wobble modifica9ons are thought to contribute to
transla9onal accuracy and/or efficiency, so modifica9on defects may lead to a defec9ve
transla9on of mtDNAQencoded proteins and, accordingly, to func9onal perturba9ons of the
OXPHOS system. However, several studies in MELAS and similar diseases suggest that defects
of mitochondrial protein synthesis cannot fully explain the mitochondrial dysfunc9on
manifested. We tested the hypothesis that regula9on of the mtQtRNA modifica9on enzymes
may par9cipate in the pathogenic mechanisms underlying these diseases. In fact, we found
a significant decrease in the steadyQstate levels of such enzymes in MELAS cybrids. Since ROS
are increased in MELAS cells and these species have been hypothesized to cause a microRNAQ
mediated response in mtDNA disorders, we wondered whether underQexpression of the tRNA
modifying enzymes in MELAS could be a consequence of a microRNAQdirected regula9on.
We found that the ROSQsensi9veQmicroRNA, microRNAQ9/9*, is overQexpressed through a
ROS/NFQkB signaling pathway in cells carrying a MELAS muta9on. We showed that miRNAQ
9/9* is responsible of the postQtranscrip9onal nega9ve regula9on of mitochondrial tRNA
modifica9on enzymes, thus contribu9ng to mitochondrial dysfunc9on in MELAS. Our data
demonstrate that the modifica9on status of mtQtRNAs is dynamic and that cells respond to
stress by modula9ng the expression of the mtQtRNA modifying enzymes. We conclude that
microRNAQ9/9* is a crucial player in mitochondriaQnucleus retrograde signaling as it regulates
the expression of nuclear genes in response to changes in the func9onal state of
mitochondria.
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Discovering tRNAZprotein interactome and its funcEon 
in cellular communicaEon between translaEon and other
processes

Xiaoyun Wang, Marc Parisien, Tao Pan*
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Communica9ons between cellular processes are essen9al in homeostasis and in stress
response. Protein synthesis consumes a vast amount of materials and energy in the cell.
Hence, coordina9on of protein synthesis ac9vity with other cellular processes such as cell
cycle control, histone modifica9on, membrane trafficking and others should be crucial for
cell physiology. We discovered recently that tRNAs may serve as a major class of
communicators in the cell U1V. We found that tRNAs bind to a wide range of human proteins
such as the mitogenQac9vated protein kinase kinase UMEKV, histone H3K9 methyltransferase,
membrane trafficking protein SAR1a, farnesylQtransferase, glutathione synthetase, and
phosphoenolpyruvate carboxykinase in cells; none was known previously to interact with
nucleic acids. We hypothesize that tRNA binding regulates the ac9vity of these proteins in
response to the transla9on ac9vity in the cell. When transla9on ac9vity is high, only a small
amount of tRNA is available, and these tRNAQprotein interac9ons are present at low levels.
When transla9on ac9vity decreases, more tRNA becomes available to increase the level of
such tRNAQprotein interac9ons in order to upQ or downQregulate the cellular processes these
proteins par9cipate in. We are tes9ng this func9onal hypothesis of tRNA as communicators
to further expand extraQtransla9onal func9ons of tRNA.

Y1Z Parisien, M., Wang, XTY., et al.: Discovering RNATprotein interactome using chemical context
profiling of the RNATprotein interface, Cell Reports, 3, 1703T13 Y2013Z.
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The role of the LysRSZAp4AZHintZ1ZMITF pathway in health 
in disease
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Microphthalmia transcrip9on factor UMITFV is a basic helixQloopQhelix leucine zipper 
UbHLHQZipV DNAQbinding protein. This transcrip9on factor has a crucial role in the
physiological and pathological development of many dis9nct organs, including the eye, ear,
immune system, bone, and skin. 
During the last decade, by using cellular and structural biology approaches to inves9gate this
pathway in gene regula9on we elucidated the mechanis9c and molecular bases of 
MITFQac9va9on in several cell types. Upon physiological ac9va9on, lysylQtRNA synthetase
ULysRSV is phosphorylated and translocates into nucleus where it forms a complex with MITF.
Phosphorylated LysRS also produces a cri9cal signaling molecule, diadenosine tetraphosphate
UAp4AV that binds and releases the MITFQsuppressor protein HintQ1 from MITF. This 
LysRSRMITF pathway results in transcrip9onal ac9va9on of MITF target genes Uplease see
the following link: h:p://www.youtube.com/watch?v=NGgMEz79NX4V. Using mass
spectrometry, we found that HintQ1 was subjected to K21 acetyla9on and Y109
phosphoryla9on upon immunological ac9va9on of Mast cells. These modifica9ons appear
upon HintQ1 dissocia9on from MITF caused by Ap4A binding. Based on structural analyses, we
predict that the binding interface of HintQ1RMITF is close to this Ap4A binding cle(. The
iden9fied residues are located in a proximity to the Ap4A binding region. We have also started
to inves9gate mutant mice including HintQ1UQ/QV and LoxPQCre Ap4A hydrolase mice, which
allow us to condi9onally delete Ap4A hydrolase, and to explore the important role of this
LysRSRHint1QAp4AQMITF pathway under physiological condi9ons. 



100

25th tRNA Conference 2014

O77

ERNAs as potenEal inhibitors of apoptosis during
hyperosmoEc stress
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An imbalance between extracellular and intracellular fluid osmolarity can cause osmo9c
stress.  Increased extracellular osmolarity is associated with inflammatory diseases. Cells
adapt to changes in osmolarity with adap9ve mechanisms. However, chronic exposure to
hyperosmo9c stress induces apoptosis.  We have previously shown that hyperosmo9c stress
induces the cleavage of tRNAs via the increased func9on of the nuclease angiogenin, thus
causing the accumula9on of tRNA halves, known as 9RNAs.  We inves9gated the func9on of
the 9RNAs in stressed cells. Accumula9on of 9RNAs was accompanied by increased survival
in hyperosmo9cQstressed mouse embryonic fibroblasts.  Induc9on of apoptosis during
hypertonic stress was dependent on Cytochrome c UCyt cV release from mitochondria and
subsequent apoptosome forma9on which was nega9vely influenced by the increased
accumula9on of 9RNAs in stressed cells.  Released Cyt c from mitochondria formed a
ribonucleoprotein par9cle UCyt cQRNPV, with twenty 9RNAs highly enriched.  5’Q and 3’Q9RNAs
were components of this complex. Using in vitro binding assays of cellular 9RNAs with
recombinant Cyt c, we iden9fied a subpopula9on of 9RNAs that directly bind Cyt c, thus
iden9fying poten9al 9RNA candidates as inhibitors of apoptosis in vivo.  Our findings reveal
a connec9on between angiogeninQgenerated 9RNAs and cell survival in response to
hyperosmo9c stress, and suggest a novel cellular complex involving Cyt c and 9RNAs that
inhibits apoptosome forma9on.
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The essen9al micronutrient selenium is found in proteins as selenocysteine USecV, the only
gene9cally encoded amino acid whose biosynthesis occurs on its cognate tRNA in humans.
In the final step of selenocysteine forma9on, the essen9al enzyme SepSecS catalyzes the
conversion of SepQtRNA to SecQtRNA. We demonstrate that muta9ons in SepSecS cause two
autosomal recessive neurodegenera9ve disorders, progressive cerebellocerebral atrophy
UPCCAV U1V and progressive encephalopathy with edema, hypsarrhythmia, and op9c atrophy
UPEHOQlikeV syndrome. Such muta9ons are predicted to disrupt the known human
SepSecS:tRNASec structure and their effect was shown to be detrimental in func9onal in vivo
assays. Finally, the human SepSecS protein is also known as soluble liver an9gen/liver
pancreas USLA/LPV U2V, which represents one of the an9gens of autoimmune hepa99s. The
human SepSecS:tRNASec structure suggests the predicted an9genic site to be at the binding
interface of SepSecS to tRNASec U3V and provides a be:er understanding of the
immunogenicity of SLA/LP in autoimmune hepa99s. 

1.Agamy et al Y2010Z Muta?ons disrup?ng selenocysteine forma?on cause progressive cereT
bellocerebral atrophy. Am. J. Hum. Genet. 87, 538T544

2.Palioura et al Y2010Z Human SepSecS or SLA/LP: selenocysteine forma?on and autoimmune hepa??s.
Biol. Chem. 391, 771T776.

3.Palioura et al Y2009Z The human SepSecSTtRNASec complex reveals the mechanism of selenocysteine
forma?on. Science 325, 321T325.
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1 Department of Genome Analysis, Academic Medical Centre, Amsterdam, the Netherlands
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* Corresponding author Yf.baas`amc.nlZ

Cleavage and polyadenyla9on factor I subunit 1 UClp1V is an important kinase in RNA
metabolism. It is involved in processes as tRNA matura9on and mRNA 3’ end processing.
Recently, we iden9fied a homozygous p.R140H missense muta9on in the CLP1 gene in
pa9ents with atrophy of the cerebellum, pons and corpus callosum.  
We show that Clp1 knockout zebrafish do not survive beyond 4 days post fer9lisa9on UdpfV,
have a reduced head size and show an SQcurved body. At 2dpf, Clp1 knockout fish show
reduced expression of midbrain marker otx2, increased cell death in the brain and a disturbed
organisa9on of motor neurons. The phenotype can be partly rescued by injec9ng human
wild type, but not by mutant p.R140H CLP1 mRNA. Morpholino knock down of p53 par9ally
rescues the phenotype as well. 
Furthermore, we show that the p.R140H muta9on impairs the kinase func9on and nuclear
localisa9on of the CLP1 protein, and that tRNA cleavage efficiency is reduced in pa9ents. 
We show that Clp1 is an essen9al gene in both the central and peripheral nervous system.
Similar to the human situa9on, clp1 muta9ons cause neurodegenera9on and motor neuron
problems in zebrafish. The neurodegenera9on is mediated by the p53 apoptosis pathway.
Our data supports the hypothesis that amongst other RNA processing genes, CLP1 plays a
crucial role in neurodevelopment.
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Pathogenic mutaEons in SDR5C1 impair the tRNA maturaEon
acEviEes of human mitochondrial RNase P
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SDR5C1 is a shortQchain amino and fa:y acid dehydrogenase/reductase, moonligh9ng as
component of the human mitochondrial RNase P complex. RNase P is the enzyme responsible
for the removal of extra nucleo9des at the 5’Qend of tRNAs, an early and crucial step in tRNA
matura9on. The human mitochondrial enzyme moreover catalyzes the N1Qmethyla9on of
purines at posi9on 9, a modifica9on found in all mitochondrial tRNAs and assumed to
stabilize their structure. Ten different missense muta9ons in SDR5C1 were reported to cause
a human disease characterized by progressive neurodegenera9on and cardiomyopathy,
originally called 2QmethylhydroxyQbutyrylQCoA dehydrogenase UMHBDV deficiency Ureferring
to SDR5C1’s dehydrogenase func9onV. However, the dehydrogenase ac9vity of the different
mutant forms of SDR5C1 does not correlate with the severity of the associated disease. Two
out of the 10 known muta9ons of SDR5C1 were reported to cause a decrease in the protein
steady state level, and the consequent accumula9on of mitochondrial RNA precursors, while
for others the total amount of protein seems to be unaffected, sugges9ng possible
differences in the pathomechanisms associated with the different muta9ons. 
We are inves9ga9ng the effect of the different muta9ons of SDR5C1 on its role in tRNA
matura9on. We have expressed and purified SDR5C1 and its partner proteins, and tested
the ac9vity in vitro of the human mitochondrial RNase P complex recons9tuted with mutant
forms of SDR5C1 in comparison to the wild type. Here we show that pathogenic muta9ons
in SDR5C1 impair the dehydrogenase, methyltransferase, and endonucleoli9c ac9vi9es of
the human mitochondrial RNase P.
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Usher syndrome Type 3B is a syndrome comprising deafness, blindness, and feverQinduced
hallucina9ons, recently discovered in Amish children. It is caused by a muta9on in his9dylQ
tRNA synthetase UHARSV, a class II aminoacylQtRNA synthetase required for protein produc9on
and which has not previously been associated with Mendelian disease. In order to determine
the mechanism by which the UsherQassociated Y454S muta9on has 9ssueQspecific effects,
we have designed a mul9ple level approach, studying HARS at the molecular, cellular and
organismal levels. The molecular approach is described by Abbo: et al. Uthis conferenceV.
Cells isolated from embryonic mouse ears, comprising either neural or mechanosensory cell
phenotypes, were chosen to inves9gate cellular expression, localiza9on and binding partners
of HARS and Y454S HARS. Immunocytochemistry of cells transfected with FLAGQtagged HARS
or Y454S HARS reveals that both wild type and mutant protein distribute throughout the cell
with a punctate morphology, associate with cytoskeletal elements, are present in cellular
extensions, and demonstrate greater concentra9on near parts of the cellular membrane.
CoQlocaliza9on studies of HARS with various cellular markers are underway. In parallel work,
immunoprecipita9on of transfected HARS or Y454S followed by quan9ta9ve proteomics
analysis reveals that cellular yield of Y454S HARS is reduced twoQfold compared to HARS,
sugges9ng increased turnover rate of mutant enzyme. Proteins that coQimmunoprecipitate
with HARS or Y454S HARS include those previously reported Ue.g. eEF familyV. Notably, some
coQimmunoprecipitated proteins preferen9ally bound either Y454S HARS or wildQtype HARS.
Proteins chosen for valida9on by reverse immunoprecipita9on or by confocal microscopy
include Rab7a, involved in CharcotQMarieQTooth neuropathy. Finally, we are developing a
model for Usher Type 3B in zebrafish by knocking down HARS with embryonic morpholino
injec9ons. These embryos exhibit disrup9on of the laminar development of the eye. 
CoQinjec9ons of morpholino with human HARS Ufor rescueV or Y454S HARS mRNA Uto
recapitulate the Usher phenotypeV are underway.
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* dardell`ucmerced.edu

Pa:erns of subs9tu9on rates footprint func9onal constraints and reveal poten9ally adap9ve
evolu9onary change in macromolecules. The publica9on of twelve Drosophila genomes in
2007 facilitated one of the first highly resolved molecular evolu9onary analyses of a
noncoding RNA family at singleQsite resolu9on, specifically for microRNAs. Yet, despite that
tRNAs were the first RNAs to ever be sequenced or structurally solved, detailed molecular
evolu9onary analysis of tRNAs at singleQsite resolu9on has not yet been published. Orthology
assignment remains challenging for short and repe99ve genes. We exploited curated tRNA
orthology sets in Drosophila to accurately measure evolu9onary rates of individual sites and
structural elements of tRNAs. We found that sites in the tRNA “variable pocket” show rapid
rates of evolu9on across different species and classes of tRNAs. These sites form part of an
ionQbinding pocket, o(en bound to Mg2+, but also to other ions. We also integrated our
molecular evolu9onary analysis with the first detailed analysis of tRNA ClassQInforma9ve
Features UCIFsV and their evolu9on in a eukaryo9c genus, repor9ng here the first analyses of
baseQpair and baseQtriple CIFs. Generally, CIFQes9ma9on appears to be superior and more
refined for eukaryotes over prokaryotes because single genomes with larger gene
complements may be analyzed individually. We have found that CIFs have turned over
surprisingly rapidly in Drosophila with evidence of crossQtalk or CIF coevolu9on across
func9onal classes, including between ini9ators and elongators.



106

25th tRNA Conference 2014

O83

tRNAseq: An experimental and computaEonal pipeline 
to characterize expression and processing of precursor 
and mature human tRNAs

Tasos Gogakos1, Miguel Brown1, Pavel Morozov1, Markus Hafner1,2, 
and Thomas Tuschl1,*

1Howard Hughes Medical Ins?tute, Laboratory of RNA Molecular Biology, Rockefeller
University, New York, USA
2Na?onal Ins?tutes for Arthri?s and Musculoskeletal and Skin Disease, NIH, Bethesda,
Maryland, USA

Despite their importance in fundamental aspects of biology and disease, human tRNAs
remain an understudied class of nonQcoding RNAs on a genomeQwide scale. Currently, no
experimentQbased and transcriptomeQwide annota9on of precursor and mature tRNAs exists,
mainly because secondary structure and modifica9ons, together with tRNA gene mul9plicity,
complicate sequencing and mapping efforts. 
To address these issues we developed tRNAseq, a novel method, based on par9al alkaline
hydrolysis to fragment tRNAs into 20Q40 nt long pieces with less rigid secondary structures,
followed by standard small RNA cDNA library prepara9on and sequencing. We also
established a bioinforma9c annota9on pipeline for the analysis of the sequencing results.
We show that only 45% of previously predicted tRNA genes show convincing evidence of
expression in human cell lines. We iden9fy also edi9ng posi9ons, as well as determine
expression levels of tRNA precursors, including leader, trailer, and intron sequences.  
Our methodology can also be used to assess abundance changes of tRNAs across 9ssues and
cell lines. In a recent study we iden9fied and quan9fied tRNA introns accumula9ng in the
context of a novel human neurodevelopmental syndrome caused by muta9ons in CLP1, a
member of the tRNA splicing complex. In summary, we present a human tRNA expression
atlas, and an RNAQsequencingQbased methodology for determining expression levels of
mature and processing intermediates of tRNAs in human cells. 
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A novel program for analysis of tRNA expression from RNASeq
datasets

Jonathan Morrand*1, MaG Spencer2, Bill Spollen3, Chris BoGoms3, 
and William Folk1

1 Department of Biochemistry, Informa?cs Ins?tute,  Informa?cs Research Core University
of Missouri, Columbia, MO 65211, USA

*jmm5g6`mail.missouri.edu

NextQGenera9on Sequencing UNGSV mediated RNA sequencing URNAQseqV is now the method
of choice for accurate measurements of gene expression.  However, algorithms developed for
mRNA are not suitable for expression analyses of tRNA.  We have developed a novel
computer program that expands the use of the sequence alignment program Bow9e1 to map
RNAQseq reads to tRNA genes in any genome. The reads are divided into groups that can be
customized according to the user’s desired classifica9ons.  We have designated these groups
to classify RNAQseq reads of plant species; Name, Family, Isotype, Splice, GlobalIso, and
Unclassified.  Name matched reads to a specific tRNA gene at a specific loca9on in the
genome that allowed comparisons of loca9onQspecific expression of the same gene9c
sequence. Family matched reads to a specific sequence, but not to a specific genomic
loca9on. This allowed comparison of a specific an9codon containing tRNA gene type against
another. Isotype reads matched to mul9ple sequences, but the resul9ng tRNA all code for the
same amino acid.  GlobalIso reads matched to both tRNA genes in the nuclear DNA and tRNA
genes in the mitochondria or chloroplast, separa9ng them from genomic DNAQspecific
expression data.  Unclassified reads matched several different isotype tRNA genes.

References
1Langmead, B., et al. Y2009Z “Ultrafast and memoryTefficient alignment of short DNA sequences to the
human genome.” Genome Biol 10Y3Z: R25.
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An improved tRNAscanZSE and genomic tRNA database: 
new capabiliEes and features to enhance tRNA research

Patricia P. Chan1* and Todd M. Lowe1

1 University of California Santa Cruz, Santa Cruz, USA 

pchan`soe.ucsc.edu

tRNAscanQSE W1X has been widely used for wholeQgenome tRNA gene predic9on for nearly
two decades.  In that 9me, we have developed a more detailed understanding of tRNA gene
features and inherent variability between genomes. tRNAscanQSE was ini9ally designed to
detect phylogene9c domainQspecific tRNA genes using just one general tRNA model at a 9me.
Due to this limita9on, we have found numerous cases where it fails to detect or classify
genes. We have now addressed this shortcoming by adding a more diverse set of specific
tRNA models, and enabling the ability to automa9cally scan for mul9ple types of tRNAs
simultaneously.
The first example of improved tRNA detec9on performance was shown in the human
genome.  Recently, over 700 segments of nuclear mitochondrial sequences UNumtSV were
found sca:ered across the human nuclear genome W2X. To detect these mitochondrial tRNA
genes, we integrated the latest version of Infernal W3X into tRNAscanQSE and added mtQtRNA
specific covariance models W4X. We iden9fied 465 likely mtQtRNAs in the nuclear
chromosomes, 33 of which are located outside of the previously noted NumtS regions.
Notably, these nuclearQencoded mtQtRNAs are nearly as numerous as the updated set of 576
cytosolic human tRNA genes. 
To provide easy access to the more complete collec9ons of human and all other species’
tRNA gene sets, we are expanding the Genomic tRNA Database W5X to include classifica9ons
of newly detected nuclear mtQtRNAs, dis9nct from cytosolic tRNAs. We also have worked
with model species consor9a to establish a new tRNA naming conven9on that is more
informa9ve and stable between genome sequence updates. New tRNA gene names will be
included in the Genomic tRNA Database along with legacy names. These and other new
enhancements of tRNAscanQSE and the Genomic tRNA Database will provide researchers
more accurate detec9on and more comprehensive annota9on for over a million tRNA genes.

References
1. Lowe and Eddy. Nucleic Acids Res, 1997. 25:955T64.
2. Simone, et al. BMC Genomics, 2011. 12:517.
3. Nawrocki and Eddy. Bioinforma?cs, 2013. 29: 2933T5.
4. Juhling, et al. Nucleic Acids Res, 2012. 40:2833T45.
5. Chan and Lowe. Nucleic Acids Res, 2009. 37:D93T7.
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PredicEng the minimal translaEon apparatus:
Lessons from the reducEve evoluEon of Mollicutes

H. Grosjean*1, M. Breton2, P. SirandYPugnet2, F. Tardy3, F. Thiaucourt4, C. CiG5,
A. Barré6, S. Yoshizawa1, D. Fourmy1, V. de CrécyYLagard7, A. Blanchard2

1CNRS & Univ. ParisVSud, GifVsurVYveBe, France; 2INRA & Univ. Bordeaux, Villenave
d’Ornon, France; 3Univ. Lyon, VetAgro, Marcy L’Etoile, France; 4Centre Recherche
Agronomie, Montpellier, France; 5INRA & Univ. Toulouse, France; 6Univ. Bordeaux, Centre
bioinformaAque, France; 7Dept of Microbiol, Univ. Florida, Gainesville, USA

*Henri4game.com

The minimal set of proteins that could sustain ribosome biogenesis and translaNon has been
evaluated in Mollicutes. These are a class of bacteria that have evolved from Firmicutes
ancestor by massive genome reducNon. With genomes less than one Mbp in size, most
species retain the capacity to grow autonomously. Using the experimentally validated genes
from E. coli and B. subAlis as input, genes encoding proteins of the core translaNon machinery
were predicted in 39 Mollicutes species. The set of selected 260 input genes encodes proteins
involved in ribosome biogenesis, tRNA maturaNon/aminoacylaNon, protein cofactors and
RNA decay. A core set of 104 proteins is found in all species analysed. Genes encoding
proteins involved in postmtranslaNonal modificaNons of rmproteins, translaNon cofactors, postm
transcripNonal modificaNons of t+rRNAs, ribosome assembly and RNA degradaNon are the
most frequently lost. Only genes coding for aamtRNA synthetases, rmproteins and translaNon
factors are conserved in a majority of genomes. Enzymes introducing nucleoNde
modificaNons in the anNcodon loop of tRNA, in helix 44 of 16S rRNA and in helices 69 and
80 of 23S rRNA are maintained in all species. ReconstrucNon of genome evoluNon in
Mollicutes revealed that, beside many gene losses, occasional gains by HGT also occurred,
aOesNng that slightly different soluNons for preserving a funcNonal, albeit minimal, protein
syntheNzing machinery have emerged during reducNve evoluNon of Mollicutes. ImplicaNons
in guiding the reconstrucNon of a minimal cell by syntheNc biology approaches will be
discussed.
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The idenEty elements for aminoacylaEon of metazoan
mitochondrial tRNAArg have been widely conserved
throughout evoluEon

Gabor L. Igloi* and AnneYKatrin Leisinger

InsAtute of Biology, University of Freiburg, Germany
*correspondence: igloiabiologie.uniVfreiburg.de

Eumetazoan mitochondrial tRNAs possess idiosyncraNc structures that require the specific
recogniNon by their cognate nuclearmencoded aminoacylmtRNA synthetases. The AGA
qargininer codon of the standard geneNc code has been reassigned to serine in eumetazoan
organelles and is translated in some organisms by a mitochondrially encoded tRNASer

UCU.
TranslaNon of arginine codons is performed in mitochondria by the single mitochondrial
tRNAArg

UCG isoacceptor. We have performed in vitro aminoacylaNon using a recombinant
insect mitochondrial arginylmtRNA synthetase. Base subsNtuNon and loop transplantaNon
studies have revealed that recogniNon is defined by the anNcodon loop in which C35 and
G36 play a dominant role that is modulated by the nature of the base combinaNon at posiNon
32:38.
With a knowledge of these idenNty elements, one may consider their evoluNonary funcNonal
relaNonship to other metazoan species. We tested mitochondrial tRNA transcript arginylaNon
of nine representaNve eumetazoan species from six classes. The human tRNAArg stood out in
its substanNally greater acNvity compared to the cognate insect tRNA. The others of this
clade were generally slightly lower in their acNvity.
The metazoan kingdom also includes the Porifera qspongesr and Placozoa phyla. In contrast
to eumetazoans, most members of both these phyla translate AGA as arginine and encode
both tRNAArg

UCU/UCG isoacceptors. Placozoan tRNAArg
UCG qTrichoplax adhaerensr is a good

substrate for insect mitochondrial arginylmtRNA synthetase. The tRNAArg
UCG from the Poriferan

Iotrochota birotulata proved to be recognized by the insect mitochondrial arginylmtRNA
synthetase but the tRNAArg

UCU transcript, having the U36 negaNve determinant was inacNve.
Yeast arginylmtRNA synthetase will not arginylate insect mitochondrial tRNAArg

. However, the
Poriferan and Placazoan mitochondrial tRNAArg

UCG and tRNAArg
UCU qwith canonicalmtype tRNA

structuresr are good substrates. Having screened the genome sequence of the sponge
Amphimedon queenslandica for the presence of arginylmtRNA synthetases, we propose that
in these organisms an imported cytoplasmic arginylmtRNA synthetase replaces the dedicated
mitochondrial form.
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A comprehensive evoluEonary analysis uncovers an
unexpected complexity of tRNA modificaEons in yeast

L. Peter Sarin1, Fiona Alings1, Hannes C. A. Drexler1, SebasEan A. Leidel*1

1 Max Planck InsAtute for Molecular Biomedicine, Münster, Germany

* sebasAan.leidelampiVmuenster.mpg.de

Yeasts inhabit a wide range of ecological niches, requiring them to cope with a mulNtude of
environmental stress factors. Thus, different strains m even within the same species m have
adapted their cellular metabolism to specific types of stress. To elucidate how tRNA
modificaNon systems have evolved to modulate cellular stress adaptaNon, we quanNtaNvely
characterize modified tRNA nucleosides in a collecNon of yeast isolates from various habitats
using moderate temperature stress as an experimental regime. To this end, we combine qir
affinity gel electrophoresis and Northern bloPng, qiir thin layer chromatography, and qiiir
mass spectrometry. Importantly, this allows us to establish a quanNtaNve, highmresoluNon
inventory of tRNA modificaNon levels at physiologically relevant growth temperatures in 12
representaNve yeast strains.
Applying this experimental approach we find that nucleoside modificaNon levels vary
significantly between different strains, suggesNng that tRNA pools are not funcNonally
equivalent even within the same species. Second, we are able to cluster all strains according
to their modificaNon levels. Third, we observe a global remodelling of tRNA modificaNons in
response to heat stress. InteresNngly, most tRNA modificaNons are reduced at high
temperatures. However, certain methylaNons, such as 2’mOmmethyladenosine qAmr and 3m
methylcyNdine qm3Cr, become more prominent. Finally, by performing a fine mapping of
5mmethoxycarbonylmethylm2mthiouridine qmcm5s2Ur levels, we find that individual tRNAs are
differenNally modified in different yeast isolates.
Importantly, our highmresoluNon analysis will generate the first comprehensive speciesmwide
quanNtaNve analysis of tRNA modificaNon. However, our work already reveals an
unexpectedly elaborate nucleoside modificaNon paOern in wild yeast, highlighNng the
intricate complexity and interplay of cellular stress response networks.
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Molecular characterizaEon of Naegleria gruberi
selenophosphate synthetase

Natália K. Bellini1, Ivan R. e Silva1, Marco T. A. da Silva1, Otavio H. Thiemann1

1 Physics and informaAcs department, Physics InsAtute of Sao Carlos, University of Sao
Paulo V USP, Sao Carlos, SP, Brazil

The selenocysteine qSecr, the 21st amino acid, is presented in selenoproteins, whose funcNons
in cell growth and proliferaNon and redox balance have been described. Sec biosynthesis
require a complex biosynthesis pathway. Sec is incorporated at an in frame UGA codon and
an mRNA secondary structure named Sec InserNon Sequence Element qSECISr. All potenNal
genes involved in selenocysteine pathway were idenNfied in Naegleria gruberi genome, an
organism belonging to the Jakobs Elegans Heteroloboseans qJEHr group. Among the idenNfied
proteins is selenophosphate synthetase qSPSr, the enzyme that catalyzes the formaNon of
monoselenophosphate, a highly reacNve selenium donor compound. In N. gruberi, SPS is
present as a gene fusion between two domains. The Cmterminal domain exhibit idenNty with
other SPS described and it is essenNal to selenocysteine incorporaNon and the Nmterminal
domain possess similarity with unicellular algae methyltransferases and probably is involved
in selenium cell detoxificaNon. SPS full length gene qsps.flr and the Cmterminal domain qsps.dr
were cloned into pET32aq+r vector and expressed in Escherichia coli BL21 qDE3r cells. The Cm
terminal domain was analyzed by gel electrophoresis in naNve, nondenaturing condiNons,
and by dynamic light scaOering qDLSr. A 100KDa protein , represenNng a dimer in soluNon
qapproximately 47KDa per monomerr is observed, consistent with SPS homologues of
Trypanosoma brucei and Escherichia coli. Polyclonal anNmrabit anNbodies have been
produced against N. gruberi SPS.d and SPS.fl for immunolocalizaNon and the characterizaNon
of the gene products along the developmental stages of N. gruberi. Thus, these findings bring
a new perspecNve to the study of the origin and evoluNon of the selenocysteine incorporaNon
machinery, and in parNcular may bring alternaNves roles to SPS protein by invesNgaNng its
associaNon with methyltransferase, besides contribuNng to the comparaNve understanding
of the pathway between the three domains of life.
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A geneEc code without the sulfur containing amino acids

Kazuaki Amikura1, Daisuke Kiga1,2

1 EarthVLife Science InsAtute, Tokyo InsAtute of Technology, Tokyo, Japan
2 Department of computaAonal intelligence and systems science, Interdisciplinary graduate
school of science and engineering, Tokyo InsAtute of Technology, Yokohama, Japan

kigaadis.Atech.ac.jp

At earlier stages in the evoluNon of the universal geneNc code, fewer than 20 amino acids
were considered to be used. Although this noNon is supported by a wide range of data, the
actual existence and funcNon of the geneNc codes with a limited set of canonical amino acids
have not been addressed experimentally. Recently, we constructed arNficial geneNc codes
involving a reduced alphabet s1t. In one of the codes, a tRNAAla variant with the Trp anNcodon
reassigns alanine to an unassigned UGG codon in the Escherichia coli S30 cellmfree translaNon
system lacking tryptophan. We confirmed that the efficiency and accuracy of protein
synthesis by this Trpmlacking code were comparable to those by the universal geneNc code,
by an amino acid composiNon analysis, GFP fluorescence measurements and the crystal
structure determinaNon. The generality of our method for the simplificaNon allowed us
construcNons of further simplified codes including a 16maminomacid code s2t. Another
simplified geneNc code without both of Ser and Met was also constructed by introducNon of
engineered iniNator tRNA. This method will provide not only new insights into primordial
geneNc codes, but also an essenNal protein engineering tool for the assessment of the early
stages of protein evoluNon and for the improvement of pharmaceuNcals.

References
1. KawaharaVKobayashi et al. Y2012Z Nucleic Acids Res. Yfeatured arAcleZ 40: 10576V84.
2. Amikura et al. Y2014Z ACS Synth. Biol. 3: 140W144.
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Ancient genes: predicEon, RNASeq detecEon, and ancestral
tracing of tRNA in plantae

Jonathan Morrand*1, Kirtan Joshi1, Kirstyn Tan1, MaF Spencer2, Bill Spollen3,
Chris BoFoms3, and William Folk1

1 Department of Biochemistry,
2 InformaAcs InsAtute,
3 InformaAcs Research Core , University of Missouri, Columbia, MO 65211 USA

*jmm5g6amail.missouri.edu

Brachypodium distachyon and Oryza saAva are widely studied monocots whose genomes
have been sequenced and well annotated. We have predicted their tRNA gene repertoire
using wellmestablished algorithms, and the data was paired with RNAseq expression data
obtained from plant seedlings to assess expressed tRNAs. We have created a new computer
program that maps RNAmseq reads and detects expression of individual genes within
isoacceptor families qbecause of sequence polymorphismsr.
The predicted genes of these two plants were compared with all available plant genomes to
develop a phylogeny of tRNA genes in Plantae. We were able to obtain a hypothesized
progenitor tRNA sequence for every version of tRNA present in each of these two plants.
Most of the progenitor sequences for these closely related plants also appear to be the
progenitor sequences for Angiosperms and, in some cases,for land plants in general.
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IntraYorganism variaEon in tRNA structural type

AdiE Banerjee2, Hanchao Zhao1, Susan A. MarEnis1,2, Margaret E. Saks*1

1Department of Biochemistry and 2Department of Chemistry, University of Illinois UrbanaV
Champaign, Urbana, IL, USA

In addiNon to donaNng amino acids to protein synthesis, aminoacylmtRNA parNcipates in the
modificaNon of pepNdoglycan precursors and lipids, tagging proteins for recycling, and
anNbioNc synthesis. InhibiNon of protein synthesis by a novel class of boronmcontaining
oxaborole anNbioNcs also requires tRNA.1 While it is well established that structural features
can be integral to tRNA performance throughout the translaNon pathway, there are only a
few instances where disNncNve structures are known prerequisites for tRNA entry into a nonm
canonical biosyntheNc pathway. Indeed, it remains unclear whether these cases are the
excepNon or the rule. As a first step in addressing this problem, we used bioinformaNcs to
idenNfy unusual tRNA structures. UnNl now, it seemed that bacteria only encode a type II
qlong stemmloopr structural form of leucine, serine, and tyrosine tRNAs. Yet because tRNATyr

is type I qshort variable loopr in the archaea and eukarya, it is clear that type switching has
occurred over the course of evoluNon. We now report the unexpected phenomenon of intram
organism type variaNon in which the chromosomes of some medically important organisms
encode both type I and type II leucine tRNAs. This is parNcularly surprising given that these
organisms encode a single form of the cognate synthetase. We are currently evaluaNng the
role that this structural variaNon plays in protein synthesis and other tRNAmdependent
biochemical transformaNons.

1. Rock, Mao, Yaremchuk, Tukalo, Crépin, Zhou, Zhang, Hernandez, Akama, Baker, PlaBner, Shapiro,
MarAnis, Benkovic, Cusack, and Alley. Y2007Z Science 316:1759.
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In vivo funcEon of RtcA in tRNA processing

Bart Appelhof1, Veerle R.C. Eggens1, Tessa van Dijk1, Anneloor ten Asbroek1,
Marian A.J. Weterman1, Joseph G. Gleeson2, Frank Baas1

1Department of Genome Analysis, Academic Medical Centre, University of Amsterdam, the
Netherlands
2Department of Neurosciences, Howard Hughes Medical InsAtute, University of California,
San Diego, USA

The human genome encodes for 506 tRNA genes of which 6% contain an intron. The tRNA
splicing endonuclease qTSENr complex is responsible for removing introns out of premtRNAs.
A3er splicing, the ligaNon of the two tRNA halves is facilitated by either CLP1 and a sNll
unknown tRNA ligase or possibly by RtcA and RtcB.
In humans, mutaNons in genes encoding for the TSEN complex and in CLP1 result in
pontocerebellar hypoplasia qPCHr, a heterogeneous group of neurological disorders with a
prenatal onset. Knockdown of the tsen genes or clp1 in zebrafish results in abnormal brain
development.
The exact in vivo funcNon of RtcA remains elusive. The two tRNA halves resulNng from intron
removal by the TSEN complex are possibly ligated directly by RtcB. First the 5’mhalf tRNAs’
2’,3’mcyclic phosphate can be cleaved to form a 3’mend phosphate or a 2’mend phosphates.
The 3’mend phosphate is ligated to the hydroxyl group of the 3’mhalf tRNA. However the 2mend
phosphate cannot be ligated and is cyclized by RtcA, thereby rescuing aberrant RtcB product.
To further asses the tRNA splicing and ligaNon pathway we have made a zebrafish knockdown
model for RtcA and RtcB. Knockdown of RtcA in zebrafish results in defects in brain
development, resembling PCH, whereas knockdown of RtcB gives no phenotype.
Furthermore, we have idenNfied sequence variants in the RtcA gene in several families with
PCH.
RtcA is another PCH related gene involved in tRNA processing. This finding invigorates that
proper tRNA processing is essenNal for cerebellar development and enables us to start
revealing the underlying mechanism further.
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IdenEficaEon of a new folateYdependent rRNA methyltransferase
that catalyses m5U1939 modificaEon in 23S Rrna
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4CNRS & Univ. ParisVSud, CGM UPR3404, GifVsurVYveBe, France.
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Efficient protein synthesis in all organisms requires the postmtranscripNonal methylaNon of
specific rRNA and tRNA nucleoNdes. Enzymes that use Smadenosylmethionine as the methyl
group donor almost invariably catalyse the t+rRNA methylaNon reacNons. One noteworthy
excepNon is seen in some bacteria, where the TrmFO enzyme adds the conserved tRNA
methylaNon at m5U54 of the Tmloop using N5, N10mmethylenetetrahydrofolate as the onem
carbon donor. The minimalist bacterium Mycoplasma capricolum possesses two homologs
of TrmFO qCOG1206r, but surprisingly lacks the m5U54 tRNA modificaNon. We created a single
and dual deleNonqsr of the trmFO genes using a novel syntheNc biology approach q1r.
Subsequent analysis of the M. capricolum RNAs by mass spectrometry shows that the TrmFO
homolog encoded by Mcap0476 specifically modifies m5U1939 in 23S rRNA. This conserved
methylaNon is catalysed by AdoMetmdependent enzyme qRlmD or RlmCD, COG2265r in all
other characterized bacteria, the corresponding gene being missing in the genome of M.
capricolum. These findings suggest that during evoluNon some of the COG1206 enzymes
have undergone a series of changes in target specificity, and that their funcNons have
converged to find independent soluNons to adding what are qpresumablyr important tRNA
and/or rRNA modificaNons. The Mcap0476 methyltransferase qrenamed RlmFOr represents
the first folatemdependent enzyme seen to modify rRNA. The target nucleoNde of the second
TrmFO orthologous Mcap0613 is sNll under invesNgaNon.

1V LarAgue, Vashee, Algire, Chuang, Benders, Ma, et al, Science 325, 1693V96.
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Biosynthesis of wyosine derivaEves in tRNAPhe of Archaea:
Role of a remarkable bifuncEonal tRNAPhe:m1G/imG2
methyltransferase

J. Urbonavicius1, R. Rutkiene1, J. Napryte1, D. Tauraite1, J. Stankeviciute 2,
A. Aucynaite1, R. Meskys1, H. Grosjean*2
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The presence of tricyclic wyosine derivaNves located 3�madjacent to the anNcodon is a
hallmark of tRNAPhe in Eukarya and Archaea. In yeast, formaNon of wybutosine qyWr results
from five enzymes acNng in a strict sequenNal order. In Archaea, the intermediate compound
imGm14 q4mdemethylwyosiner is a target of three different enzymes leading to the formaNon
of three disNnct wyosine derivaNves qyWm86, imG, and imG2r. Based on our previous
experimental data and comparaNve genomics analysis, we predicted the existence in several
archaeal species of a peculiar Trm5mlike methyltransferase qaTrm5ar displaying a dualm
specificity. Combining a thinmlayer chromatography and HPLC/MS analysis, we now
demonstrate that the recombinant pfTrm5a of Pyrococcus abyssi catalyses in vitro both the
N1mmethylaNon of guanosine qproducing m1Gr and the C7mmethylaNon of imGm14 qproducing
imG2r. This last compound is the intermediate of the 7mmethylwyosine qmimGr of the
archaeal biosyntheNc pathway. Based on the formaNon of mesomeric forms of imGm14, a
raNonale for such dual enzymaNc acNviNes is proposed. This bifuncNonal tRNA:m1G/imG2
methyltransferase, acNng on two chemically disNnct guanosine derivaNves located at the
same posiNon of premtRNAPhe, is unique to a few Archaea and has no homologues in Eukarya.
This aTrm5 enzyme belongs to the same family of enzymes qCOG 2520r that catalyses the
addiNon of aminomcarboxypropyl group qacpr on C7matom of imGm14 of the wyembase
metabolism in yeast qTyw2r and in certain Archaea qTaw2r. This bifuncNonal m1G/imG2
methyltransferase, renamed as Taw22, probably played an important role in the emergence
of the sequenNal mulNstep biosyntheNc pathway of wyosine derivaNves in Archaea and in
Eukarya.
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Structural characterisaEon of two homologous
2’YOYmethyltransferases showing different specificiEes
for their tRNA substrates

Bart Van Laer1, Jonathan Somme2, MarEne Roovers3, Jan Steyaert1,
Louis Droogmans2, Wim Versées1*
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2Laboratoire de Microbiologie, Université libre de Bruxelles YULBZ, 12 Rue des Professeurs
Jeener et Brachet, 6041 Gosselies, Belgium.
3InsAtut de Recherches Microbiologiques JeanVMarie Wiame, Avenue E. Gryson 1, BV1070
Bruxelles, Belgium.
*Wim.VerseesavibVvub.be

The 2’mOmmethylaNon of the nucleoside at posiNon 32 of tRNA is found in organisms
belonging to all domains of life. Unrelated enzymes catalysing this modificaNon in Bacteria
qTrmJr and Eukarya qTrm7r have been idenNfied, but unNl now no informaNon is available for
the archaeal enzyme. We have idenNfied the methyltransferase of the archaeon Sulfolobus
acidocaldarius responsible for the 2’mOm methylaNon at posiNon 32, which is a homologue of
the bacterial TrmJ. Remarkably, both enzymes have different specificiNes for the nature of the
nucleoside at posiNon 32. While the four canonical nucleosides are substrate of the E. coli
enzyme, the archaeal TrmJ can only methylate the ribose of a cyNdine. Moreover, the two
enzymes recognise their tRNA substrates in a different way. We present the first crystal
structures of the catalyNc domain of both the archaeal and bacterial TrmJ enzyme, which
together with biochemical data, aided in unravelling the molecular determinants of the
difference in specificity. Both TrmJ proteins are dimeric and consists of 2 autonomously
folding domains in which the Nmterminal domain adopts a SPOUT fold and the Cmterminal
domain is predominately helical in conformaNon. InteresNngly, the difference in substrate
specificity might be linked to a different conformaNon of the ligand SAM, which adopts an
unusual conformaNon in E. coli TrmJ.
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NMR conformaEonal dynamics of La protein domains in
interacEon with preYtRNA ligands from a lower eukaryote
exhibiEng idenEcal structural organizaEon with its human homolog

Dionysios Vourtsis1, Maria Apostolidi2, Aikaterini Argyriou1,
Christos Chasapis1, Parthena KonstanEnidou2, Denis Drainas2, Detlef Bentrop3,
ConstanEnos Stathopoulos2* and Georgios A. Spyroulias1*

1 Department of Pharmacy, University of Patras, 26504 Patras, Greece
2 Department of Biochemistry, School of Medicine, University of Patras, 26504 Patras, Greece
3 InsAtute of Physiology II, University of Freiburg, DV79104 Freiburg, Germany
*Correspondence to: G.A.Spyrouliasaupatras.gr or cstathamed.upatras.gr

The La autoanNgen, a key protein for proper folding of premtRNA transcripts, encompasses a
characterisNc La moNf, an Nmterminal RRM1 domain conserved in higher eukaryotes and a
Cmterminal RRM2 domain absent in lower eukaryotes. So far, the fullmlength La protein structure
along with the role of RRM2 domain, remain elusive. ScaOered structural data of the La and the
RRM moNfs from few eukaryotes qincluding humanr provide only limited informaNon on the
possible roles of the La protein as a whole, in a more dynamic tRNAmdependent cellular
network. Therefore, we iniNated an extensive structural and funcNonal characterizaNon of a La
“domain library” from the lower eukaryote Dictostelium discoideum, which interesNngly
contains both RRM domains unlike yeast. We present the NMR structure of La and RRM1 moNfs
and preliminary data from RRM2 domain. La and RRM1 moNfs were found wellmfolded in
“wingedmhelix” and classical RRM structures, respecNvely, as revealed by high resoluNon NMR
spectroscopy. In addiNon, the distribuNon of secondary structure elements of RRM2 was
αβ1α1β2β3α2β4α3, similar to the NMR structure of human RRM2 domain. Finally, the RNA
binding properNes of the La moNf were invesNgated and the interacNon interface was idenNfied
through chemical shi3 perturbaNon of amide groups in 1Hm15N HSQC spectra. InteresNngly, both
NMR analysis and biochemical experiments indicate that La moNf alone can mediate interacNon
with premtRNAs, an observaNon which raises quesNons on the actual role of La moNf in
combinaNon with the two RRM moNfs, during tRNA biogenesis in this organism.
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A general feature of tRNAs is a high number of nucleoNde chemical modificaNons that are
introduced postmtranscripNonally. Queuosine qQr is one of the most complex tRNA
modificaNons found at the first posiNon of the anNcodon qwobble baser of several tRNAs.
Despite its omnipresence in bacteria and eukaryotes, the funcNon of Q in tRNA is not
completely clear. In this study, we have used the protozoan parasite Trypanosoma brucei as
a model for a comprehensive analysis of the tRNA guanine transglycosylase qTGTr, the
enzyme responsible for QmtRNA formaNon in eukaryotes. Unlike its bacterial counterpart, in
most eukaryotes TGT predominantly funcNons as a heterodimeric enyzme. In order to
invesNgate the composiNon and funcNon of the trypanosomal TGT, we used the sequence of
the human TGT to search for potenNal homologues in the T. brucei genome. Analogous to
humans, is the presence of two homologues of the TGT enzyme qTbTGT1 and TbTGT2r in T.
brucei. However, we showed using RNAi knockmdown strategy that only the most divergent
TbTGT2 is responsible for QmtRNA formaNon, while QmtRNA levels in the RNAi cells of the
conserved subunit TbTGT1 remained minimally affected. This striking observaNon suggests
that in contrast to mammals, the trypanosomal TGT subunits don’t form a complex.
Furthermore, we propose that TbTGT1 subunit is involved in the recycling and salvaging of
queuine from qQMPr. These observaNons are discussed in the context of the possible roles
of the differenNal intracellular localizaNon of QmtRNA and modificaNon enzymes in respect to
their role in cytosolic and mitochondrial translaNon.
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The differenEal acEvity of tRNA modifying enzyme:
the role of anEcodon stem loop sequence
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PostmtranscripNonal modificaNons of tRNA play a crucial role in its acquisiNon and stabilizaNon
of three dimensional structure. ModificaNons at and around wobble posiNon is of immense
funcNonal importance because of their profound influence on translaNonal fidelity and
efficacy. The conversion of adenosine at wobble posiNon to inosine, catalysed by tRNA
adenosine deaminase, augments the decoding capacity of a tRNA molecule. This enzyme
acts as a homodimer complex of TadA in prokaryotes, and heteromdimer complex of ADAT2/3
in eukaryoNc organisms. In the present study, conducted on P. falciparum, possible
correlaNon between conversion of A to I at the wobble posiNon in deciphering isomacceptor
codons was examined. Furthermore, the funcNon of individual consNtuent subunits qADAT2
and ADAT3r of this heteromdimeric enzyme in selecNve binding to tRNA and in catalysis was
delineated. In addiNon to idenNfy the perNnent residues of anNcodon stem loop which
discriminates between the substrate vs nonnsubstrate, it was also established that the degree
to which a parNcular tRNA molecule undergoes modificaNon is intrinsically linked with the
residues at 3’end of wobble base. The raNonale about ineptness of prokaryoNc enzyme to act
on eukaryoNc tRNA molecules, while maintaining its absolute specificity towards a single
tRNA molecule, i.e. Arg tRNAACG was determined to be aOributed by presence of pyrimidine
at 3’end adjacent to adenosine in Arg tRNAACG.
AddiNonally, we have also idenNfied tRNA guanosine transglycosylase in P. falciparum that
displays a greater phylogeneNc resemblance with the prokaryoNc enzyme. ComputaNonal
analysis suggested that this enzyme had much higher binding affinity with quinazoline
derivaNves in comparison to human counterpart.
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Efficient maturaNon of tRNAs is required for rapid cell growth. In eukaryotes, a primary tRNA
transcribed by RNA polymerase III is subjected to consecuNve processing events, including
removal of 5’ leader and 3’ trailer sequences, addiNon of CCA sequence to the 3’ terminus,
and decoraNon with various postmtranscripNonal modificaNons. If tRNA has an intron, it
should be removed by tRNA splicing. However, precise Nming of tRNA processing associated
with the order of tRNA modificaNons remains elusive. To analyze the modificaNon status
during tRNA maturaNon, tRNA precursors at various stages were isolated from
Saccharomyces cerevisiae, and subjected to mass spectrometric analysis. Intriguingly, we
detected 5’ cap structure with methylated guanosines at the 5’ terminus of the tRNA
precursor bearing 5’ leader sequence. The capped premtRNAs were significantly accumulated
by the inhibiNon of RNase P acNvity. When the temperaturemsensiNve mutant of Ceg1p
capping enzyme qceg1tsr was cultured at nonmpermissive temperature, the steadymstate level
of the capped premtRNA was markedly reduced. In addiNon, the capped premtRNAs were
accumulated in ΔMET22 strain in which 5’ exonucleases are inhibited, indicaNng that the 5’
cap structure plays a role in protecNng premtRNA from 5’ exonucleolyNc degradaNon during
maturaNon.
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A complete landscape of postYtranscripEonal modificaEons
in mammalian mitochondrial tRNAs

Takeo Suzuki and Tsutomu Suzuki*
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In mammalian mitochondria, 22 species of tRNAs encoded in mitochondrial DNA play crucial
roles in the translaNon of 13 essenNal subunits of the respiratory chain complexes involved
in oxidaNve phosphorylaNon. Following transcripNon, mitochondrial tRNAs qmt tRNAsr are
modified by nuclearmencoded tRNAmmodifying enzymes. These modificaNons are required
for the proper funcNon of mt tRNAs, and the absence of these modificaNons can cause
pathological consequences. To date, however, the informaNon available about these
modificaNons has been incomplete. To address this issue, we isolated all 22 species of mt
tRNAs from bovine liver and comprehensively determined the postmtranscripNonal
modificaNons in each tRNA by mass spectrometry. Here, we describe the primary structures
with postmtranscripNonal modificaNons of 7 species of mt tRNAs which were previously
uncharacterized, and provide revised informaNon regarding base modificaNons in 5 other
mt tRNAs. In the complete set of bovine mt tRNAs, we found 15 species of modified
nucleosides at 118 posiNons q7.48% of total basesr. This result provides insight into the
molecular mechanisms underlying the decoding system in mammalian mitochondria and
enables predicNon of candidate tRNAmmodifying enzymes responsible for each modificaNon
of mt tRNAs.
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How does the folate dependent tRNA [m5U54\
methyltransferase [TrmFO\ recognize substrate tRNA?
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Engineering, Ehime University, Matsuyama, Japan
2 Department of Biophysics and Biochemistry, Graduate School of Science, University of
Tokyo, BunkyoVku, Japan

Transfer RNA contains various modified nucleoNdes, which are introduced by sitemspecific
tRNA modificaNon enzymes. In parNcular, methylated nucleosides such as m5U, m1A, m7G,
and m5C are most fundamental modificaNons, which are found in three domains of life.
Folate dependent tRNA methyltransferase qTrmFOr converts uridine at posiNon 54 in tRNA
to 5mmethyluridine using N5, N10mmethylenetetrahydrofolate as a methyl group donor. In
2009, we determined the crystal structure of Thermus thermophilus TrmFO. Furthermore,
alanine subsNtuNon analysis enabled us to predict the catalyNc reacNon and tetrahydrofolate
binding mechanismq1r. However the substrate tRNA recogniNon mechanism was sNll
unknown. To address this issue, we designed 42 tRNA mutant variants and measured their
methyl group acceptance acNvity. The results indicated that TrmFO essenNally recognizes
the conserved U54U55C56 sequence and G53mC61 base pair in the Tmarm. Furthermore, we
found that A38 prevents the incorrect methylaNon of U32 in the anNcodonmloop. Moreover,
we found that the existence of m1A58 modificaNon accelerates the TrmFO reacNon. This
result suggests that there is a synergisNc effect of m5U54, m1A58 and s2U54 modificaNons on
m5s2U54 formaNon. Based on these results, we proposed a docking model of TrmFOmTmarm
complexq2r.
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AlteraEon of the solidYphase DNA probe method
for largeYscale tRNA purificaEon
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To clarify how tRNA works on protein synthesis systems, it is necessary to purify specific tRNA
species. For this purpose, the solidmphase DNA probe method has been already established.
A specific tRNA is recovered from tRNA mixture via the principle of hybridizaNon. In this
method, DNA probe with 3’mbioNn, which contains a complementary nucleoNde sequence of
target tRNA, is used. Although this method is convenient, there are some problems. In the
case of tRNA purificaNon from thermophiles, modified nucleosides have effects on the
stability of tRNAmDNA duplex and recovery of tRNA is difficult. This problem was solved by
using tetraalkylammonium salts s1t. Indeed, this method enabled us to purify tRNAs from
thermophiles. However, because yield of purified tRNA was not so large, repeated
purificaNon steps were required. In the current study, we tried to improve the solidmphase
DNA probe method for largemscale preparaNon of tRNA.
IniNally, we used a prempacked column in an incubator instead of Eppendorf tubes. Then, we
opNmized several condiNons such as temperature, incubaNon Nme, flow rate, and order of
the connected equipment. These alteraNons were succeeded to establish the largemscale
tRNA purificaNon method. This new method requires only a small number of manual
operaNons and is simpler as compared to the previous method. Furthermore, the yield of
purified tRNA was improved by approximately 15 Nmes. Now we are trying to develop a
new method for tRNA purificaNon, in which the existence of modificaNonqsr in tRNA is
disNnguished by solidmphase DNA probes.
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CmoM, the novel methyltransferase responsible for the last
step of uridineY5YoxyaceEc acid methyl ester [mcmo5U\
biogenesis
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Uridinem5moxyaceNc acid qcmo5Ur is found at the wobble posiNon of tRNAs for Leu, Val, Ser,
Pro, Thr and Ala in gram negaNve bacteria. In tRNAs for Ser and Ala, cmo5U is further
methylated to form uridinem5moxyaceNc acid methyl ester qmcmo5Ur. These modified uridines
enable nonmWatsonmCrick base pairing with pyrimidines at the third posiNon of codons so as
to expand the decoding capacity. Therefore, the tRNAs with these wobble modificaNons can
read any of four codons in the family boxes.
It is known that two enzymes CmoA and CmoB cooperaNvely synthesize cmo5U from
5mhydroxyuridine qho5Ur qNäsvall et al. 2004, Kim et al. 2013, Byrne et al. 2013r. CmoA
synthesizes SmadenosylmSmcarboxymethylmLmhomocysteine qSCMmSAHr from Smadenosylmethionine
qSAMr and prephenate. CmoB employs SCMmSAH and catalyzes a carboxymethyltransfer
reacNon to convert ho5U to cmo5U at the wobble posiNon of tRNA. However, the enzymes
responsible for the hydroxylaNon at the iniNal reacNon and the methyl ester formaNon of
mcmo5U are sNll missing. We here report cmo5U methyltransferase qCmoMr responsible for
converNng cmo5U to mcmo5U in Escherichia coli. By mass spec analysis of wobble
modificaNons in the individual tRNAs isolated from E. coli, we detected mcmo5U as a major
wobble modificaNon in tRNAThr4 and tRNAPro3, in addiNon to tRNASer1 and tRNAAla1B. mcmo5U
in these tRNAs was completely converted to cmo5U in ΔcmoM strain. In addiNon, we
successfully reconsNtuted mcmo5U from cmo5U on tRNASer1 in vitro with recombinant CmoM
in the presence of SAM.
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Topological knot tRNA methyltransferase [TrmH\ discriminates
substrate tRNA from nonYsubstrate tRNA by a mulEstep
recogniEon mechanism
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A conserved guanosine at posiNon 18 qG18r in the Dmloop of tRNAs is o3en modified to 2’mOm
methylguanosine qGmr. FormaNon of Gm18 in eubacterial tRNA is catalyzed by tRNA qGm18r
methyltransferase qTrmHr s1t. Our previous crystal study revealed that T. thermophilus TrmH
is a Class IV AdoMetmdependent methyltransferase, which maintains a topological knot qtrefoil
knotr structure in the catalyNc domain s2t. Because TrmH enzymes have short stretches at the
Nm and Cmtermini instead of a clear RNA binding domain, these stretches are believed to be
involved in tRNA recogniNon s3m5t. In the current study, we demonstrate that both Nm and Cm
terminal regions really funcNon in tRNA binding. However, in vitro and in vivo chimera protein
studies demonstrated that the catalyNc domain discriminates substrate tRNAs from nonm
substrate tRNAs. Thus, the Nm and Cmterminal regions do not funcNon in the substrate tRNA
discriminaNon process. Premsteady state analysis of complex formaNon between mutant TrmH
proteins and tRNA by stoppedmflow fluorescence measurement revealed that the Cmterminal
region works in the iniNal binding process, in which nonmsubstrate tRNA is not excluded, and
that structural movement of the moNf 2 region of the catalyNc domain in an inducedmfit
process is involved in substrate tRNA discriminaNon s6, 7t.
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Proteinaceous vs. bacterial RNase P: a comparaEve
mechanisEc analysis
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Recently, a new type of RNase P was found in human mitochondria, land plants and
kinetoplasNda, which lacks an RNA subunit and consists of 1 to 3 polypepNdes, thus termed
proteinaceous RNase P qPRORPr s1m3t. For bacterial RNase P, singlemsite Rpm or
Spmphosphorothioate modificaNon at the canonical cleavage site in precursor tRNA substrates
in combinaNon with metal ion rescue experiments indicated that the promRp oxygen is
coordinated by two magnesium ions in the transiNon state s4t. AddiNonal acNve site
constraints could be inferred from kineNc studies using 2’mribose modificaNons at the
m1 nucleoNde, such as 2’mH, 2’mF, 2’mNH2 or 2’mOCH3 subsNtuNons s5t. Based on the crystal
structure of Arabidopsis thaliana PRORP1, a mechanisNc model was proposed, involving
three acNve site aspartates and two metal ions that simultaneously interact with the proVSp
oxygen in the transiNon state s6t.
Here, we studied the effects of the abovemenNoned modificaNons on the cleavage kineNcs
by PRORP. We could show that cleavage by PRORP is essenNally unaffected by an
Rpmphosphorothioate at the cleavage site, in sharp contrast to bacterial RNase P s7t. An
Spm phosphorothioate, although inhibitory, was not amenable to rescue by thiophilic metal
ions. Thus, potenNal direct metal ion coordinaNon to the promSp oxygen remains elusive at
present. KineNc studies using 2’mribose modificaNons are currently underway to shed more
light on acNve site constraints in reacNons catalyzed by PRORP enzymes.
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A rapid semiquanEficaEon of tRNA precursors in human
cultured cell lines
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Most amino acids are encoded by more than one codon. Synonymous codons are not used
with idenNcal frequency. Organisms exhibit a preferenNal usage of one codon over the others
for encoding the same amino acid. Codon usage bias can be influenced within and among
species by several factors such as expression level, GC content, recombinaNon rates, RNA
stability, splicing paOern, gene length and others. AddiNonally, a role for codon usage bias has
been proposed related to translaNon kineNcs and protein folding during in vivo biosynthesis.
In parNcular, frequently used codons were associated to abundant tRNAs, highly expressed
proteins, translaNon accuracy and protein folding. Therefore, the analysis of tRNA
abundances in light of codon usage is especially important. However, the experimental
measure of tRNA abundance has been a challenge difficult to overcome. For this purpose,
some experimental approaches have been described: the separaNon of tRNAs by twom
dimensional polyacrylamide gel electrophoresis; an approach based on microarrays with
probes specific to individual tRNAs, and recently, relaNve quanNtaNon of tRNAs using liquid
chromatography mass spectrometry and signature digesNon products. In this work, we
assayed an experimental approach for a rapid evaluaNon of the expression level of prolinem
tRNAs precursors, in human cells. Proline can be encoded by 4 codons used with different
frequency qCCC, 1.98; CCG, 0.69; CCU, 1.75; CCA, 1.69r. In the human genome, PromtRNAs are
encoded by 21 genes and 1 pseudogene. We assayed an experimental method based on
qPCR and sequencing and discuss preliminary results obtained in the determinaNon of
precursors expression levels in two human derived cell lines.
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Thermoplasma acidophilum is a thermomacidophilic archaeon, and there is liOle knowledge
concerning its tRNA modificaNons except for early studies s1m3t. In 1991, Edmonds et al.
reported that a tRNA mixture from T. acidophilum contains N7mmethylguanine qm7Gr s3t. The
m7G modificaNon is commonly found at posiNon 46 in cytoplasmic tRNAs from eubacteria
and eukaryotes and found in anNcodonmloop in tRNAs from organelle s4, 5t. Thus, the m7G
modificaNon in T. acidophilum tRNA is an excepNon in archaeal tRNA. However, for more
than 20 years, the posiNon of m7G modificaNon in T. acidophilum tRNA has remained to be
unidenNfied. In the current study, we therefore focused on the m7G modificaNon in
T. acidophilum tRNA.
We purified tRNALeu qUAGr from T. acidophilum using a solidmphase DNA probe method and
determined the RNA sequence a3er determining that this tRNA contains m7G via nucleoside
analysis and m7Gmspecific aniline cleavage. RNA sequencing and liquid chromatographymmass
spectrometry revealed that the m7G modificaNon exists at a novel posiNon 49 although this
tRNALeu qUAGr belongs to class II tRNA, which has a long variable region. Furthermore, we
found several disNnct modificaNons, which have not been found in archaeal class II tRNA,
such as 4mthiouridine9 qs4U9r, archaeosine13 qG+13r, N2, N2mdimethylguanosine26 qm2

2G26r,
and 5mcarbamoylmethyluridine34 qncm5U34r s6t.
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RNase P is ubiquitously responsible for the 5’ processing of tRNA primary transcripts. For
more than two decades, the presence of a catalyNc RNA subunit was thought to be the
hallmark of this class of enzymes; such RNAmbased RNases P are found in Bacteria, Archaea
and Eukarya. However, the recent discovery of the proteinmbased human mitochondrial
RNase P and related singlemprotein enzymes in plants and proNsts indicated that
proteinaceous/proteinmonly RNase P qPRORPr enzymes are common as well, at least in
Eukarya. The fundamental difference in molecular composiNon and the apparently
independent evoluNonary origin raise the quesNon whether the different types of RNase P
enzymes use similar or different mechanisms of substrate recogniNon and catalysis. However,
while substrate recogniNon and catalysis by qbacterialr RNAmbased RNase P are well
characterized, such informaNon is scarce for proteinaceous RNase P. Here we report the
results of an inmdepth analysis of substrate recogniNon and cleavage site selecNon by PRORP3
from Arabidopsis thaliana. StarNng from a wellmstudied and conformaNonally stable class I
tRNA, we systemaNcally deleted or varied conserved structural elements and nucleoNde
idenNNes. The kineNc parameters of cleavage of the substrate variants were determined
under single turnover condiNons. This enabled us to pinpoint specific structural determinants
for substrate binding and posiNoning of the cleavage site, and allowed us to define minimal
substrates for PRORP. Our findings indicate that substrate recogniNon by PRORP is
mechanisNcally more similar to that of the RNAmbased eukaryal nuclear enzymes than to
recogniNon by bacterial RNase P.
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MulNple studies have shown that both tRNA transcripNon and tRNA modificaNons change
under various growth condiNons. In contrast, liOle is known how primary steps of tRNA
maturaNon in the nucleus are affected by stress. In this work we studied the response of
endmprocessing of intronmcontaining yeast tRNAs to heat shock and change from fermentable
to nonfermentable carbon source.
By Northern analysis we show that upon shi3 to elevated temperature and/or glycerolm
containing medium the paOern of tRNA precursors change in a tRNAmtype and
condiNonmspecific manner. Under stress condiNons addiNonal forms of premtRNAUAUIle and
premtRNAUUULys were observed; they migrate slower than the forms previously designated
as the primary transcripts. Similar aberrant precursors were detected in rex1D strain that is
defecNve in exonucleolyNc trimming of tRNA 3’ ends. To verify that tRNA end processing in
a wild type strain is affected by stress we employed tRNA circularizaNon, RT, and subsequent
DNA sequencing. The results suggest that the premtRNAUAUIle 3’ trailer is trimmed while 5’
leader is sNll present even though it is generally though that 5’ processing precedes 3’
processing. These results were confirmed by addiNonal sequencing employing linker ligaNon
to the 3’ tRNA ends. Moreover, accumulaNon of tRNAUAUIle precursor longer forms was
detected in yeast grown under stress condiNons, indicaNng lower efficiency of 3’ processing.
To exclude that observed phenotype is caused by transcripNon terminaNon defects we
sequenced premtRNAUAUIle from rex1D strain. These results show that under stress most
tRNAs had longer trailers. We are in process of deciphering the mechanism by which tRNA
end processing is regulated by stress.
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The threonylcarbamoyladenosine is a complex modificaNon occurring at posiNon 37 of tRNAs
decoding ANN. The t6A biosynthesis pathways have now been idenNfied. Two families, the
TsaC/Sua5 and the TsaD/Kae1 are conserved across kingdoms and are at the core of the
synthesis machinery, whereas the TsaB/E in bacteria and the KEOPS subunits in Eukaryotes
are kingdom specific. The mitochondrial system is minimal and only requires the TsaD
homolog Qri7 together with a TsaC/Sua5 homolog. However, the quesNon of the essenNality
of the genes and/or the modificaNon has remained controversial. While in Yeast, t6A is
essenNal in the mitochondria; it appears dispensable in the cytoplasm. Similarly, in some
bacteria, such as E. coli, the modificaNon/genes appear to be essenNal, but viable knockout
mutants of t6A genes have been reported in other systems. We south sought to understand
this discrepancy and propose hypotheses explaining why some organisms cannot survive in
the absence of t6A while others can. This is parNcularly relevant, as the t6A pathway genes had
been proposed as an anNmbacterial target, even before the elucidaNon of the biosynthesis
pathways.
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During evoluNon, organisms showed remarkable capabiliNes to adapt to cold habitats
including oceans, polar and permafrost regions, represenNng the majority of the earth
surface. In such psychrophilic organisms, cold adaptaNon of enzymaNc acNviNes is achieved
by reducing opNmal reacNon temperatures via an increased structural flexibility of the
corresponding proteins. One enzyme with certain flexible elements even in mesom or
thermophilic organisms is tRNA nucleoNdyltransferase, which is responsible for addiNon and
maintenance of the CCAmterminus of tRNAs. Here, we invesNgate the molecular adaptaNon
of this type of enzyme and the corresponding consequences in fidelity in several psychrophilic
bacteria.
Sequence alignments indicate that even in the psychrophilic enzymes, the acNve site moNfs
A to E show a very high level of conservaNon. Hence, as the recombinant CCAmadding
enzymes from two psychrophilic bacteria show a lowered opNmal reacNon temperature
compared to mesophilic and thermophilic counterparts, cold adaptaNon obviously involved
less conserved protein regions. Furthermore, the unfolding properNes of these enzymes
matched their acNvity temperature profiles. An iniNal analysis of the polymerizaNon fidelity
indicates that for one of the psychrophilic tRNA nucleoNdyltransferases, the cold adaptaNon
comes at the price of addiNonally incorporated nucleoNdes, leading to a considerable amount
of heterogeneous tRNA 3’mends. Whether an increased flexibility of the catalyNc core or the
tRNA binding region of this enzyme is responsible for this reduced fidelity is currently not
known.
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Biochemical characterizaEon of Sua5, a universal protein
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All living organisms, archaea, bacteria and eukaryotes, descend from a Last Universal
Common Ancestor qLUCAr. A number of laboratories are currently working on universal
proteins qpresent in all living beingsr in order to try to reconstruct the LUCA cell. We are
studying two universal proteins which are involved, together with other accessory proteins,
in the synthesis of a modified base, called t6A, present in all tRNAs that read codons ANN. This
modificaNon is essenNal for a correct reading of the geneNc code and its lack is deleterious
for cells.
One of these universal proteins exhibits two forms: short form called YrdC and long form

called Sua5. Sua5 proteins are composed of a catalyNc YrdCmlike domain which is connected
to a small globular domain of unknown funcNon via a flexible linker. This domain is always
associated to YrdCmlike domain and has a disconNnuous and puzzling phylogeneNc
distribuNon across the three domains of life. It is present in some archaea, yeast and several
parasites such as Plasmodium falciparum qwhich causes malariar but it is absent in humans.
Our preliminary data show that in archaea, this parNcular nonmcatalyNc domain of Sua5 is
essenNal for its acNvity.
We have recently resolved the structure of Sua5 from the hyperthermophilic archaeon
Pyrococcus abyssi including, for the first Nme, the linker. In this structure the linker is
posiNoned in close proximity to the substrate binding site and we hypothesize that it might
have a role of a gaNng loop. In order to test this hypothesis we have recently produced several
mutants of Sua5 from P. abyssi and we are currently pursuing their biochemical
characterizaNon. The latest results issued from this work will be presented. We anNcipate
that this work will contribute significantly to the understanding of the catalyNc mechanism
of Sua5 proteins and will help evaluate the validity of these proteins as anNparasiNc drug
targets.
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AYtoYI ediEng of the anEcodon of eukaryoEc tRNAArg
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CodonmanNcodon recogniNon between triplets of an mRNA and a specific tRNA is the key
element in the translaNon of the geneNc code. In general, the precision of this process is
dominated by a strict WatsonmCrick basempairing scheme. However, the degeneracy of the
geneNc code led Crick to propose the Wobble Hypothesis, permiPng a less restraining
interacNon with the third base of the codon and involving the parNcipaNon of inosine for
decoding Cmending codons.
The validity of this insight has subsequently been confirmed. However, in the case of the
tRNAArg

ACG isoacceptors only a single higher eukaryoNc tRNA sequences qmouser is available
and a few excepNons from other sources qarchaea, the mitochondria of singlemcell organisms
and metazoan mitochondriar are known to lack inosine at posiNon 34 of tRNAArg

ACG.
We have recently established that in higher plant cytoplasmic tRNAArg

ACG no AmtomI
deaminaNon of the anNcodon occurs s1t unless the gene is expressed in E.coli. A screening
of the sequence of this tRNA from various sources by the accepted RNAmtargeted reverse
transcripNon/PCR technique has surprisingly revealed the absence of inosine in the anNcodon
of the cytoplasmic tRNAArg

ACG in nematode, bovine, murine and coleopteran total tRNA
preparaNons.
These results conflict with the convenNonally sequenced isoacceptor from mouse leukaemia
cells s2t and with the recent analysis of human tRNA using the inosinemspecific endonuclease
V s3t. We are currently unable to resolve this discrepancy.

[1\ C.A. Aldinger, et, al., The absence of AVtoVI ediAng in the anAcodon of plant cytoplasmic
tRNAArgACG demands a relaxaAon of the wobble decoding rules., RNA Biol. 9 Y2012Z 1239W1246.

[2\ F. Harada, S. Nishimura, Transfer RNAs containing the GVPsiVPsiVC sequence. 1. 2 Arginine transferV
RNAs of mouse leukemia cells., Biochem. Int. 1 Y1980Z 539W546.

[3\ E.S. Vik, et al., Endonuclease V cleaves at inosines in RNA., Nat. Commun. 4 Y2013Z 2271.
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Pus3p funcEon becomes essenEal for yeast viability when
the Elongator complex subunit Elp1p is mutated
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PUS3 encodes the enzyme that introduces pseudouridines qΨr at posiNon 38 or 39 in yeast
tRNA q1r. DisrupNon of the PUS3 gene is not lethal but reduces cell growth rate. To elucidate
PUS3 funcNon we sought geneNcally interacNng genes by performing a syntheNc lethality
qslr screen using a strain lacking Pus3p. This yielded a mutant sl strain that was unviable in
the absence of Pus3p. ComplementaNon with a yeast genomic library led to the idenNficaNon
of a chromosome fragment containing ELP1. Elp1p is part of the Elongator complex consisNng
of six proteins qElp1mElp6r. This complex, originally thought to be involved in transcripNon, has
been more recently suggested to mediate tRNA modificaNon by forming
5mmethoxycarbonylmethylm2mthiouridine qmcm5s2Ur at the wobble posiNon q2r. To
corroborate the screening results, the sl mutant was transformed with plasmids encoding
all the subunits of the complex but only the plasmid containing ELP1 complemented the sl
mutaNon. As the phenotypes of ELP1mdeficient cells are suppressed by overmexpression of
specific tRNAs that normally contain mcm5s2U, we also aOempted to complement the sl
mutant by overmexpressing each of the 7 tRNA species that normally contain both mcm5s2U
and Ψ38 or Ψ39. However, none of the tRNAs suppressed the sl mutaNon. These data suggest
that pseudouridine formaNon at posiNon 38 or 39 is essenNal for the acNvity of tRNA with
undermmodified wobble posiNon, probably by supporNng proper anNcodon loop structure.
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Archaeosine qG+r is a structurally complex modified nucleoside ubiquitous to the tRNA of
Archaea, where it’s located at posiNonm15 in the Dmloop, a site not modified in any tRNA
outside of the Archaea. G+ is characterized by an unusual 7mdeazaguanosine core, a structure
shared with the hypermodified nucleoside queuosine qQr found at the wobble posiNon of a
subset of tRNA in Bacteria and Eukarya, but the two differ in subsNtuNon at the 7mposiNon;
G+ possesses a formamidine group, while Q has an aminomethyl group appended to a
cyclopentendiol moiety. Despite the phylogeneNc segregaNon of G+ and Q, the early steps of
their biosynthesis are carried out by homologous enzymes. Notably, these steps occur outside
the context of RNA and lead to the formaNon of the common intermediate 7mcyanom7m
deazaguanosine qpreQ0r. In Bacteria preQ0 is converted by the enzyme QueF to
7maminomethylm7mdeazaguanine, which is subsequently inserted into the appropriate tRNA’s
by the enzyme tRNAmguanine transglycosylase qTGTr, while in Archaea preQ0 is inserted into
the tRNA by an archaeal TGT. The enzymeqsr responsible for the conversion of the nitrile
group of preQ0mmodified tRNA to the formamidine funcNonal group in archaeosine has, unNl
recently, remained elusive.
We reported several years ago our discovery in Euryarchaeota of a novel amidinotransferase
we named archaeosine synthase qArcSr that catalyzes the last step in archaeosine
biosynthesis, the conversion of preQ0mtRNA to G+ modified tRNA. However, ArcS is not
present in most Crenarchaeota. Presented here is our discovery of two discrete, nonm
homologous enzymes that catalyze the ArcS reacNon in Crenarchaeota, and the
characterizaNon of the enzymaNc acNvity of one of these qQueFmLr, an enzyme homologous
to the bacterial Q biosyntheNc enzyme QueF. Remarkably, despite catalyzing very different
reacNons, the mechanisms employed by QueF and QueFmL share a number of common steps.
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of proteinaceous RNase P
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The RNase P acNvity is ubiquitous and consists of the 5’ maturaNon of premtRNAs. For a long
Nme it has been thought that all RNase P were ribozymes. However, the characterizaNon of
the human mitochondrial RNase P revealed a novel kind of RNase P composed of proteins
only, called PRORP for “Proteinaceous RNase P” s1t. Whereas in human mitochondria it is
formed by a complex of three subunits, RNase P acNvity is held by single proteins in
Arabidopsis thaliana, which possesses three PRORP homologs: PRORP1 located in
mitochondria and chloroplasts, PRORP2 and PRORP3 in the nucleus. Each protein presents
a pentatricopepNde repeat domain qPPRr and a metallonuclease domain s2t.
Here we provide a first biophysical and funcNonal characterizaNon of PRORP enzymes s3t.
AcNvity assays and footprinNng experiments show that the anNcodon domain of tRNA is
dispensable, whereas individual residues in D and TψC loops are essenNal for recogniNon. The
affinity constant between a minimal substrate and a catalyNc mutant of PRORP2 determined
by microscale thermophoresis and isothermal NtraNon calorimetry is in the 0.6m1 µM range.
Sequence and smallmangle Xmray scaOering analyses confirm that PRORP proteins are made
of two main domains linked by a conserved zinc binding moNf. This combinaNon of
approaches leads to a model of PRORP/tRNA complex suggesNng that the recogniNon of prem
tRNA substrates by PRORPs is similar to that by ribonucleoprotein RNase P s4t.
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The tRNA genes are transcribed as precursors and ribonuclease P, RNase P, is responsible for
generaNng the 5’ end of tRNAs in the cell. Bacterial RNase P consists of one protein and one
RNA subunit qRPRr and in vitro tRNA precursors are correctly cleaved by the RPR without the
protein. The RPR interacts with several regions in the substrate such as the Tmstem/loop qTSLr
and the 3’ end. Moreover, it has been suggested that residue m1 qthe residue immediately 5’
of the scissile bondr in the substrate interacts with A248, Escherichia coli numbering, referred
to as “the Nm1/A248minteracNon”. The way A248 interacts with residue m1 in the substrate is not
clear but the possibility that A248 base pairs with residue m1 has been discussed in the
literature.1m5 To understand the nature of “the Nm1/A248minteracNon” and thereby get a deeper
insight into RPRmmediated cleavage we have undertaken a systemaNc analysis using both
tRNA precursors and model substrates carrying subsNtuNons at posiNon m1 in combinaNon
with E. coli RPR variants with A, C, G or U at posiNon 248. We will provide data were we
studied cleavage site recogniNon and rate of cleavage for the different substratemRPR
combinaNons and discuss the nature of “the Nm1/A248minteracNon” and possible role of A248.

1. Brännvall, M., PeOersson, B.M.F. and Kirsebom, L.A. q2002r. The residue immediately upstream of the
RNase P cleavage site is a posiNve determinant. Biochimie 84, 693m703.

2. Zahler, N.H., ChrisNan, E.L. and Harris, M.E. q2003r. RecogniNon of the 5’ leader of premtRNA
substrates by the acNve site of ribonuclease P. RNA 9, 734m745.

3. Zahler, N.H., Sun, L., ChrisNan, E.L. and Harris, M.E. q2005r. The premtRNA nucleoNde base and 2’m
hydroxyl at Nqm1r contribute to fidelity in tRNA processing by RNase P. J. Mol. Biol. 345, 969m985.

4. Lai, L.B., Vioque, A., Kirsebom, L.A. and Gopalan, V. q2010r. Unexpected diversity of RNase P, an
ancient tRNA processing enzyme: challenges and prospects. FEBS LeB. 584, 287m296.

5. Reiter, N.J., Osterman, A., TorresmLarios, A., Swinger, K.K., Pan, T. and Mondragón, A. q2010r. Structure
of a bacterial ribonuclease P holoenzyme in complex with tRNA. Nature 468, 784m789.
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Ribonuclease P qRNase Pr is a ribonucleoprotein enzyme that processes precursor tRNAs to
yield mature 5’ tRNA ends in all domains of life. Bacterial RNase P is an aOracNve drug target
because the enzyme is essenNal for viability but differs substanNally in composiNon between
Eukarya and Bacteria.
Here we explored anNsense inhibiNon of bacterial type B RNase P qBacillus subAlisr,
represenNng severe pathogens such as B. anthracis and Staphylococcus aureus, by a SELEX
approach. This idenNfied the L5.1 region as a target site, which forms a terNary interacNon
with the L15.1 loop in naNvely folded type B RNase P RNA. AnNsense or mutaNonal disrupNon
of this terNary contact strongly impaired catalyNc acNvity; a major contribuNon to this effect
seems to be indirect through decreasing the accessibility of loop L15 toward interacNon with
tRNA CCA 3’mends. We are currently tesNng RNA/LNA mixmer anNsense oligonucleoNdes for
their enhanced efficiency to invade the L5.1 stemmloop structure and disrupt the L5.1:L15.1
contact.
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The classical TΨC sequence of tRNA reflects T qribothymidine or 5mmethyluridiner at posiNon
54 in most Bacteria and Eukarya, and Ψ and C at posiNons 55 and 56, respecNvely, in nearly
all tRNAs. TrmA and TruB homologs produce T54 and Ψ55, respecNvely, in Bacteria and
Eukarya. However, archaeal tRNAs commonly have Ψ54 qor m1Ψ54r instead of T54, and Pus10
produces both Ψ54 and Ψ55 in these tRNAs. The pus10 gene is present in nearly all Archaea
and most higher eukaryotes, but not in Bacteria and yeast. This coincides with the presence
of Ψ54 in archaeal tRNAs and certain tRNAs qfor Gln, Asn, Trp, etc.r of animals, and its
absence in the tRNAs of Bacteria and yeast. Certain tRNAs that funcNon as primers for
replicaNon of retroviruses also contain Ψ54. The enzyme for tRNA Ψ54 synthase acNvity in
eukaryotes has not yet been idenNfied. We show here that HeLa cell extracts contain Ψ54
synthase acNvity that is specific for some tRNA transcripts but not for others. This acNvity is
reduced in the extracts of Pus10mknock down cells with a concomitant increase in tRNA T54
methyltransferase acNvity, suggesNng that both acNviNes compete for modificaNon of the U
at the 54 posiNon of the tRNA.
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Trit1 is a tRNA[Ser\SecYisopentenylYtransferase

Noelia Fradejas1 , Bradley A. Carlson2, Eddy Rijntjes3, NielsYPeter Becker3,
Ryuta Tobe2 and Ulrich Schweizer 1*

1 InsAtut für Biochemie und Molekularbiologie, Rheinische FriedrichVWilhemsVUniversität
Bonn, Bonn, Germany
2 Molecular Biology of Selenium SecAon, BRL, NaAonal Cancer InsAtute, NIH, Bethesda, USA
3 InsAtut für Experimentelle Endokrinologie, CharitéVUniversitätsmedizin, Berlin, Germany

Y * correspondence email: ulrich.schweizerauniVbonn.deZ

The biological effects of selenium have been aOributed mainly to selenoproteins in which
selenium is incorporated as the amino acid selenocysteine qSecr. Selenocysteine is encoded
by a UGA codon. Recoding UGA as Sec requires a specific protein machinery, a mRNA stem
loop in the 3’UTR of the selenoprotein genes, called Sec inserNon sequence qSECISr, as well
as a parNcular transfer RNA, tRNAsSertSec.
Transfer RNAsSertSec contains five posOranscripNonal modificaNons: ψ55 qpseudouridine55r,
m1A58 q1mmethyladenosine58r, i6A37 qN6misopentenylmadenosine37r, mcm5U34

q5mmethoxycarbonylmethyluridine34r and its further methylated form, mcm5Um34

q5mmethoxycarbonylmethylm2’mOmmethyluridine34r. Although these modificaNons have been
shown to be necessary for selenoprotein expression, however most of the enzymes
responsible for tRNAsSertSec modificaNons are unknown.
Isopentenyladenosine is found at posiNon 37 following the anNcodon in tRNAs decoding
codons starNng with uridine. This modificaNon is thought to enhance translaNonal accuracy.
IsopentenylaNon is catalyzed by tRNA isopentenyl transferases, which add an isopentenyl
group to the tRNA, using dimethylallyl pyrophosphate qDMAPPr as donor. Trit1 is an
isopentenyl transferase present in mouse and human.
In this work, we demonstrate that murine Trit1 catalyzes the isopentenylaNon of tRNAsSertSec

at adenine 37. Recombinant Trit1 was able to transfer a isopentenyl group from s14CtDMAPP
to tRNAsSertSec. Trit1 mutants, D55G and T32A, which affect the acNve site of Trit1, showed a
reduced acNvity. Mutant A37G tRNAsSertSec was not isopentenylated in the presence of
recombinant Trit1 protein as revealed by minor base analysis. Knockdown of Trit1 expression
in mouse and human cell lines exhibited a significant decrease in selenoprotein expression
under selenium deficient condiNons, which it was compensated by the presence of selenium
in the medium or when Trit1 was overexpressed. Recently, paNents carrying a missense
mutaNon in TRIT1 were idenNfied. The paNents suffer from mitochondrial disease suggesNng
that mitochondrial tRNAs also depend on TRIT1mmediated isopentenylaNon. We will present
results on selenoprotein expression in samples of these paNents.
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A kineEc isotope effect to probe the mechanism
of pseudouridine synthases

Govardhan Reddy Veerareddygari and Eugene G. Mueller*

Department of Chemistry, University of Louisville, Louisville, Kentucky USA

eugene.muelleralouisville.edu

Earlier work with the substrate analog 5mfluorouridine in place of uridine in RNA suggested
that the pseudouridine synthases may proceed through a mechanism involving the removal
of the 2‘mhydrogen to form a glycal intermediate.1 To probe that possibility, the kineNc isotope
effect was measured with s2‘m2Hturidine in RNA, which is expected to slow the overall reacNon
if the proposed deprotonaNon occurs and is ratemlimiNng. The results and their mechanisNc
interpretaNon will be presented.

Reference
1. E. J. Miracco and E. G. Mueller Y2011Z J. Am. Chem. Soc., 133, 11826V11829.
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Effect of osmoEc shock on tRNA synthesis

Ewa Morawiec1, Olivier Lefebvre2 and Magdalena Boguta1

1Department of GeneAcs, InsAtute of Biochemistry and Biophysics, Polish Academy of
Sciences, Warsaw, Poland; 2CEA, iBiTecS, FRE 3377, GifVsurVYveBe, France

Maf1 is required to repress transcripNon of tRNA genes and mediates regulaNon of various
signaling pathways. Maf1 also indirectly affects tRNA processing. AcNvity of Maf1 is regulated
by its phosphorylaNon and cellular localizaNon. In yeast Sacharomyces cerevisiae, a change
of growth condiNons from fermentable carbon source to nonmfermentable carbon sources or
addiNon of rapamycin, induces the Maf1 dephosphorylaNon and its translocaNon to the
nucleus to repress RNA polymerase III transcripNon.
We report a different mode of Maf1 regulaNon upon osmoNc shock. In the presence of high
salt concentraNon Maf1 is excluded from the nucleus in dephosphorylated form,
independently on carbon source and independently on Msn5, only one known exporNn of
Maf1. Moreover, in Northern blot analysis of tRNAs of cells grown on glycerol and subjected
to osmoNc shock, we observed the disappearance of primary and 5’mend processed
transcripts and in contrast, the accumulaNon of intronmcontaining endmprocessed transcript.
This suggest, that tRNA transcripNon and processing is Nghtly regulated upon osmoNc shock
despite Maf1 is out of the nucleus. This regulaNon which depends on carbon source in media:
on glycerol n tRNA transcripNon is switched off, on glucose n it is switched on, sNll exists even
if osmoNc shock applied.
The growth of yeast under condiNons of osmoNc stress is controlled by cell wall integrity
pathway qCWIr. Importantly Maf1 is excluded from the nucleus in CWI mutants.
In conclusions, these results suggest existence of another Pol III regulator, possibly linked to
CWI pathway, which represses RNA polymerase III transcripNon independently on Maf1.
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Structural insights into elongator funcEon
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1 SCB Unit, EMBL Heidelberg, Heidelberg, Germany
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The eukaryoNc Elongator complex consists of six highlymconserved subunits and was iniNally
described as a transcripNon elongaNon factor for RNA polymerase II. Although this large
molecular machine q~900 kDar has been associated with a broad range of different cellular
acNviNes qe.g. histone acetylaNon, exocytosis, and zygoNc paternal genome demmethylaNonr,
there is accumulaNng evidence that its genuine cellular funcNon is the specific modificaNon
of uridines at the wobble base posiNon of tRNAs. Notably, the tRNAmmodifying funcNon could
plausibly explain all of the above proposed roles of Elongator, through translaNonal regulaNon
of a mulNtude of target mRNAs. Deciphering Elongator’s funcNon has clinical importance as
Elongator dysfuncNon leads to certain neurodegeneraNve diseases.
We will present high resoluNon structural informaNon of individual Elongator subunits and
insight into the architecture of fully assembled holoElongator. In parNcular, we will present
structural insights into the Elp456 subcomplex, which forms a heteromhexameric ringmlike
structure that unexpectedly resembles hexameric RecAmlike ATPases. We will show that this
hexameric assembly is essenNal for binding to tRNAs and analyze the regulatory role of ATP
for this interacNon. We will also provide insight into the stoichiometry of holoElongator, novel
details of its subunit communicaNon and recent intermediate resoluNon informaNon of the
fullymassembled holoElongator complex. In addiNon, we will show very recent data on two
addiNonal regulatory factors that are important for the proper acNvaNon of Elongator. Our
results support a role of Elongator in translaNon regulaNon, explain the importance of each
of the subunits for complex integrity, and suggest a model for the overall architecture of this
large macromolecular machine.
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Unravelling the trl1Ylike enzyme funcEon in Trypanosoma brucei

Raphael R. S. Lopes; Gilbert de O. Silveira1; Roberta Eitler1; Juan D. Alfonzo2;
Raphael S. Vidal1; Carla Polycarpo*1

1InsAtuto de Bioquímica Médica Leopoldo de Meis, UFRJ, Rio de Janeiro, Brasil
2 Department of Microbiology, Center for RNA Biology, OSU, Columbus, Ohio, USA
*correspondence eVmail: carla.polycarpoabioqmed.ufrj.br

Transfer RNAs qtRNAsr play a central role in protein synthesis as translators of the geneNc
code connecNng the informaNon found in genes to that ulNmately deposited into proteins.
The biosynthesis of mature and funcNonal tRNAs involves many processing steps, including
5’ and 3’ end trimming, incorporaNon of numerous chemical postmtranscripNonal
modificaNons and addiNon of a CCA sequence at the 3’ end. In some organisms, a subset of
tRNAs also contain introns, which are cleaved by a tRNA splicing endonuclease. The
generated exon halves are subsequently sealed by a splicingmspecific tRNA ligase. A homolog
of the yeast tRNA ligase was previously idenNfied in trypanosomaNds q1r and is presumably
needed for joining the two tRNA exon halves generated by endonuclease cleavage of tRNATyr;
the only intronmcontaining tRNA in these organisms. Here, we have preliminarily characterized
the Trlm1 homolog of T. brucei qTbTrl1mliker. InducNon of tbtrl1Vlike gene silencing in a T. brucei
RNAi strain leads to a severe growth defect and, unexpectedly, caused accumulaNon of
intronmcontaining tRNA, as opposed to unligated exon halves, and almost a complete
disappearance of mature tRNA. Furthermore, a pronounced cellmcycle arrest was observerd.
These results demonstrate the essenNality of the TbTrl1mlike homolog for cell viability and its
role tRNATyr processing. The restricted phylogeneNc distribuNon to fungi and
trypanosomaNds for Trl1mlikemsplicing ligases shown in this work makes this family of enzymes
promising therapeuNc targets for such medically important organisms.
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1.Wang LK, Shuman S. Y2005Z RNA 11Y6Z:966V75.
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Novel insights into RNA structureYfuncEon relaEonships
in RNase P from bacteria and organelles
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RNase P is the enzyme responsible for the 5’ maturaNon of all premtRNAs in most organisms,
and thus essenNal for cellular protein biosynthesis. This ribonucleoprotein enzyme is
composed of one RNA and one to several proteins in bacteria, archea and most unicellular
eukaryotes. However, in the nuclei of higher plants and the energy generaNng organelles of
all mulNcellular organisms the enzyme has a completely different composiNon.
Cyanobacteria are the evoluNonary ancestors of chloroplasts and of the highly variable types
of photosyntheNc organelles found in diverse phylogeneNc groups of algae. The primiNve
plasNds from certain unicellular algae contain an essenNal RNase P RNA, with strikingly
variable structures. These RNAs show only minor ribozyme acNvity in vitro. However, fully
funcNonal chimaeric holoenzymes can be reconsNtuted from these organellar RNAs and
cyanobacterial protein subunits.
Although the RNase P holoenzymes of these plasNds have a higher protein content than
those of bacteria, they are immunologically related to cyanobacterial RNase P proteins.
Novel results concerning the catalyNc core and substrate binding sites of RNase P RNAs from
plasNds and cyanobacteria, as well as their evoluNonary relaNonships will be presented.
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Structural basis of mitochondrial tRNA maturaEon

Sagar Sridhara1,2, Linda Reinhard1,2, B. MarEn Hällberg1,2,3

1 Department of Cell & Molecular Biology YCMBZ, Karolinska InsAtutet, Stockholm, Sweden
2 RöntgenVÅngström Cluster, Karolinska InsAtutet outstaAon, Centre for Structural Systems
Biology YCSSBZ, DESY campus, Hamburg, Germany
3 European Molecular Biology Laboratory, Hamburg Unit, 22603 Hamburg, Germany

The mammalian mitochondrial tRNAs qmtmtRNAsr belong to a unique class of organellar
tRNAs with marked deviaNons from the classical canonical tRNA cloverleaf structure and
hence are o3en referred to as ‘bizzare tRNAs’. These mtmtRNAs undergo extensive postm
transcripNonal processing, iniNated by mtmRNase P, that processes the 5’mend, followed by
mtmRNase Z, that processes the 3’mend to yield mature tRNAs. tRNA processing and
modificaNon are crucial steps to aOain proper folding and render the intended funcNon. The
5’mprocessing enzyme mtmRNase P is also unique in the sense that it is made up of protein
submunits only, lacking any RNA component unlike its bacterial, archaeal or human nuclear
counterpart. Our longmterm aim is to understand the molecular aspects of mtmRNase P
substrate recogniNon and catalysis.
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Molecular basis for the differenEal interacEon of plant
mitochondrial VDAC proteins with tRNAs
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Strasbourg University, 15 rue René Descartes 67084 Strasbourg cedex, France
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In plants, the voltagemdependent anionmselecNve channel qVDACr is a major component of a
pathway involved in tRNA translocaNon through the mitochondrial outer membrane q1r.
However, the way in which VDAC proteins interact with tRNAs is sNll unknown. Solanum
tuberosum qpotator mitochondria contain two major VDAC proteins, VDAC34 and VDAC36,
present in equal amounts in the outer mitochondrial membrane. These two proteins,
composed of a Nmterminal αmhelix and of 19 βmstrands forming a βmbarrel structure, share
75% sequence idenNty. InteresNngly, using both Northwestern and gel shi3 assays, we show
that these two proteins interact differenNally with nucleic acids: VDAC34 strongly interacts
with tRNAs and other nucleic acids whereas VDAC36 only poorly does. In order to idenNfy
specific features and criNcal amino acids on VDAC34 required for tRNA binding, 23 VDAC
protein mutants were constructed and analyzed by Northwestern. This allowed us to show
that the βmbarrel structure of VDAC34 and the first 50 amino acids that contain the αmhelix
are essenNal for the tRNA binding. Altogether the data let us hypothesize that upon gene
duplicaNon, the two major S. tuberosum VDAC isoforms acquired specialized funcNon and
that VDAC34 evolved to develop a dedicated gate for tRNA import in plants.

Reference
1. Salinas, T., Duchêne, A.M., Delage, L., Nilsson, S., Glaser, E., Zaepfel, M. and MaréchalVDrouard,
L. Y2006Z The voltageVdependent anion channel, a major component of the tRNA import machinery in
plant mitochondria. Proc Natl Acad Sci U S A, 103, 18362V18367.
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Role of Rsp5 ubiquiEn ligase in tRNA biogenesis in yeast

Anna Domańska1, Anita Hopper2, Teresa Żołądek*1
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2 The Ohio State University, Columbus, Ohio 43210, USA

Rsp5 is an ubiquiNn protein ligase that is involved in tRNA biogenesis. Both, rsp5V1 qmutaNon
in catalyNc Hect domainr and rsp5V19 mutant cells qmutaNon in WW3 domainr accumulate
iniNal premtRNA transcripts when grown in YPD medium and shi3ed for 4 hrs to an elevated
temperature. Moreover, by FISH analysis tRNA accumulates in nuclei in both mutants a3er
2 and 4 hrs shi3 to repressive temperature. Since tRNA nculear accumulaNon was dectected
earlier than the defect in processing of iniNal tRNA transcripts, we invesNgated whether
retrograde traffic of tRNA from the cytoplasm to the nucleus contributed to the tRNA nuclear
pools. Consistent with this noNon upon treatment of cells with thioluNn qinhibitor of RNA
transcripNonr accumulaNon of tRNA in the nucleus in rsp5 mutants a3er shi3 to elevated
temperature was observed. The results indicate that Rsp5 ubiquiNn ligase may be involved
in both, processing of iniNal tRNA transcripts and transport of mature tRNA between the
nucleus and the cytoplasm via Msn5 and/or Mtr10 proteins. Further analysis showed that the
level of imporNn Mtr10 is decreased whereas the level of exporNn Msn5 is increased in rsp5
mutants. We propose that under stress condiNons when tRNA in the nucleus is too abundant,
the level of proteins involved in tRNA transport is adapted to decrease the nuclear pool of
tRNA.
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InternaAonal PhD Projects Programme of the FoundaAon for Polish Science and the European
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Study of a unique tRNA snatcher and its putaEve funcEon
in Plasmodium development
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Plasmodium, the parasite responsible for malaria is mainly intracellular and has a complex
life cycle within the mosquito vector and its vertebrate host.
The laboratory idenNfied a surface protein, expressed all along the life cycle of Plasmodium
parasites. Yet, we chose to work with the sporozoite stage of the parasite. Indeed, this stage
has the parNcularity to be transiently in direct contact with the host cytosol qno
parasitophorous vacuoler. We demonstrated that this protein, called tRip for tRNA import
protein, displays a tRNA binding domain outside of the parasite and mediates the import of
exogenous tRNAs into its cytosol. Yet, we don’t know the role of these tRNAs once inside the
parasite.
My pHD project begun with the design and the construcNon of a P. berghei parasite Knock
Out for tRip it is not an essenNal protein, however, its phenotype is significantly modified
compared to the wildmtype parasite. We invesNgated tRip oligomerizaNon as well as the
complex formed between tRip and tRNAs and compared the behavior of both the KO and the
wt sporozoites in vitro.
qir tRip as well as tRNA/tRip complexes were further characterized by analyNcal
centrifugaNon, fluorometry, Dynamic light scaOering, mass spectrometry...
qiir We looked for putaNve changes in the tRNA structure a3er its interacNon with tRip.
qiiir We compared the capaciNes of the KO and wt sporozoites to traverse host cells.
qivr Since tRNAs are key molecules in translaNon, we looked for de novo protein synthesis in
KO and wt sporozoïtes freshly isolated from mosquito salivary glands.
All together, these experiments should give us insighMul informaNon about the role that
imported tRNAs could play in the sporozoites. This would bring light on the molecular
mechanisms that are involved during the stage that precedes hepatocytes invasion,
characterized by a rapid development and many morphological and physiological changes.
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The yeast Cex1p is not only involved in tRNA transport
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In yeast Saccharomyces cerevisiae, aminoacylatedmtRNAs are exported from the nucleus in
a Los1pmdependant pathway and directly brought to ribosomes. Among the required factors,
Cex1p was idenNfied as a link between nucleoporins, exporNns and the elongaNon factor
eEF1a by the Dev Mangroo lab qGuelph University, Canadar. Both biochemical and structural
characterizaNon of Cex1p gave clear insights into this channeling mechanism qNozawa et al.,
2013r. The human counterpart of Cex1p, Scyl1, was first idenNfied as an accessory protein
in the GolgimtomER retrograde pathway. Although liOle is known about CEX1 role in the laOer
pathway, the overall findings on mammalian Scyl1 suggest that, in addiNon to tRNA export,
Cex1p might perform other tasks in yeast and more specifically in membrane trafficking. We
analyzed the expression paOern of CEX1 and looked for addiNonal roles under different
condiNons. Using a combinaNon of in vivo imaging and biochemical approaches, we show
that CEX1 is transcripNonally upmregulated in respiraNon and is implicated in intracellular
membrane trafficking by acNng at the level of late endosomes. We also bring up several
evidences for Cex1p being important in trafficking when yeast cells divide.

Nozawa, K., Ishitani, R., Yoshihisa, T., Sato, M., Arisaka, F., Kanamaru, S., Dohmae, N., Mangroo, D.,
Senger, B., Becker, H.D., et al. Y2013Z. Crystal structure of Cex1p reveals the mechanism of tRNA
trafficking between nucleus and cytoplasm. Nucleic acids research 41, 3901V3914.
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Nuclear import pathway and interactome of Saccharomyces
cerevisiae methionylYtRNA synthetase
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Descartes 67000 Strasbourg W h.beckeraunistra.fr

In higher eukaryotes, nearly half of the aminoacylmtRNA synthetases qaaRSr are embedded in
a mulNsynthetase complex qMSCr together with nonmenzymaNc assembly proteins
qBandyopadhyay and Deutscher, 1971r. Some of these MSCmparNcipaNng aaRSs can be
detached from the laOer complex and exert addiNonal, nonmcanonical funcNons qHausmann
and Ibba, 2008r. In the model organism Saccharomyces cerevisiae, a small MSC has been
idenNfied nearly two decades ago qSimos et al., 1996r. This cytosolic MSC is composed of an
anchoring assembly protein qArc1pr and two aaRSs, methionylmtRNA synthetase qcMRSr and
glutamylmtRNA synthetase qcERSr. It is well known that, when given glucose as carbon source,
yeast will first ferment to produce glycerol and ethanol. When glucose becomes low, an
adaptaNon called diauxic shi3 occurs and yeast uses respiraNon to degrade glycerol and
ethanol. During the diauxic shi3, ARC1 transcripNon is repressed and the complex dissociates
to parNcipate to the nucleusmmitochondria crosstalk. Indeed, in respiraNon the cERS relocates
to the mitochondria and cMRS enters the nucleus. Here we present data concerning the
nuclear import of cMRS. We show that cMRS possesses at least two different nuclear
localizaNon signals qNLSsr and idenNfied, through proteomics, two different potenNal
imporNns that could direct the import of cMRS via these NLSs. Finally, the idenNficaNon of
cMRS’ nuclear partners confirms its involvement in regulaNng gene transcripNon upon switch
from the fermentaNve to the respiratory metabolism.

Hausmann, C.D. and Ibba, M. Y2008Z AminoacylVtRNA synthetase complexes: molecular mulAtasking
revealed. FEMS Microbiol. Rev. 32, 705W721.
Bandyopadhyay, A.K., and Deutscher, M.P. Y1971Z Complex of aminoacylVtransfer RNA synthetases.
J Mol Biol 60, 113V122.
Simos, G., Segref, A., Fasiolo, F., Hellmuth, K., Shevchenko, A., Mann, M. and Hurt, E.C. Y1996Z The yeast
protein Arc1p binds to tRNA and funcAons as a cofactor for the methionylV and glutamylVtRNA
synthetases. EMBO J. 15, 5437W 5448.
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A variant of human glutamylYprolyl tRNA synthetase involved
in mitochondrial translaEon
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AminoacylmtRNA synthetases qaaRSr can associate into a mulNsynthetase complex qMSCr as
exemplified with the yeast AME complex made of 2 aaRS qcMRS and cERSr and an anchoring
protein, Arc1p or the human MSC made of 8 aaRS and 3 auxilliary proteins. Human Glutamylm
Prolyl tRNA synthetase qEPRSr is a bifuncNonnal protein of the human MSC. Upon Interferon
γ response, EPRS is released from human MSC assembles into the GAIT complex that operates
a translaNonal silencing of proinflammatory genes qSampath et al., 2004r. More recently, the
group of Paul Fox published the discovery of a transcripNonal variant of this enzyme qEPRSN1r
that associates with the mRNAs targeted by the GAIT complex and thus prevents GAITm
mediated translaNonal silencing qYao et al. 2012r. EPRSN1 has similiraNes with the yeast
cytoplasmic GlutamylmtRNA synthetase qcERSr that we showed to be imported into
mitochondria to misacylate mitochondrial tRNAGln qmtRNAQr. Here we tested whether:
iZ EPRSN1 can be imported into human mitochondria and increases organellar translaNon,
iiZ the human EPRSN1 can funcNonally replace yeast cERS and bind to Arc1p and
iiiZ EPRSN1 can be imported into yeast mitochondria to misacylate yeast mtRNAQ.

Sampath, P., Mazumder, B., Seshadri, V., Gerber, C.A., ChavaBe, L., Kinter, M., Ting, S.M., Dignam,
J.D., Kim, S., Driscoll, D.M., et al. Y2004Z. Noncanonical funcAon of glutamylVprolylVtRNA synthetase:
geneVspecific silencing of translaAon. Cell 119, 195V208.
Yao, P., Potdar, A.A., Arif, A., Ray, P.S., Mukhopadhyay, R., Willard, B., Xu, Y., Yan, J., Saidel, G.M., and
Fox, P.L. Y2012Z. Coding region polyadenylaAon generates a truncated tRNA synthetase that counters
translaAon repression. Cell 149, 88V100.
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Biotechnology, Tokyo InsAtute of Technology, Kanagawa, Japan

wakasugiabio.c.uVtokyo.ac.jp

TryptophanylmtRNA synthetase qTrpRSr catalyzes the aminoacylaNon of tRNATrp. In mouse
embryonic stem qESr cells, mRNA of a rodentmspecific alternaNve splice variant of TrpRS
qSVmTrpRSr has been idenNfied1. Compared to mouse fullmlength TrpRS qFLmTrpRSr, the SVm
TrpRS has an addiNonal hepapepNde qCysmPhemCysmPhemAspmThrr at the Cmterminus. In the
present study, we evaluated the expression of mouse TrpRS mRNA by realmNme reverse
transcripNon PCR. We found that the mRNA expression levels of FLm and SVmTrpRSs are high
in mouse ES cells, embryo, spleen, lung, liver and uterus. The expression paOern of mouse
TrpRS among Nssues was similar to that of human TrpRS. And we elucidated that the relaNve
expression of the SVmTrpRS compared to the FLmTrpRS is significantly less in the brain.
Moreover, we demonstrated that interferonmγ increases mRNA and protein expression of
FLm and SVmTrpRSs in a mouse cell line. These results provide the first evidence for Nssuem
specific expression and splicing of mouse TrpRS.

Reference
1. Pajot, B. et al. Y1994Z J. Mol. Biol. 242: 599V603.
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CharacterizaEon of the ProRS/tRNAPro/YbaK ternary complex
by analyEcal ultracentrifugaEon and naEve mass spectrometry

Lin Chen1, 2*, Akiko Tanimoto1, Marina BaKhEna1,2, Vicki Wysocki1,
and Karin MusierYForsyth1,2

1Department of Chemistry and Biochemistry and 2Center for RNA Biology, The Ohio State
University, Columbus, Ohio, USA

*chen.1991aosu.edu

AminoacylmtRNA synthetases qARSr catalyze the aOachment of cognate amino acids qaa’sr
onto tRNAs, which deliver aa’s to the ribosome for use in protein synthesis. During the
aminoacylaNon step, high fidelity is generally required to maintain the accurate flow of
geneNc informaNon and cellular homeostasis. However, discriminaNon of structurally similar
nonmcognate aa’s is challenging for many ARSs; thus, ediNng is required for quality control of
aminoacylaNon. In many bacterial systems, a triplemsieve mechanism evolved to maintain
tRNAPro aminoacylaNon fidelity. While rejecNng the majority of nonmcognate aa’s, prolylmtRNA
synthetase qProRSr misacNvates and mischarges Ala and Cys. AlamtRNAPro is specifically
hydrolyzed by the inserNon domain qINSr of ProRS in cis, while YbaK, a freemstanding homolog
of the INS domain, clears CysmtRNAPro in trans. YbaK does not appear to possess tRNA
specificity, readily deacylaNng CysmtRNACys. In vitro crosslinking data suggest YbaK interacts
with ProRS in the presence of tRNAPro, and in vivo evidence for ProRSmYbaK interacNon has
also been obtained using crosslinking strategies. We hypothesize that YbaK binds to ProRS to
gain specificity for CysmtRNAPro and avoid deacylaNon of CysmtRNACys. The ProRS/tRNAPro/YbaK
ternary complex has been difficult to characterize due to its apparently transient nature, and
the stoichiometry of the complex is unknown. Here, analyNcal ultracentrifugaNon qAUCr and
naNve mass spectrometry qMSr were used to invesNgate binary and ternary complex
formaNon. AUC confirmed the binary interacNons between ProRS/tRNAPro and YbaK/tRNAPro,
however a binary ProRS/YbaK complex was not detected. In addiNon, AUC results are
consistent with the existence of a ProRS/tRNAPro/YbaK ternary complex. Furthermore, based
on nanoESI ionmmobility MS data, we conclude that the stoichiometry of the complexes is as
follows: ProRS:tRNAPro q2:1r, YbaK:tRNAPro q1:1r, and ProRS:tRNAPro:YbaK q2:1:1r. Taken
together, our results support the hypothesis that YbaK specificity toward CysmtRNAPro is
determined by the formaNon of a ternary complex with ProRS and tRNAPro.
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Plasmodium falciparum tryptophanylYtRNA synthetase
and idenEficaEon of potenEal inhibitors

Charisse Flerida A. Pasaje1, Katherine Putnam1, Jonathan B. Baell2, Stuart A. Ralph1*

1Department of Biochemistry and Molecular Biology, Bio21 Molecular Science and
Biotechnology InsAtute, The University of Melbourne, Victoria 3010, Australia
2Medicinal Chemistry, Monash InsAtute of PharmaceuAcal Sciences, Monash University
YParkville CampusZ, 381 Royal Parade, Parkville, VIC 3052, Australia

The human malaria pathogen, Plasmodium falciparum, replicates more than 10mfold every
48 hours and has a large requirement for rapid protein translaNon, so the loss of funcNon of
factors involved in protein biosynthesis could be detrimental to the parasites. Aminoacylm
tRNA synthetases qaaRSsr are enzymes that are key to the producNon of substrates for protein
translaNon, an event that occurs in three cellular components of Plasmodium: the cytosol,
the mitochondrion, and a remnant chloroplast called the apicoplast. P. falciparum expresses
two forms of the tryptophanylVtRNA synthetase qTrpRSr gene, and by analysing the
subcellular localisaNon of the two isoforms we have shown that one localises to the
apicoplast and the other to the cytosol. This enzyme is an aOracNve drug target in malaria
parasites as several protein translaNon inhibitors have been developed as anNmalarial drugs.
To test for inhibiNon in malaria parasites, TrpRS inhibitors and analogues were idenNfied and
screened according to their pharmacokineNcs properNes. Assessment of dosemresponse
curves reveal that several of these bacterialmtype TrpRSs inhibitors effecNvely arrest parasite
growth at low µM range. One, Indolmycin, kills with a delayed death effect characterisNc of
apicoplast inhibitors. We are now tesNng the effect of these compounds in vitro on the
aminoacylaNon acNvity of the Plasmodium TrpRSs. We anNcipate that the major differences
between the host and the parasite TrpRSs will allow us develop parasitemspecific inhibitors
that may be used as starNng points for drug development.
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QuanEtaEve analysis of the Escherichia coli proteome
in the absence of LeuRS proofreading

Nevena Cvetesic1, Boumediene Soufi2, Maja Semanjski2, Boris Macek2

and Ita GruicYSovulj1*

1Chemistry Department, Faculty of Science, University of Zagreb, Horvatovac 102a,
10000 Zagreb, CroaAa
2Proteome Center Tübingen, Interdepartmental InsAtute for Cell Biology, University of Tübingen,
Tübingen, Germany

Email: ncvetesicachem.pmf.hr; gruicachem.pmf.hr

LeucylmtRNA synthetase qLeuRSr efficiently acNvates norvaline, a nonmcanonical amino acid
that accumulates in Escherichia coli during micromaerobic growth. Remarkably, in spite of the
prevailing opinion that LeuRS does not discriminate well against the nonmcognate isoleucine,
we have recently demonstrated that isoleucine does not pose a threat for LeuRS fidelity in
vitro or in vivo. This points to norvaline as a prime candidate for proofreading acNvity. To
establish an impact of translaNonal quality control on maintaining a funcNonal proteome
and also to quanNtate the level of mistranslaNon triggered by inacNvaNon of LeuRS ediNng,
the proteomes of the LeuRS deacylaNonmdefecNve or wildmtype E. coli strain grown under
aerobic or micromaerobic condiNons were quanNtated and compared using stable isotope
labeling by amino acids in cell culture qSILACr. By this approach, we unambiguously
demonstrate that LeuRS ediNng is indeed criNcal under micromaerobic condiNons to prevent
nonmcanonical mistranslaNon. E. coli strain that lacks LeuRS postmtransfer ediNng subsNtutes
leucine with norvaline throughout the proteome, resulNng in approximately 14%
mistranslaNon level. In contrast, no significant isoleucine misincorporaNon is detected in the
same strain even when nonmphysiologically high concentraNon of isoleucine is added to the
growth media. Colonymforming unit assay reveals that norvaline misincorporaNon is followed
by a drop in cell viability, confirming the importance of LeuRS ediNng. This study provides the
first comprehensive quanNtaNve analysis of mistranslaNon using SILAC methodology and
high resoluNon mass spectrometry. It also characterizes the completely unknown scale and
dynamics of the norvalylated proteome.
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tRNA charging paFern changes in different media
and growth condiEons

Ferro Iolanda*, Ignatova Z.

Biochemistry, InsAtute of Biochemistry and Biology, University of Potsdam,
KarlVLiebknechtVStr. 24V25, 14467 Potsdam, Germany,

ferroiauniVpotsdam.de

The concentraNon of aminoacyl mtRNA shapes the kineNcs of translaNonal elongaNon and
influence protein producNon. Bacillus licheniformis, an important host for enzymes
producNon, shows different tRNA aminoacylaNon paOerns in different growth condiNon. We
used tRNA microarray to analyze the charging level of each tRNA. Surprisingly, the charging
of tRNA of many tRNAs is far below 80% even when cells grow in a balanced complex medium
containing oligopepNdes. The presence of free amino acids in the medium inlfuences the
charging paOern for specific tRNA. AddiNonal supply of these amino acids may modulate the
translaNon rate and increase the yield of expression in Bacillus.
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Development of cysteineYspecific tRNA and tRNA synthetase
for siteYspecific protein fluorescence labeling in coYtranslaEonal
protein folding studies

Jiří Koubek1, 2, 3, Richard Ping Cheng3*, and Joseph Jen Tse Huang2*

1Chemical Biology and Molecular Biophysics Program, Taiwan InternaAonal Graduate Program
2InsAtute of Chemistry, Academia Sinica, Taipei 115, Taiwan, R.O.C.
3Department of Chemistry, NaAonal Taiwan University Taipei, Taiwan, R.O.C.
*Correspondence to: jthuangagate.sinica.edu.tw YJJTHZ, and rpchengantu.edu.tw YRPCZ

Protein fluorescent labeling is a challenge in protein folding studies for the need of ensuring
labeling specificity. Recently, the importance of studying protein folding during translaNon has
emerged, as many processes happen before the full length protein is synthesized. Due to the
nature of ribosomembound nascent chains qRNCsr, fluorescent labeling must be coupled with
translaNon during which tRNA acts as the carrier of fluorescent amino acid. In this work, we
have developed a novel overexpressed suppressor tRNAAmber

Cys for the producNon of BODIPY
FLmlabeled RNCs. In order to simplify the purificaNon procedures, Bacillus subAlis tRNA Amber

Cys has
been selected for its disNncNve sequence from any endogeneous E. coli RNA. In a single
purificaNon step, ample amounts of tRNA Amber

Cys have been obtained. As cysteinylmtRNA
synthetase was previously shown to aminoacylate tRNAAmber

Cys with lower efficiency, several
point mutaNons were introduced into the Cmterminus of cysteinylmtRNA synthetase to
compensate for the Amber mutaNon in the anNcodon loop. Out of the cysteinylmtRNA
synthetase mutants, one has shown to improve aminoacylaNon efficiency towards tRNAAmber

Cys .
In addiNon, overexpressed BODIPY FLmcysteinylm tRNAAmber

Cys indicates improved stability of this
tRNA compared to in vitro transcribed tRNA. Applying this tRNA, we have studied the
dynamics of singlemlabeled RNCs by Nmemresolved anisotropy to reveal informaNon about
the protein folding on the ribosome. This tRNA tool may be beneficial on the sitemspecific
labeling of fullmlength proteins as well as RNCs for different biophysical and biological
research.



25th tRNA Conference 2014

164

P55

New anEbacterials with inhibitory acEvity on aminoacylYtRNA
synthetases [NABARSI\

SaintYLéger Adélaïde1*, Sinadinos Christopher1, Benítez Lluís1, Abella Montse1,
Olivares David1 and Ribas de Pouplana Lluís1, 2, 3

1 Omnia Molecular S.L., c/ Baldiri Reixac 15V21 08028 Barcelona, Spain
2 InsAtute for Research in Biomedicine YIRBZ, c/ Baldiri Reixac 15V21 08028 Barcelona,
Spain
3 Catalan InsAtuAon for Research and Advanced Studies YICREAZ, Passeig Lluis Companys
23, 08010 Barcelona, Spain

* asaintlegeraomniamol.com

The major limitaNon of currentlymused anNbioNcs is that in many cases they have been
rendered ineffecNve by the emergence of bacterial resistance. This widespread resistance
to anNmicrobials is now a global threat and there is an urgent need for chemicallymnovel
anNbacterial agents. The NABARSI consorNum, which consists of 5 partners, undertakes a
cuPngmedge drug discovery project to idenNfy such agents.
The main goal is to find new chemical enNNes qNCEsr with anNbacterial efficacy in an animal
model of mulNmdrug resistant bacterial infecNon. The targets of these NCEs are the aminoacylm
tRNA synthetases qaaRSr. aaRS are geneNcally and chemicallymvalidated targets, with proof of
principle provided by IleRS inhibitor mupirocin, which is a marketed drug for the treatment
of topical methicillinmresistant Staphylococcus aureus qMRSAr infecNons.
EvoluNonary divergence between prokaryoNc and eukaryoNc enzymes enables the
development of aaRS inhibitors that selecNvely inhibit the bacterial enzymes over their
human orthologues. However, across different bacterial pathogens individual aaRS enzymes
are generally well conserved, making possible the development of broadmspectrum
anNbacterial agents. We take advantage of the similariNes in catalyNc sites of LeuRS, IleRS and
ValRS to obtain NCEs with inhibitory acNvity on the three enzymes.
To speed up the discovery of pharmacological molecules, Omnia Molecular applies a
completely new approach to the selecNon of anNminfecNve lead compounds. We take
advantage of proprietary human cell lines where the acNvity of pathogenic aaRS can be
monitored. These cell lines are used as a tool for the selecNon of specific and nonmtoxic aaRS
inhibitors. Hit compounds are further characterized using our validated proprietary plaMorm
and those of our partners. Those lead compounds proven effecNve in animal models will
provide selecNve NCEs with high anNbacterial efficacy and low resistance potenNal.
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FormaEon of a macromolecular complex between Escherichia
coli selenophosphate synthetase [SPS\, selenocysteine
synthase [SelA\ and tRNASec [SelC\

Vitor H B Serrãoa,b,† & Ivan R Silvaa,†, Livia R Manzinea, Lívia M Faima,
Marco T A da Silvaa, Rapahela Makkia, Daniel Saindembergc, Marinônio L Cornéliod,
Mario S Palmac, Otavio H Thiemanna,*

The biosynthesis pathway of selenocysteine qSec or Ur involves the interacNon of
Selenocysteine Synthase qSelAr, tRNA qSelC or tRNASecr, Selenophosphate Synthetase qSPSr,
a specific elongaNon factor qSelBr and a specific mRNA sequence known as SElenocysteine
InserNon Sequence qSECISr. Since selenium compounds are highly toxic in cellular
environment, selenium associaNon with proteins throughout its metabolism is essenNal for
cell survival and involves a specific and unique tRNA. In this study, we demonstrate the
interacNon of SPS with the SelAmtRNASec binary complex, resulNng in a large ternary complex,
unknown to this biosyntheNc pathway, with stoichiometric raNos of
1SelAdecamer:10tRNASec:5SPSdimer. In order to assemble the ternary complex, SPS and SelA
undergo structural conformaNonal changes. We show that SPS glycinemrich Nmterminal region
and SelA Nmterminal domain are crucial for SelAmtRNASecmSPS interacNon and selenoprotein
biosynthesis, as revealed by funcNonal complementaNon experiments. Together, our results
present new insights into selenium metabolism, demonstraNng for the first Nme the
formaNon of the ternary catalyNc SelAmtRNASecmSPS complex and the probable mechanism
by which the toxic selenium intermediate is sequestered in the complex.

a Physics and Interdisciplinary Science Department, Physics InsAtute of Sao Carlos, University of Sao
Paulo V USP, Sao Carlos, SP, Brazil
b Physics Department , Federal University of Sao Carlos W UFSCar, Sao Carlos, SP, Brazil
c Biosciences InsAtute of Rio Claro, São Paulo State University YUNESPZ/ CEIS/ Dept. Biology, Rio Claro,
SP, Brazil
d InsAtute of Biosciences, LeBers and Exact Sciences YIBILCEZ, Physics Department, São Paulo State
University YUNESPZ, São José do Rio Preto, SP, Brazil

† These authors contributed equally to this work
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The dynamic tRNAHis aminoacylaEon kineEcs of human
hisEdylYtRNA synthetase and two human disease variants

Jamie A. AbboF, Christopher Francklyn*, Susan RobeyYBond*
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Human hisNdylmtRNA synthetase qhHARSr is a homodimeric class II aminoacylmtRNA
synthetase that uNlizes ATP to aOach hisNdine accurately to hisNdylmtRNA qtRNAHisr during
aminoacylaNon. InhibiNon of this reacNon can, in principle, cause ribosome stalling at
hisNdine codons. We hypothesize that such events could be directly linked to human
diseases, parNcularly those associated with neurodegeneraNon. Currently, two human
diseases, Usher Syndrome IIIB and a peripheral neuropathy, have been linked geneNcally to
single point mutaNons in the HARS gene. Usher Syndrome IIIB paNents, whose HARS genes
encode the Y454S subsNtuNon, lose sight and hearing during their second decade of life. An
isolated paNent whose HARS gene encodes a heterozygous R137Q mutaNon developed
axonal peripheral neuropathy by the fi3h decade of life. The Y454S subsNtuNon is localized
at an interface between the anNcodonmbinding domain and the catalyNc domain of the
opposing subunit, while the R137Q mutaNon disrupts an important salt bridge at the dimer
interface. Here, we describe the biochemical characterizaNon of the Y454S and R137Q hHARS
enzymes. Steady state kineNc analysis uNlizing in vitro human tRNAHis transcript and hHARS
purified from HEK293 cells, showed that the catalyNc turnover qKcatr of Y454S hHARS enzyme
is greater for both hisNdine and tRNAHis than WT hHARS enzyme. Single turnover kineNcs
demonstrated that the Y454S mutaNon does not significantly affect the rate of transfer of
hisNdine from the adenylate to the tRNAHis. By contrast, the R137Q subsNtuNon significantly
compromised adenylaNon acNvity, but premsteady state kineNcs showed that the adenylaNon
reacNon was efficiently rescued by the addiNon of tRNAHis. These results suggest that Usher
Syndrome IIIB and HARSmlinked peripheral neuropathy phenotypes are unlikely to be a
consequence of a simple loss of aminoacylaNon funcNon. The hHARS system also represents
a notable example in which two different complex human diseases arise from disNnct
mutaNons in the same parent gene.
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SoluEon NMR study of the InteracEon between LysylYtRNA
Synthetase and Laminin Receptor

Hye Young Cho1, Ameeq Ul Mushtaq1, Jin Young Lee2, Dae Gyu Kim2,
Min Sook Seok1, Sunghoon Kim2, and Young Ho Jeon1*

1 College of Pharmacy, Korea University, 2511 SejongVro, Sejong 339V700, Republic of Korea
2 Medicinal Bioconvergence Research Center, Seoul NaAonal University, Seoul 151V742,
Republic of Korea

Correspondence eVmail : yhjeonakorea.ac.kr YY.H.JZ

LysylmtRNA synthetase qKRSr, which is an enzyme for aminoacylaNon of tRNA in protein
synthesis, interacts with the laminin receptor qLR/RPSAr and enhances lamininminduced cell
migraNon in cancer metastasis. Although the biological implicaNon of the interacNon with LR
has been suggested, the structural aspect of the interacNon remains elusive. Using NMRm
based study, here we show that the anNcodonmbinding domain of KRS binds directly to the
Cmterminal region of 37LRP, and the previously found inhibitors BCmKm01 and BCmKmYH16899
interfere the KRSm37LRP binding. In addiNon, the anNcodonmbinding domain of KRS binds to
laminin, observed by NMR and SPR studies. These results provide crucial insight into the
structural characterisNcs of the KRSmLR interacNon on cell surface.

References
1. Kim D.G., et al., “Chemical inhibiAon of prometastaAc lysylVtRNA synthetaseVlaminin receptor

interacAon”, Nature Chemical Biology, Vol. 10, No. 1, Y2014Z, pp 29V34.
2. Kim D.G., et al., “InteracAon of two translaAonal components, lysylVtRNA synthetase and p40/37LRP,

in plasma membrane promotes lamininVdependent cell migraAon”, FASEB Journal, Vol. 26, No. 10,
Y2014Z, pp 4142V4159.
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MulEYdimensional interacEons between tRNA synthetases
and cofactor: ImplicaEons for translaEon and signaling

Yunje Cho

Department of Life Sciences, Pohang University of Life Science and Technology
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AminoacylmtRNA synthethases qARSsr catalyze the aOachment of amino acids to their cognate
tRNAs, the essenNal step for the protein synthesis in all life. In higher eukyaryotes, ARSs have
addiNonal moNfs or domains to their catalyNc domains and organized with auxiliary proteins
to form a mulNsynthetase complex qMSCr. MSC is composed of nine ARSs and three accessory
proteins qAIMPsr and can be grouped into three submcomplexes. One complex is formed with
RRS, QRS, and AIMP1/p43. Another complex is comprised of MRS, IRS, LRS, EPRS, DRS, and
AIMP3. The MSC is believed to facilitate the protein synthesis through channeling
mechanism, to enhance ARS acNvity by recruiNng nonmspecific tRNAmbinding domains, and to
regulate the balance between translaNon and nonmcanonical funcNons. Here, I will describe
the potenNal models of the MSC, and the interacNons between components of the MSC
through integraNve approaches.



21-25 September • K y l l i n i Greece ABSTRACT BOOK

169

P
O

S
TE

R
S

P60

The selecEve tRNA aminoacylaEon mechanism based
on a single G•U pair
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AlanylmtRNA synthetase qAlaRSr selecNvely ligates tRNAAla with alanine in the process of the
geneNc code translaNon into proteins. AlaRS selects tRNAAla by recognizing G3•U70 in the
middle of the acceptor stem. Replacement of G3•U70 by the WatsonmCrick base pair results
in the loss of acNvity by affecNng the kcat level. Reversely, if G3•U70 is introduced into some
tRNAs other than tRNAAla, the tRNAs o3en become to be aminoacylated by AlaRS.
Nevertheless, the mechanism by which tRNAAla is selecNvely aminoacylated had been a
longstanding mystery. The two crystal structures of AlaRS complexed with wildmtype tRNAAla

having G3•U70 and a mutant tRNAAla having A3•U70, and structurembased mutant analyses
revealed that AlaRS strictly locates the base pair at the posiNon 3•70 on the proper posiNon,
and then structural differences between G•U and WatsonmCrick base pair qA3•U70r are
transmiOed toward the CCA terminus. The CCA of tRNAAla with G3•U70 can be reach the
aminoacylaNon acNve site, whereas that with the WatsonmCrick base pair is located at the site
far from the acNve site. Thus, AlaRS achieves the selecNve aminoacylaNon of tRNA dependent
on G3•U70. Furthermore these findings explain why tRNA mutaNons at the site far from the
acNve site affect kcat not but their affinity.
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Aminotransferase acEvity of a novel aminoacylYtRNA
synthetase appended domain

Sandhya BharE Sharma and Rebecca Wagner Alexander

Wake Forest University, Department of Chemistry, 1834 Wake Forest Road, WinstonV
Salem, NC 27109V7486

AminoacylmtRNA synthetases qAARSsr are modular proteins, with separate polypepNde
domains responsible for tRNA binding and catalysis; addiNonal domains on some AARSs
contribute oligomerizaNon, localizaNon, and ediNng funcNons. The opportunisNc pathogen
Mycoplasma penetrans expresses an unusually long version of methionylmtRNA synthetase
qMetRSr that contains an extra Nmterminal domain with sequence homology to class V
aminotransferases. We previously showed that the appended domain was not required for
the canonical tRNA aminoacylaNon acNvity.1 We anNcipated that this domain carries out
pyridoxal phosphatemdependent aminotransferase acNvity, possibly to modify MetmtRNAMet

for enhanced pathogenicity.
We overexpressed and purified M. penetrans MetRS qMpMetRSr and used the aminomreacNve
aromaNc dialdehyde naphthaleneV2,3Vdicarboxaldehyde followed by HPLC to analyze enzyme
acNvity in vitro. IniNal characterizaNon confirms the proposed aminotransferase acNvity, with
several amino acids and αmketo acids serving as amino group donors and acceptors,
respecNvely. SubsNtuNon of amino acids in the transferase and synthetase catalyNc sites
suggest that the acNviNes may be interdependent. UlNmately we seek to idenNfy the cellular
substrates and implicaNons of the MpMetRS aminotransferase acNvity.

1. Jones, T.E., Brown, C.L, Geslain, R., Alexander, R.W. and Ribas de Pouplana,
L. Y2008Z An operaAonal RNA code for faithful assignment of ATG triplets to methionine.
Molecular Cell 29: 401V407.
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The charging level of different E. coli tRNA isoacceptors vary
in different media

Irem Avcilar*, Juan Varela, Alexander Leow, Zoya Ignatova
InsAtute of Biochemistry and Biology, University of Potsdam, Potsdam, Germany

*iavcilarauniVpotsdam.de

tRNAs are an important gateway to adapt translaNon to new environments. The
concentraNon of the tRNA isoacceptors mostly correlates with doubling Nme in E. coli. In
balanced growth medium, the majority of the tRNA isoacceptors are charged to almost
70m90%. However, few of them, e.g. His, Cys, Ser, Thr, Phe and Pro are charged to very low
level, from 10% to 50%. In minimal medium, the overall aminoacylaNon levels are higher
with an average of app. 50% for tRNAs with hydrophilic amino acids and an average of app.
80% for tRNAs with hydrophobic amino acids. Ribosomal profiling enables to find which
codons account for ribosomal stalling. Ribosomal profiling reveals that tRNA isoacceptors
with extremely low charging cause accumulaNon of ribosomal read over those codons
qSermUCA, SermUCG, SermAGUr residing in the Amsite.
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Nuclear localizaEon, highYresoluEon structure, and potenEal
stressYresponse funcEon of human CYAla

Litao Sun1, Youngzee Song1, Leslie Nangle2, Kyle Chiang2, Paul Schimmel1
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2 aTyr Pharma Inc., San Diego, CA 92121, USA

Through proteomics based on mass spectrometry, a natural Cmterminal fragment of human
alanyl tRNA synthetase qAlaRSr was detected in cultured Jurkat Tmcell lysates. Separate
analysis established that alternaNve splicing or proteolysis generated CmAla. HumanCmAla was
secreted under stress condiNons and could be reminternalized into human immune cells.
While both monomeric and dimeric forms were present, the dimer specifically localized to
the nucleus and associated with DNA. qOur earlier results qGuo et al q2009r Science 325: 744m
747r showed that the orthologous A. aeolicus CmAla formeda singlemstranded nucleic acid
binding moNf.r A crystal structure at 2.0 Å resoluNon revealed how CmAla may interact with
DNA. Specifically, the dimer forms an intermsubunit posiNvely charged groove into which
doublemstranded Bmform DNA can be fit. CHIP analysis revealed several target genes
associated with the stress response that bound CmAla. Thus, a new protein, devoid of catalyNc
acNvity, is generated from AlaRS and appears to have a nuclear funcNon related to the stress
response.
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EvoluEon of bacterial glutamylY and glutaminylYtRNA
synthetase: New insights from whole genome analysis

Saumya Dasgupta and Gautam Basu

Department of Biophysics, Bose InsAtute, PV1/12 CIT Scheme VIIM,
Kolkata 700054, India

The aminoacylaNon machinery of bacterial tRNAGln is strictly dependent on the convoluted
evoluNonary histories of the associated enzymaNc partners glutamyltRNA synthetase qGluRSr,
amidotransferase qgatCABr and glutaminylmtRNA synthetase qGlnRSr. A3er the divergence of
eubacteria and eukarya, bacterial tRNAGln used to be glutaminylated by the GluRSmgatCAB
pair unNl GlnRS appeared by horizontal gene transfer qHGTr from eukaryotes or a second
copy of GluRS qGluRS2r, that only glutamylates tRNAGln, appeared. The origin of GluRS2 is
poorly understood in the above scenario derived from a limited sequence data. We have
revisited the evoluNon of bacterial GluRS and GlnRS from a whole genome viewpoint. A large
database of bacterial GluRS, GlnRS, tRNAGln and the gatCAB, constructed from whole genomes
by funcNonally annotaNng and classifying these enzymes according to their mutual presence
and absence in the genome, was analyzed. Our analysis broadens the current understanding
of bacterial GlxRS evoluNon with some unique findings ir Unlike nonmfuncNonal GluRS2
qas in Thermotoga mariAmaZ, the funcNonal GluRS2 qas in Helicobacter pyloriZ is found to be
a chimera of mismatching catalyNc and anNcodonmbinding domains, iir the appearance of
GlnRS and GluRS2 in bacterial genomes are not mutually exclusive indicaNng that their
evoluNonary histories are disNnct, iiir GlnRS is more widespread in bacteria than is believed,
ivr bacterial GlnRS appeared both by HGT from eukarya and intrambacterial HGT, vr presence
of GlnRS pseudogene qin Sorangium cellulosumr shows that many bacteria could not retain
the newly acquired eukaryal GlnRS. The funcNonal annotaNon of GluRS, without recourse to
experiments, performed in this work, demonstrates the inherent and unique advantages of
using whole genome over isolated sequence databases.1

1Dasgupta and Basu BMC EvoluAonary Biology 2014, 14:26
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Molecular Basis for CCYaddiEon by Aquifex aeolicus CCYadding
enzyme

Seisuke Yamashita1, Kozo Tomita*1

1NaAonal InsAtute of Advanced Industrial Science and Technology YAISTZ, Biomedical
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3’mCCA of tRNA is synthesized by CCAmadding enzyme using CTP and ATP as substrates without
using a nucleic acid template. In some eubacteria, such as Aquifex aeolicus, CCmadding and
Amadding enzymes collaboraNvely synthesize the 3’mCCA of tRNA. Molecular mechanism of
CCAmaddiNon by the CCmadding and Amadding enzymes has remained obscure.
We present complex crystal structures of A. aeolicus CCmadding enzyme represenNng
CCmaddiNon onto the 3’mend of tRNA. Upon binding of acceptor/T helix of tRNA to the
Cmterminal body and tail domains of the enzyme, the 3’mend of tRNA is placed into the cle3
between catalyNc head and nucleobaseminteracNng neck domains. The base pair at the top
of the acceptor stem of tRNA stacks with the betamsheet in the head domain. As a result,
3’mend of tRNA is oriented into an enclosed acNve site in the head domain. CTP is selected
by WatsonmCrick like basempairing between the cytosine of CTP and conserved Asp and Arg
in the neck domain, and CMP incorporaNon proceeds in the spaNally limited pocket. A3er first
CMP incorporaNon, tRNA rotates and translocates backward by one nucleoNde, and second
CMP incorporaNon proceeds in the same mechanism using the same catalyNc pocket as for
the first CMP incorporaNon. A3er two CMP incorporaNons and pyrophosphate release, tRNA
translocates backwards, and tRNA is dropped off from the enzyme, and the enzyme
terminates RNA synthesis. tRNA ending 3’mCC is, then, loaded onto the Amadding enzyme, and
a single AMP is incorporated on the 3’mend of tRNA, and the 3’mCCA synthesis of tRNA
completes.
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TranslaEon using nonYnatural aminoacylYtRNAs in cells
and cellYsized liposomes

Takashi Ohtsuki1, Takuma Ohtsuka1, Kodai Machida2, Hiroaki Imataka2,
Tamotsu Kanai3, ShinYichiro M. Nomura4
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IncorporaNon of nonmnatural amino acids into protein would expand protein’s funcNon. In
this study, we tried to develop methods using in vitro preparedmaminoacylmtRNA qaamtRNAr
to introduce nonmnatural amino acids into proteins in cells and cellmsized liposomes.
In mammalian cells, nonmnatural amino acids incorporaNon is generally achieved using
engineered aminoacylmtRNA synthetases qaaRSsr. However, engineered aaRSs are not always
available for nonmnatural amino acids, which can be aOached to a tRNA by chemical acylaNon.
The chemical acylaNon method enables us to aOach various nonmnatural amino acids to
tRNAs, although it can be used only in vitro. Thus we tried to introduce in vitro preparedmaam
tRNAs into mammalian cells for nonmnatural amino acid incorporaNon. InjecNon of the
exogenous amber suppressor aamtRNA into CHO cells resulted in that the amber codon was
hardly translated by the aamtRNA. In contrast, cominjecNon of the amber suppressor aamtRNA
and eEF1Am1B induced amber suppression. These data suggests that exogenous aamtRNA
cannot efficiently enter the mammalian cytoplasmic translaNon system by itself, and that
the binding of eEF1A supports the efficient use of the exogenous aamtRNA.
The integral membrane protein bacteriorhodpsin, containing a fluorescent amino acid at a
specific posiNon, was synthesized in the presence of liposomes using an in vitro translaNon
system expanded with a fourmbase codon/anNcodon pair. Cellmsized liposomes with the
labeled protein inserted into the liposome membranes were generated a3er the translaNon
reacNon.1 This study also demonstrated that this labeling method could be used to analyze
the dynamic properNes of membrane proteins in situ by fluorescence correlaNon
spectroscopy.
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GeneNc code expansion has facilitated the sitemspecific incorporaNon of unnatural amino
acids quaasr into proteins in Escherichia coli, yeast, cultured animal cells and, most recently,
CaenorhabdiAs elegans s1t. We previously developed a method for incorporaNon of uaas
into proteins s2t. In this study, we designed a protected aamtRNA with a photocleavable group
qcaged aamtRNAr. Caged aamtRNA is expected as a new approach for temporal control of
translaNon through photomtriggered producNon of aamtRNA.
This approach is used in in vitro translaNon system. For this approach to be successful,
however, the caged aamtRNA must show the following properNes. q1r The caged aamtRNA is
stable and not deaminoacylated for long enough Nme during the translaNon. q2r The caged
aamtRNA does not inhibit the translaNon system. q3r The caged amino acid in the caged
aamtRNA does not parNcipate to the translaNon. q4r The photocleavable protecNng group
must be removed in much shorter irradiaNon Nme than the period for the translaNon. In
addiNon, the irradiaNon does not influence the translaNon. q5r The free aamtRNA a3er
deprotecNon must go into ribosome according to a unique codon/anNcodon pair that is
independent from the standard codon/anNcodon pairs.
We here developed the caged aamtRNA which met these condiNons. We demonstrated photom
triggered temporal control of translaNon using the caged aamtRNA.
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Molecular mechanism of replicaEon iniEaEon of Qβ RNA
by Qβ replicase
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Qβ virus has a single and posiNve strand genomic RNA. It infects E. coli and replicates the viral
RNA by using Qβ replicase, a tetrameric protein complex of the viral RNAmdependent RNA
polymerase qβmsubunitr, translaNonal elongaNon factor qEFr mTu, EFmTs and ribosomal protein
S1. The S1 is indispensable for the iniNaNon of the negaNve strand RNA synthesis from the
posiNve strand Qβ RNA. Althogh structures of core Qβ replicase consisNng of the βmsubunit,
EFmTu and EFmTs is available, structures of holo Qβ replicase, containing S1, has not been
reported yet. The molecular mechanism of S1 interacNon with core Qβ replicase, and the
involvement of S1 in replicaNon iniNaNon of Qβ RNA have remained obscure.

We present crystal structure of Qβ replicase, containing βmsubunit, EFmTu, EFmTs and
Nmterminal half of S1 containing three OBmfold, capable of iniNaNng the negaNve strand
synthesis from the posiNve strand Qβ RNA. The structural and biochemical studies revealed
that the Nmterminal two OBmfolds anchor the S1 onto the βmsubunit, and the third mobile OBm
fold interacts with the specific RNA fragment derived from the internal region of Qβ RNA. The
specific interacNons between the internal region of Qβ RNA and the third mobile OBmfold of
S1, spaNally anchored near the surface of the βmsubunit of Qβ replicase, would recruite the
3’mend of Qβ RNA in the proximal to the acNve site of the βmsubnit. Thus, S1 acts as a
replicaNon iniNaNon factor for efficient and specific replicaNon iniNaNon of Qβ RNA, beyond
its established funcNon in translaNon iniNaNon.
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The ribosomal elongaNon of the pepNde chain takes place at the pepNdyl transferase center
qPTCr of the ribosome. As translaNon proceeds, the nascent pepNde chain passes from the
PTC through the exit tunnel and emerges from the ribosome at the tunnel opening.
Hydrolysismresistant pepNdemRNA conjugates that mimic pepNdylated tRNA termini are thus
valuable compounds for funcNonal and structural studies of the ribosome. However, they
represent a remarkable syntheNc challenge, in parNcular if they contain amino acids with
complex sidemchain funcNonaliNes.
Here, a novel approach that combines solidmphase synthesis and bioconjugaNon is
demonstrated to obtain these conjugates with high efficiency and purity. The key step is
naNve chemical ligaNon of cysteinemmodified RNA fragments to highly soluble pepNde
thioesters.s1t To expand the sequence variety of pepNdylmtRNA mimics obtained by naNve
chemical ligaNon, metalmfree desulfurizaNon of cysteine to alanine is presented.s2t The
somprepared pepNdylmtRNA mimics relate to resistance pepNdes that can render the ribosome
resistant to macrolide anNbioNcs by a yet unknown ribosomal translaNon mechanism.s3t In
addiNon, one of the mimics was enzymaNcally ligated to the chemically synthesized
5’mfragment of tRNAmCys to obtain the corresponding fullmlength tRNAmpepNde conjugate.s1t
Furthermore the hydrolysismresistant 3’mamide linkage between the pepNde and the RNA
moiety allows the formaNon of crystallisable complexes without deacylaNon. Using Xmray
crystallography, structural studies of a short pepNdylmtRNA mimic bound to the large
ribosomal subunit of D.radiodurans will be presented qunpublished datar.
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Use of tRNAYspecific recogniEon to test miRY122Yinduced
structural changes in the tRNAYlike domain of the hepaEEs C
virus internal ribosome entry site
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HepaNNs C virus qHCVr genome comprises a 5’ untranslated region, which funcNons as an
internal ribosome entry site qIRESr including the AUG start. It was demonstrated that the
host premtRNA processing enzyme, RNase P, can cleave the HCV RNA genome at a site in the
IRES near the AUG iniNator triplet. This reacNon indicates the presence of a tRNAmlike
structure in the IRES. We and others have previously shown that the HCV qIRESr resides within
the 1m570 genomic region in a locked conformaNon and switches to an open conformaNon
triggered by the binding of two miRm122 molecules at its 5’ flank.
In this study we have tested quanNtaNvely the ability of miRm122 to interact with HCV RNA
in either the closed or the opened form. Surprisingly, control truncated RNAs from which
the miRm122mtriggering sites in the 5’ flank of the IRES were removed conNnued to acNvely
bind miRm122. Using classic RNA probing methods two consecuNve miRm122 binding sites at
the 3’ flank of the IRES were found to be responsible. The effects of binding on the 3’ IRES
flank of miRm122 on single and double stranded specific RNases qRNase A, T1 and V1r or
chemicals qDMSr were limited. In contrast, the acNvity of factors that specifically recognize
the tRNAmlike region containing the AUG start codon used as probes was highly affected,
whether prevented or acNvated. These factors included human and cyanobacterial RNase P
and E.coli RNase Z. This suggested that binding of miRm122 at the 3’ flank of the IRES, in the
vicinity of the AUG start codon might affect binding of the 40S ribosomal subunit which was
subsequently demonstrated. In conclusion, the use of specific tRNAmrelated factors provided
evidences that miRm122 binds to HCV RNA at both flanks of HCV IRES and induces a global
rearrangement of its structure.



25th tRNA Conference 2014

180

P71

SimulaEng ribosome dynamics and tRNA translocaEon
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With advances in structure determinaNon and conNnued growth in highmperformance
compuNng qHPCr, molecular dynamics qMDr simulaNons can now be employed to study largem
scale conformaNonal rearrangements in molecular machines, such as the ribosome. In the
cell, proteins are synthesized by the joint acNon of the ribosome and transfer RNA qtRNAr
molecules, enabling messenger RNA qmRNAr to be translated into pepNdes. In the elongaNon
cycle of translaNon, tRNA molecules and the associated mRNA move between binding sites,
a process known as tRNA translocaNon. During translocaNon, tRNAmmRNA movement q Y 20m50 År
is coupled to largemscale collecNve rotaNons in the ribosomal subunits. In order to beOer
understand the physical relaNonship between these rotaNons and tRNA displacements, we
use MD simulaNons that employ a simplified descripNon of the energeNcs, which elucidate
the role of sterics, and molecular flexibility during tRNA translocaNon. For the ribosome, we
construct forcefields for which each experimentallymderived configuraNon is a potenNal
energy minimum. Using these models, we are able to
simulate spontaneous tRNA translocaNon events and idenNfy robust aspects of the dynamics.
We find that detailed steric interacNons are a dominant contributor to tRNA translocaNon
dynamics. These results provide a framework for understanding the interplay between
structure and dynamics, and suggest strategies to experimentally modulate the physicalm
chemical features that govern ribosome funcNon.

Keywords: large biomolecular machines, energy landscapes, translaAon.
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Processive sliding of ribosomes through the nonYcoding gap
in gene 60 mRNA of bacteriophage T4
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TranslaNonal bypassing is an unusual mechanism employed by the ribosome to skip a nonm
coding region in the mRNA. While the bestmcharacterized example of bypassing occurs in
gene 60 mRNA of bacteriophage T4 qWills et al 2008r, recent evidence suggests that
bypassing phenomena are much more common, e.g. there are 81 translaNonal bypassing
elements in mitochondria of the yeast Magnusiomyces capitatus qLang et al 2013r. We
studied how the ribosome bypasses a 50mnt nonmcoding segment of gene 60 mRNA in vitro.
To idenNfy the minimal set of signals required for bypassing, we recapitulated efficient
translaNonal bypassing in a reconsNtuted translaNon system from Escherichia coli. We show
that the signals that promote efficient and accurate bypassing are specified by the gene 60
mRNA sequence itself. SystemaNc analysis of the mRNA suggested unexpected contribuNons
of mRNA sequences upstream and downstream of the nonmcoding gap region as well as of
the nascent pepNde. During bypassing ribosome glides forward on the mRNA track in a
processive way. At any Nme during bypassing, >97% of ribosomes successfully move by one
nucleoNde towards the landing site, while <3% are lost due to dropmoff. We propose a novel
model of bypassing, where the mRNA elements 5´of the takemoff site and 3´of the landing site,
together with the nascent pepNde sequences in the ribosome exit tunnel, coordinate the
ribosome movement over the gap. Gliding may play a role not only for gp60 synthesis, but
also during regular mRNA translaNon for reading frame selecNon during iniNaNon or tRNA
translocaNon during elongaNon.
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A nonYcanonical tRNAYprotein complex involved in tRNA
mitochondrial import
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Mitochondrial genomes encode far less molecules than they need to fulfill their biological
roles and thus rely on cytosolic transcripNon and translaNon. In yeast, mitochondrial
translaNon at nonmpermissive temperature that suppresses the funcNon of the mitochondrialm
encoded tRNAqlysr3 qtRK3r, relies on import of cytosolic tRK1, and not tRK2. tRK1 import is
a chaperonemmediated process involving the glycolyNc enzyme enolase 2 qEno2pr, which
shuOles tRK1 to the precursor of the ulNmately imported mitochondrial lysylmtRNA synthetase
. This process depends on the refolding of tRK1 in a somcalled Fmform based on three hairpins,
with only the Dmstem and loop structurally conserved . The two other hairpins result from rem
shuffling of anNcodon, Tmstem and 3’ acceptor strands giving rise to two neomloops. In the
Fmform of tRK1, the parNcipaNon of the CUU anNcodon is required for formaNon of the second
hairpin. Moreover, the enNre anNcodon can be deleted without significant alteraNon of the
import process . This indicates that subtle differences in sequence and/or RNA postm
transcripNonal modificaNon paOerns between tRK1 and tRK2 may account for the canonical
Lmshape to Fmform refolding, and consequently, stringent import specificity of the former,
perhaps helped by Eno2p. Small angle Xmray scaOering qSAXSr experiments have been
overtaken to characterize the shapes of the complex and its individual components. The SAXS
shapes show potenNal extended bimlobal structures, which could accommodate both tRK1
and Eno2p. A small bridge at the juncNon of the two lobes indicates that contact with Eno2p
could be mediated by the Fmloop of tRK1.
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ArEficial codon box division to encode mulEple nonY
proteinogenic amino acids besides 20 proteinogenic ones
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In living organisms, mRNA codons are decoded to typically 20 proteinogenic amino acids
according to the geneNc code. The geneNc code reprogramming method enables mulNple
kinds of nonmproteinogenic amino acids to be encoded in a reprogrammed geneNc code. In
this method, several kinds of proteinogenic amino acids and/or aminoacyl tRNA synthetases
qARSsr are omit from a reconsNtuted cellmfree translaNon system, and instead aminoacylm
tRNAs with nonmproteinogenic amino acids are added to reassign the codons corresponding
to the excluded proteinogenic amino acids to the nonmproteinogenic ones. As a limitaNon of
the methodology, it is difficult to encode more than 20 kinds of amino acids in the
reprogrammed geneNc code because proteinogenic amino acids are necessarily excluded.
To overcome this limitaNon, we have developed a new method, which is referred to as
arNficial codon box division, to encode mulNple nonmproteinogenic amino acids without the
need to exclude any proteinogenic ones. For example, the valine GUqU/C/A/Gr codon box
can be divided into two segments GUqU/Cr codons and GUG codon which are assigned to Nm
methyl tyrosine qMeTyrr and valine, respecNvely. MeTyrmtRNAGAC is prepared by a tRNA
aminoacylaNon ribozyme “flexizyme” and added into a reconsNtuted cellmfree translaNon
system. On the other hand, valine is charged to tRNACAC by valyl tRNA synthetase in situ.
Similarly, Nmmethyl serine qMeSerr and pmiodo phenylalanine qIodPher are assigned to CGqU/Cr
codons and GGqU/Cr codons, respecNvely.
ArNficial codon box division was examined by translaNon of a pepNde containing three nonm
proteinogenic amino acids. The MALDImTOF mass spectrometry of the pepNde product
demonstrated that all NNC codons of the divided codon boxes were accurately assigned to
each nonmproteinogenic amino acid. In conclusion, arNficial codon box division enables three
kinds of nonmproteinogenic amino acids to be encoded in the reprogrammed geneNc code
without the need to exclude any proteinogenic ones.
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The number of cells and their size determine organism dimensions. Nutrients and hormones
influence growth; these adjust translaNon to sustain animal growth.
Tor kinase transduces the growthmpromoNng signals to set, regulaNng the translaNonal
machinery, the metabolic state of the cell. tRNAs stand at the core of this machinery and
need a variety of posOranscripNonal modificaNons to funcNon. N6mthreonylcarbamoylm
adenosine qt6Ar occurs in tRNAs that recognize ANN codons to permit accurate translaNon.
Recent reports have revealed that KEOPS qKinase, putaNve EndopepNdase and Other Proteins
of Small sizer complex together with Sua5 are responsible for this modificaNon in yeast.
Mutants for KEOPS members display low t6A and slowmgrowth phenotypes.
Recent experiments have shown that increasing the amount of the iniNator transfer RNA
qtRNAi

metr sNmulates cell proliferaNon in yeast and promotes oncogenic transformaNon in
mammals. Furthermore, tRNAi

met locus duplicaNon in Drosophila produces larger animal.
These growth effects are induced even although growthmpromoNng signals are kept constant,
suggesNng that changes in tRNAi

met levels are sufficient to set new growth outlines.
Using the advantages of Drosophila geneNcs we have invesNgated how the mechanisms that
transduce the environmental cues are adjusted by the growth potenNal of the cells,
specifically by the level of t6A modificaNon. Our results show that KEOPS acNvity is conserved
in metazoans, t6A is not only required for efficient translaNon and in consequence necessary
for cell growth, but the amount of this modificaNon present in tRNAs determine the growth
potenNal of the organism, thus tuning the biosyntheNc challenge to support sustainable cell
and animal growth.

This research was supported by the grants FONDECYT 1140522, FONDAP 15090007 and
CONICYT AT 24121519 YDRZ
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Decoding mechanism of CGN codon box in Bacillus sub�lis
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According to the convenNonal WatsonmCrick and wobble base pairing, tRNAArgqICGr has been
predicted to decode three arginine codons, CGU, CGC and CGA codons, whereas CGG codon
is decoded by tRNAArgqCCGr. The inosine qIr modificaNon through the adenosine deaminaNon
at the first posiNon of the anNcodon qposiNon 34r has been considered essenNal to decode
the CGA codons in most eubacteria. However, we found that Bacillus subNlis yaaJ encoding
tRNA adenosine deaminase is dispensable and the cell harboring tRNAArgqACGr without
inosine modificaNon exhibited no adverse effect on their growth. A reporter assay analysis
clarified that the depleNon of inosine formaNon caused no defect on the decoding of the
CGN fourmcodonmbox but rather increased the overall translaNonal acNvity. On the other hand,
the lack of I34 increased the frameshi3ing rate at the CGA codon, indicaNng that the entry
of arginylmtRNAArgqACGr to the Amsite on the ribosome was slowed and unstable at the CGA
codon. Thus, the inosine modificaNon of B. subNlis tRNAArg is not essenNal but contributes to
the fidelity of decoding CGA codons probably by stabilizing the codon:anNcodon interacNons.
We found that either tRNAArgqICGr or tRNAArgqACGr alone is sufficient for decoding the CGN
codon box in B. subNlis cells. This indicates that the CGN codon box is decoded based on the
supermwobbling by I34 and A34. Similar results were obtained for the other fourmcodonmboxes
showing the relaNvely relaxed decoding strategy in B. subNlis.



25th tRNA Conference 2014

186

P77

Rescue of fatal baseYpair subsEtuEons in the T stem
by residues in distant tRNA domains

Margaret E. Saks*1,2, Devin H. Midura1, and Daniel M. CurEs1
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There is no doubt that, on account of its structural flexibility, tRNA is able to access the variety
of conformaNonal states that are central to its performance before and a3er it arrives at the
ribosome. However, the quesNon remains as to whether tRNA’s structural adaptability is
dictated by the characterisNcs of localized sequence elements or is the result of funcNonal
coupling among residues in distant structural domains. To address this important, but
difficult, problem we took advantage of tRNAThr

UGU Tmstem variants that we previously
characterized1. Variants that are aminoacylated by threonylmtRNA synthetase, and bind to
EFmTu with an affinity similar to that of wt tRNAThr

UGU, but fail to confer viability to an E. coli
tRNAThr

UGU knockout strain, were subjected to errormprone PCR and selected using a geneNc
screen. In addiNon to recovering the anNcipated reversions in the T stem, the screen
idenNfied mutaNons outside of the T stem n in the tRNA core, variable pocket, and anNcodon
stem loop n that individually restore funcNon in the context of parNcular Tmstem sequences.
Together, these studies reveal unanNcipated specific coupling between residues in the T stem
and those in distant structural domains.

1. Saks et al. Y2011Z RNA 17: 1038V1047.
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MulEple siteYspecific installaEons of NεYmonomethylYLYlysine into
histone proteins by cellYbased and cellYfree protein synthesis
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Lysine methylaNon is one of the important postmtranslaNonal modificaNons of histones, and
produces an Nεmmonom, dim, or trimethyllysine residue. MulNple and sitemspecific lysine
methylaNons of histones are essenNal to define epigeneNc statuses and control
heterochromaNn formaNon, DNA repair, and transcripNonal regulaNon. A method was
previously developed to build an analogue of Nεmmonomethyllysine, with cysteine
subsNtuNng for lysine. In this study, we developed a novel method to prepare histones
bearing mulNple Nεmmonomethyllysine residues at specified posiNons. Release factor 1 qRF1rm
knockout qRFzeror Escherichia coli cells or the cellmfree system using the RFzero cell lysate
was used for protein synthesis, since in RFzero cells, UAG is completely redefined as a sense
codon for nonmcanonical amino acids. Therefore, during protein synthesis, a tertm
butyloxycarbonylmprotected Nεmmonomethyllysine analogue is ligated to Methanosarcina
mazei pyrrolysine tRNA qtRNAPylr with M. mazei pyrrolysylmtRNA synthetase mutants, and is
translaNonally incorporated into one or more posiNons specified with the UAG codon. The
protecNng groups on the protein are then removed with trifluoroaceNc acid, to generate
Nεmmonomethyllysine residues. We installed Nεmmonomethyllysine residues at posiNons 4,
9, 27, 36, and/or 79 of human histone H3. Each of the Nεmmonomethyllysine residues within
the produced histone H3 was recognized by its specific anNbody. Furthermore, the anNbody
recognized the authenNc Nεmmonomethyllysine residue at posiNon 27 beOer than the
Nεmmonomethyllysine analogue built with cysteine. Mass spectrometric analyses also
confirmed the lysine modificaNons on the produced histone H3. Thus, the present method
enables the installaNon of authenNc Nεmmonomethyllysines at mulNple posiNons within a
protein for largemscale producNon.
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The present author has proposed the AmP and PmE tRNA docking modes at the prem and past
translocaNonal states q1r. These structures of tRNAs represent a dynamic behavior of the
whole ribosome under a physiological condiNon and based on a universal rule on intersubunit
complementariNes of ribosomal RNAs and tRNAs q2r. From this point of view, the recent
result of the crystal structure of the ribosome bound to EFmTu and aminoacylmtRNA q3r does
not seem to fully explain the mechanism of EFmTu in the selecNon of a correct tRNA.
Accordingly, the effector region of EFmTu around Val 42 and Ile 63, between which the atomic
coordinates of 15 pepNdes are missing, and also the region near uridine 2653 of 23 ribosomal
RNA of the crystal structure q3r were fiOed to the uridine 2653 of 23S rRNA in our model as
close as possible at the distance of 40 Å, and connected at the phosphate group of the 73rd
nucleoNde of the Amsite tRNA. In this conformaNon, EFmTu molecule makes contacts with the
waist regions of both Am and Pmsite tRNAs, and allows a sterical interacNon of pepNdyl transfer
between the two O3’ posiNon of 76th adenines of both Am and Pmsite tRNAs. Since the Amsite
tRNA bound to EFmTu can be considered highly homologous to the structure of EFmG bound
to Pmsite tRNA. In this structure, the domain IV of EFmG makes a contact with Pmsite tRNA,
which is quite similar to the crystal structure of the ribosome with EFmG trapped in the
posOranslocaNonal state q4r.

1. Nagano, K. and Nagano, N. Y1997Z Nucl. Acids Res. 25, 1254V1264.
2. Nagano, K. and Nagano, N. Y2007Z J. Theor. Biol. 245, 644V668.
3. Schmeing T. M. et al. Y2009Z Science 326, 688V694.
4. Gao, Y.VG. et al. Y2009Z Science 326, 694V699.
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tRNA dependence of stringent response factor RelA
inhibiEon by thiostrepton suggests two conformaEons
of the ribosomeYbound RelA
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The stringent response is a central bacterial regulatory pathway mediated by the alarmone
nucleoNde ppGpp1. In E. coli, stringent response factor RelA synthesizes ppGpp in response
to increased level of deacylated tRNAs caused by the amino acid starvaNon. ppGpp exerts its
regulatory role by modulaNng the acNvity of numerous enzymes1: RNA polymerase,
translaNonal GTPases, and by acNvaNng the ppGppmsyntheNc acNvity of RelA itself2. Since
the stringent response regulates bacterial virulence and anNbioNc tolerance4, development
of specific inhibitors is a promising strategy for the design of novel anNbacterials.
Using an in vitro stringent response and translaNon system2 we have tested the inhibiNon of
E. coli stringent response factor RelA by anNbioNcs tetracycline, thiostrepton,
chloramphenicol and recently developed RelA inhibitor Relacin3. Both Relacin and tetracycline
inhibit RelA inefficiently and the inhibiNon is insensiNve to the Amsite tRNA while the inhibiNon
of RelA by thiostrepton is strongly dependent on the presence of deacylated tRNA. We
hypothesize that RelA enzyme acquires two different conformaNons in the presence and
absence of tRNA leading to dramaNcally different sensiNvity to thiostrepton.

1 Dalebroux, Z. D. & Swanson, M. S. Nat Rev Microbiol 10, 203V212, Y2012Z.
2 Shyp, V. et al. EMBO Rep 13, 835V839, Y2012Z.
3 WexselblaB, E. et al. PLoS Pathog 8, e1002925, Y2012Z.
4 Dalebroux, Z. D. et al. Microbiol. Mol. Biol. Rev. 74, 171V199, Y2010Z
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tRNAYderived RNAs are the most abundant small RNA
in chronic viral hepaEEs
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Small, nonmcoding RNAs control gene expression postmtranscripNonally and play important
roles in virusmhost interacNons. HepaNNs B and C viruses persistently infect hundreds of
millions of people worldwide, and are associated with chronic liver inflammaNon, cirrhosis
and cancer. We sequenced small RNAs q14m40 ntsr in liver from subjects with chronic hepaNNs
B or C and associated cancer, as well as uninfected controls. Surprisingly, we found a high
abundance of reads mapping to tRNAs. Specifically, we idenNfied reads mapping to 348 of the
458 known unique tRNA sequences. Approximately 90% of these reads mapped to the region
extending from the 5’mend of the tRNA to the anNcodon triplet qthese reads are ~32m35 nts
and are referred to as tRNAmhalves or tRHsr. More than 60% of these tRHs originated from
tRNAGly and tRNAVal. In most infected livers, tRH levels exceeded that of miRNAs. In contrast,
in the cancer Nssue from the same subjects tRH abundance was reduced, concomitant with
decreased expression of the tRNAmcleaving ribonuclease, angiogenin, and increased
expression of angiogenin inhibitor, RNH1. Previous studies in cell culture have suggested that
tRHs confer global reducNon in protein translaNon. Using two different assays, we found that
ectopic expression of the most common intrahepaNc tRHs q5’mtRHGly and 5’mtRHValr does not
repress 5’mcapmdependent translaNon in human hepatoma cells, and may alter hepaNNs C
internal ribosomal entry site qIRESrminiNated translaNon. In summary, our results show that
tRHs are abundantly expressed in primary human Nssue, increased in chronic viral infecNon,
and decreased in associated cancer. These findings highlight the potenNal biological and
clinical relevance of these small nonmcoding RNAs.
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Upregulated tRNA level alters insulin signaling in C2C12
myotubes
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Insulin signaling, through PI3K/Akt kinase, acNvates mTORC1 which directly phosphorylates
and inhibits Maf1 thus increases tRNA transcripNon. Since palmiNc acid disrupts insulin
signaling in muscle cells and increases mTORC1 acNvity independently of PI3K/Akt pathway,
we asked whether either altered Maf1 acNvity or tRNA cellular level contribute to palmiNc
acid induced insulin resistance. The tRNA level was upregulated in palmiNc acid treated
C2C12 myotubes as well as in white Gastrocnemius of Wistar rats fed for 16 weeks with high
fat diet qHFr. Overexpression of tRNA decreased insulin sensiNvity of C2C12 myotubes treated
with palmiNc acid. Similarly, hyperacNve Maf1 conveyed the same effect. Surprisingly,
increased tRNA level was accompanied by dephosphorylaNon of Maf1 which suggests that
Maf1 may be acNvated by the tRNA excess. Our results indicate that Maf1, apart from Pol III
repressor funcNon, modulates lipid metabolism therefore we invesNgated if unbiased tRNA
level contributes parNally to this effect. We found upregulated tRNA level to induce lipolysis
and βmoxidaNon suggesNng increased lipid uNlizaNon. Moreover in palmiNc acid treated
C2C12 myotubes we found upregulated tRNA level to induce ROS producNon. In conclusion
we believe that disturbances in RNA Pol III transcripNon due to either Maf1 acNvity or
increased tRNA cellular content and possibly non canonical tRNA funcNons may affect lipid
metabolism thus alter insulin signaling.
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In the expanding repertoire of small noncoding RNAs, tRNAmderived RNA fragments qtRFsr
have been idenNfied in all domains of life. AccumulaNng evidence suggest that they are not
just random degradaNon fragments but rather stable enNNes which may have major
biological funcNons.
So far, only few data on plant tRFs are reported. Neither inmdepth analysis of their idenNty was
performed, nor their biogenesis and roles studied. Using highmthroughput sequencing
technology and in silico analyses, tRFs were retrieved from 30 Arabidopsis small RNA libraries,
thanks to a new PlantRNA database we recently created. The RNA libraries were generated
from various Nssues, from plants submiOed to bioNc or abioNc stress and from
immunoprecipitated argonaute fracNons. Among the remarkable observaNons, it is to note
that numerous tRFs originate from organellar tRNAs and with very specific cleavage sites.
Examining the AGO1m or AGO4m associated tRFs also reveals bias in term of idenNty and size
and shows the presence of several organellar tRFs in immunoprecipitates.
Having validated the major tRFs by northern blots, we then asked the quesNon of their
biogenesis. An in vitro cleavage assay was set up from Arabidopsis leaves. We provide
evidence that plasNdial or mitochondrial tRFs are generated outside the organelles by
cytosolic endonucleases. While in mammals, short tRFs may be produced by Dicer, this is
not the case in plants according to Arabidopsis mutant analysis. Rather, two Arabidopsis
endonucleases were idenNfied and shown to cleave both nuclear and organellar tRNAs. Their
characterizaNon is under way. All these observaNons strongly suggest that some tRFs play
important regulatory funcNons within the cell. Beyond translaNon, our data open new
perspecNves for nucleusm and organellemencoded tRNAs as major actors of gene expression.
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Stress induces various responses including translaNonal arrest and tRNA degradaNon and
accumulaNon in mammals. Previously, we showed that heat stress induces the nuclear
accumulaNon of iniNator tRNAMet qiMetr and the degradaNon of its through 5’m3’
exoribonuclease Xrn1 and Xrn2, which are localized primarily to the cytoplasm and nucleus
including the nucleolus, respecNvely q1, 2r. In addiNon, we found that rapamycin inhibits the
degradaNon of iMet under heat stress q2r. Here, we report that the mammalian target of
rapamycin qmTORr, a rapamycin binding protein, regulated the diffusion of Xrn2 from the
nucleolus to the nucleoplasm, facilitaNng the degradaNon of iMet under heat stress.
Moreover, Xrn2 protein synthesis was regulated by mTOR and heat stress induced the
degradaNon of Xrn2 protein. Our results suggest a mechanism of translaNonal arrest through
mTORmregulated iMet degradaNon in mammal cells.

References
1. Miyagawa et al. Y2012Z Biochem. Biophys. Res. Commun. 418: 149V155.
2. Watanabe et al. Y2013Z Nucleic Acids Res. 41Y8Z: 4671V4685.
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Transfer RNAs qtRNAsr belong to the group of short nonmcoding qncr RNAs that are transcribed
by the RNA Polymerase III qPol IIIr system. Other targets include the 5S ribosomal and U6
spliceosomal RNA. TranscripNon factors qTFr IIIA, IIIB and IIIC are involved in Pol III
transcripNon regulaNon, binding to different promoter sequences and the transcripNon of
each ncRNA is regulated by a different combinaNon of TF and promoters. In parNcular, to
transcribe tRNAs TFIIIC binds to the intragenic A and B boxes and it has been suggested to
stay bound to these sites unNl displaced by TFIIIB/Pol III when transcripNon is iniNated.
Each of the six subunits of TFIIIC is essenNal for cell survival, making it difficult to perform in
vivo studies to analyze the funcNon of each subunit separately. We have studied the
interacNons between TFIIIC subunits using fluorescencemcrossmcorrelaNon spectroscopy
qFCCSr. In addiNon, we have generated viable yeast strains where we can deplete each
subunit independently via an inducible degron system and we can follow the depleted
subunit via GFP fluorescence and microscopy over Nme. Using these strains and quanNtaNve
PCR, we analyze the effect on the levels of two different tRNA genes, U6 and 5S RNA in yeast
cells, nine hours a3er inducing the degradaNon of each TFIIIC subunit. Unexpectedly, our
iniNal results show a clear increase in the tRNA levels, whereas no change is observed in the
levels of the U6 and 5S RNAs. These results suggest that TFIIIC acts to block and not enhance
for Pol III transcripNon, an idea that agrees with previous hypothesis concerning the role of
TFIIIC in transcripNon. Whole transcriptome studies are now being established to verify these
results.
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Transfer RNAs qtRNAsr undergo a series of posOranscripNonal processing and modificaNon
events to mature into funcNonal tRNAs. Processing entails intron excision by the tRNA splicing
endonuclease qTSENr, ligaNon of the resulNng exon halves by a tRNA ligase and removal of
5’ leader and 3’ trailer sequences by RNase P and RNase Z, respecNvely. Unique to mammals
is the associaNon of the TSEN complex with CLP1, a polynucleoNde kinase that
phosphorylates the 5´mhydroxyl group of 3’ tRNA exons in vitro. We recently invesNgated the
in vivo role of CLP1 through the generaNon of a kinasemdead qClp1k/kr mouse harboring a
lysine to alanine subsNtuNon at amino acid posiNon 127 qK127Ar in CLP1. Surprisingly, these
CLP1 mutant mice exhibited a progressive loss of lower motor neurons resulNng in fatal
deterioraNon of motor funcNons. In addiNon, Clp1k/k mice accumulated a novel class of tRNA
fragments composed of a trimphosphorylated 5’ leader followed by a 5’ exon, that sensiNze
cells to p53 acNvaNon in response to oxidaNve stress. These fragments are also generated in
cells upon exposure to hydrogen peroxide qH2O2r. This new class of tRNA fragment adds to
a long list of tRNA pieces that arise with stress condiNons. Furthermore, we recently
characterized homozygous mutaNons in CLP1 qR140Hr that were idenNfied in Turkish families,
with paNents experiencing severe motormsensory defects, cerebellar neurodegeneraNon,
corNcal dysgenesis and microcephaly. Biochemical dissecNon revealed accumulaNon of linear
introns, lack of interacNon between CLP1 and TSEN subunits and a consequent impairment
in premtRNA cleavage acNvity. Upon remexaminaNon, microcephaly was also found in Clp1k/k

mice. Our findings linking tRNA splicing defects with neurodegeneraNon suggest that tRNA
processing, in parNcular tRNA splicing, is an Achilles heel for neuron funcNon.
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In Staphylococcus aureus, the solely exisNng GlyRS provides the necessary GlymtRNAGly

molecules as substrates for glycine incorporaNon during translaNon and cell wall stabilizaNon
through pentaglycine bridges via the FemXAB factors. We have previously idenNfied 5 tRNAGly

isoacceptors exhibiNng differenNal binding affinity to EFTu1. We show herein, that glyS
transcripNon is controlled by a Tmbox riboswitch which interesNngly contains the shortest
intergenic sequence of all known Tmboxes, so far. A3er predicNng the secondary structure
and cloning the glyS Tmbox we screened the two proteinogenic tRNAGly isoacceptors qP1 and
P2r and the three non proteinogenic qNP1, NP2 and NEWr for binding. We observed binding
of P1 tRNA which is the only one with different anNcodon that the other four molecules that
matches the anNcodon region of the specifier loop. Using various mutants and the riboswitch
as a whole, we performed chemical probing and primer extension, as well as enzymaNc
probing which unravelled and verified the secondary structure of the glyS Tmbox riboswitch.
In addiNon, in vivo experiments tested the ability of various Tmbox mutants to trigger
anNterminaNon in the presence of each tRNAGly isoacceptor, using a modified E. coli plasmidm
based anNterminaNon system. Moreover, tRNAmdirected anNterminaNon in vitro assays with
all five different tRNA isoacceptors validated the differenNal readmthrough of the glyS TBox
terminator. Finally, the in vivo experiments were repeated using directly transformed S.
aureus specific strains, detecNng the endogenous GlyRS expression levels. In conclusion, the
S. aureus glyS Tmbox represents the only know tRNAmdependent regulatory element that
controls two essenNal, but unrelated pathways and could be considered as a novel
anNmicrobial target.

1. Giannouli S., Kyritsis A., Malissovas N., Becker H. D. and Stathopoulos C. q2009r On the role of an
unusual tRNAGly isoacceptor in Staphylococcus aureus. Biochimie 91: 344m351
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AminoacylmtRNA synthetases qARSsr, charging amino acid to the cognate tRNA, mediate
various signal pathways in response to growth, stress and apoptoNc sNmuli. Among them,
methionylmtRNA synthetase qMRSr is known to relocate from cytosol to nucleus under growth
condiNon, however the meaning and funcNon of MRS in the nucleus is not clearly
understood.
We found that knockdown of MRS triggered growth retardaNon of triple negaNve breast
cancer qTNBCr cells. G1/S transiNon of cell cycles was impaired by MRS knockdown based on
the flow cytometry analysis suggesNng that MRS may be involved in the cell cycle control. We,
therefore invesNgated the relaNonship between MRS and cell cycle regulaNonmrelated
proteins and observed that level of cyclinmdependent kinase 4 qCDK4r was criNcally affected
by MRS expression level. MRS acNvity is related to the control of CDK4 stability, and inhibiNon
of MRS acNvity significantly reduced the level of CDK4 resulNng in cell growth arrest under
growth condiNon. MRS knockdownmmediated cell growth retardaNon was recovered by
overexpression of CDK4 suggesNng that maintenance of CDK4 stability via interacNon with
MRS is criNcal for cell proliferaNon. This study suggests the novel funcNon of MRS regulaNng
cell cycle via increasing the stability of CDK4 and the possible crosstalk with translaNon for
the control of cancer cell proliferaNon.
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Monitoring the expression dynamics of networks controlling
tRNA expression, signaling and translaEon in lung cancer

Dimitrios Anastasakis1#, Katerina Grafanaki1#, Christos Kontos2#,
Ilias Skeparnias1, Maria Apostolidi1, Parthena KonstanEnidou1,
PanagioEs Alexopoulos3, Aris Gioutlakis4, Ourania N. Kostopoulou,
Dimitrios Dougenis3, Dimitrios L. Kalpaxis, Denis Drainas1,
Nicholas K. Moschonas4, Andreas Scorilas2 and ConstanEnos Stathopoulos1*

1Department of Biochemistry, School of Medicine, University of Patras, Patras, Greece
2Department of Biochemistry and Molecular Biology, University of Athens, Greece
3Department of Cardiothoracic Surgery, School of Medicine and University Hospital of Patras,
University of Patras, Patras, Greece
4Department of General Biology, School of Medicine, University of Patras, Patras, Greece
#equal contribuAon, *correspondence to cstathamed.upatras.gr

Lung cancer is a leading cause of death worldwide. Although many expressionmbased
biomarkers have been reported to regulate the disease progress, there are limited reports on
the expression level of genes related to tRNA transcripNon, maturaNon, aminoacylaNon,
translaNon iniNaNon, cleavage and signalling, in combinaNon with tRNA expression and the
idenNficaNon of tRNA fragments. In the current study, we invesNgate the expression levels
of more than 60 genes related to those events. Many of the proteins encoded by the genes
under invesNgaNon appear interconnected in a putaNve protein network model proposed
based on experimentally verified data. Finally, we provide a first landscape of the tRNAs, tRFs
and miRNAs expression levels using NGS from cancer cell lines and biopsies.

The work was supported in part and implemented under the "ARISTEIA" AcAon of the
"OPERATIONAL PROGRAMME EDUCATION AND LIFELONG LEARNING" and is coVfunded
by the European Social Fund YESFZ and NaAonal Resources YMIS 1225VTRANSLUNG, No D608
to CSZ.
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