
How to write  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What makes a good writer?
• Knowledge of the subject or topic 

• Passion for the subject 

• A logical and creative mind 

• A desire to communicate 

• Appreciation for who the audience is 

• A willingness to revise and rewrite



Your writing is  
a form of art…

• Creative expression 

• never copy someone else’s work 
(plagiarism) 

• good writer & artist require similar 
skills 

• You need to be your own editor



… just as many 
words as are 

necessary, but 
not a word 

more…



Scientific papers ~ mystery novels
• Identify the mystery or problem to be 

solved 

• Describe the methods used to gather 
data (evidence).  

• Present the data (evidence) in an 
unbiased way 

• Analyze the data  

• Interpret and discuss the data  

• Conclude  



Structuring  
a scientific paper….
• Follow this recipe to the letter!

• Structure: 

• Title & abstract 

• Introduction 

• Methods 

• Results 

• Discussion 

• Conclusion



Title
• The title must be a concise and informative phrase.  

• This is the first thing a potential reader will see.



Example:
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LETTER
doi:10.1038/nature20821

Structural basis for ArfA–RF2-mediated translation 
termination on mRNAs lacking stop codons
Paul Huter1*, Claudia Müller1*, Bertrand Beckert1,2, Stefan Arenz1, Otto Berninghausen1, Roland Beckmann1 & 
Daniel N. Wilson1,2

In bacteria, ribosomes stalled on truncated mRNAs that lack a 
stop codon are rescued by the transfer-messenger RNA (tmRNA), 
alternative rescue factor A (ArfA) or ArfB systems1. Although 
tmRNA–ribosome and ArfB–ribosome structures have been 
determined2-7, how ArfA recognizes the presence of truncated 
mRNAs and recruits the canonical termination release factor RF2 
to rescue the stalled ribosomes is unclear. Here we present a cryo-
electron microscopy reconstruction of the Escherichia coli 70S 
ribosome stalled on a truncated mRNA in the presence of ArfA 
and RF2. The structure shows that the C terminus of ArfA binds 
within the mRNA entry channel on the small ribosomal subunit, 
and explains how ArfA distinguishes between ribosomes that bear 
truncated or full-length mRNAs. The N terminus of ArfA establishes 
several interactions with the decoding domain of RF2, and this 
finding illustrates how ArfA recruits RF2 to the stalled ribosome. 
Furthermore, ArfA is shown to stabilize a unique conformation 
of the switch loop of RF2, which mimics the canonical translation 
termination state by directing the catalytically important GGQ 
motif within domain 3 of RF2 towards the peptidyl-transferase 
centre of the ribosome. Thus, our structure reveals not only how 
ArfA recruits RF2 to the ribosome but also how it promotes an 
active conformation of RF2 to enable translation termination in 
the absence of a stop codon.

Premature transcription termination or truncation of a full-length 
mRNA can lead to mRNAs lacking a stop codon. Ribosomes translating  
these truncated mRNAs become trapped at the 3′ end of the mRNA 
because translation elongation or termination cannot occur. In bacteria,  
these stalled ribosomes are recognized and recycled by the tmRNA 
rescue system (reviewed in ref. 1). A subset of bacteria, such as E. coli, 
can survive without the tmRNA system owing to the presence ArfA8. 
The synthetic lethality arising from inactivation of both the tmRNA 
and ArfA rescue systems can be alleviated by overexpression of ArfB9. 
Collectively, these studies illustrate the physiological importance that 
the rescue of stalled ribosomes has for cell viability. Structural studies 
have revealed how ribosomes stalled on truncated mRNA are recog-
nized and recycled by the tmRNA–SmpB complex6,7 or ArfB5. In the 
case of ArfB, the empty mRNA channel of the ribosome is probed 
by the C-terminal helix, positioning the N-terminal catalytic GGQ-
containing domain at the peptidyl-transferase centre (PTC) to trigger 
peptidyl-tRNA hydrolysis5. Similarly, in the tmRNA–SmpB complex, 
the C-terminal helix of SmpB recognizes the empty mRNA channel 
and positions the tRNA-like domain of tmRNA at the PTC to enable  
peptidyltransfer6,7. Translation then continues on the mRNA-like 
domain of tmRNA, which encodes a short peptide targeting the 
incompletely translated nascent polypeptide chain for degradation1.  
Biochemical studies have demonstrated that ArfA represents a back-up 
system for tmRNA10,11. The arfA mRNA contains a stem–loop that 
acts as a transcription terminator as well as a substrate for RNase III  

cleavage10-12. In the presence of tmRNA, the short ArfA product pro-
duced from the truncated arfA mRNA is tagged by tmRNA and tar-
geted for degradation. However, in the absence of tmRNA, the short 
ArfA product is not degraded and assumes the role of recycling ribo-
somes stalled on truncated mRNAs10,11. The full-length E. coli ArfA 
protein is 72 amino acids long and contains a C-terminal hydrophobic  
region that leads to aggregation of the protein in vivo10. Shorter 
forms of ArfA that result from truncated arfA mRNAs and lack the  
terminal 17–18 amino acids retain full recycling activity10,11. ArfA 
alone is insufficient to recycle ribosomes stalled on truncated mRNAs 
and requires the assistance of the canonical termination release factor 
RF2 to hydrolyse the peptidyl-tRNA on the ribosome13,14 (Fig. 1a–c).  
A mechanistic understanding of how ArfA recognizes ribosomes 
stalled on truncated mRNAs, recruits RF2 and stabilizes the active 
conformation of RF2 has so far been hampered by the lack of an  
ArfA–RF2–ribosome structure.

To generate a suitable complex for structural analysis, in vitro trans-
lation reactions were performed with a truncated mRNA in the pres-
ence and absence of ArfA∆17 (lacking residues 56–72) and/or RF2. 
As reported previously13,14, the presence of both ArfA and RF2 was 
required for efficient recycling of the peptidyl-tRNA (Extended Data 
Fig. 1). By contrast, replacing wild-type RF2 with the catalytically 
inactive RF2-GAQ mutant (in which the tripeptide Gly-Gly-Gln is 
converted to Gly-Ala-Gln) prevented peptidyl-tRNA hydrolysis and 
recycling (Extended Data Fig. 1), as described previously13. Cryo-
electron microscopy (cryo-EM) analysis of the ArfA∆17–RF2-GAQ–
stalled ribosomal complex (hereafter referred to as ArfA-RF2-SRC) 
and in silico sorting of this dataset yielded a major subpopulation 
of ribosomal particles that contained stoichiometric occupancy of 
P-tRNA, ArfA and RF2 (Extended Data Fig. 2). Subsequent refine-
ment resulted in a final reconstruction of ArfA-RF2-SRC (Fig. 1d)  
with an average resolution of 3.1 Å (Extended Data Fig. 3 and 
Extended Data Table 1). The electron density for most of ArfA was 
well-resolved with local resolution mostly within the range of 3.0 to 
3.5 Å (Fig. 1e), enabling a molecular model to be built de novo for resi-
dues 2–46 of ArfA (Fig. 1f, g). The lack of density for the C-terminal 
9 amino acids of ArfA prevented these residues from being included 
in the final model.

The ArfA-binding site is located on the 30S subunit within the decoding  
A-site, where it is sandwiched between helices 18 (h18), h34 and h44 of 
the 16S rRNA and ribosomal protein S12 (Fig. 2a). ArfA establishes two 
contact sites with the β-hairpin of S12, namely, from the N terminus 
in which potential hydrogen bonds are possible between Thr38 of S12 
and the backbone of Arg3 of ArfA, and between two highly conserved 
arginines (Arg26 and Arg28) of ArfA and Lys43 and Ser46 of S12  
(Fig. 2b and Extended Data Fig. 3f). The large interaction surface that 
ArfA establishes with the 30S subunit may explain how ArfA can interact  
with the ribosome in the absence of RF2 (ref. 15). The C terminus of 

1Gene Center, Department of Biochemistry and Center for integrated Protein Science Munich (CiPSM), Ludwig-Maximilians-Universität München, Feodor-Lynen-Strasse 25, 81377 Munich, 
Germany. 2Institute for Biochemistry and Molecular Biology, University of Hamburg, Martin-Luther-King-Pl. 6, 20146 Hamburg, Germany.
*These authors contributed equally to this work.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Abstract
• One paragraph  

• summarizes the paper.  

• Consists of the following: 

1. Motivate the problem  

2. Methods (establishing credibility), 

3. Summarize important results 

4. Conclusions
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termination on mRNAs lacking stop codons
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In bacteria, ribosomes stalled on truncated mRNAs that lack a 
stop codon are rescued by the transfer-messenger RNA (tmRNA), 
alternative rescue factor A (ArfA) or ArfB systems1. Although 
tmRNA–ribosome and ArfB–ribosome structures have been 
determined2-7, how ArfA recognizes the presence of truncated 
mRNAs and recruits the canonical termination release factor RF2 
to rescue the stalled ribosomes is unclear. Here we present a cryo-
electron microscopy reconstruction of the Escherichia coli 70S 
ribosome stalled on a truncated mRNA in the presence of ArfA 
and RF2. The structure shows that the C terminus of ArfA binds 
within the mRNA entry channel on the small ribosomal subunit, 
and explains how ArfA distinguishes between ribosomes that bear 
truncated or full-length mRNAs. The N terminus of ArfA establishes 
several interactions with the decoding domain of RF2, and this 
finding illustrates how ArfA recruits RF2 to the stalled ribosome. 
Furthermore, ArfA is shown to stabilize a unique conformation 
of the switch loop of RF2, which mimics the canonical translation 
termination state by directing the catalytically important GGQ 
motif within domain 3 of RF2 towards the peptidyl-transferase 
centre of the ribosome. Thus, our structure reveals not only how 
ArfA recruits RF2 to the ribosome but also how it promotes an 
active conformation of RF2 to enable translation termination in 
the absence of a stop codon.

Premature transcription termination or truncation of a full-length 
mRNA can lead to mRNAs lacking a stop codon. Ribosomes translating  
these truncated mRNAs become trapped at the 3′ end of the mRNA 
because translation elongation or termination cannot occur. In bacteria,  
these stalled ribosomes are recognized and recycled by the tmRNA 
rescue system (reviewed in ref. 1). A subset of bacteria, such as E. coli, 
can survive without the tmRNA system owing to the presence ArfA8. 
The synthetic lethality arising from inactivation of both the tmRNA 
and ArfA rescue systems can be alleviated by overexpression of ArfB9. 
Collectively, these studies illustrate the physiological importance that 
the rescue of stalled ribosomes has for cell viability. Structural studies 
have revealed how ribosomes stalled on truncated mRNA are recog-
nized and recycled by the tmRNA–SmpB complex6,7 or ArfB5. In the 
case of ArfB, the empty mRNA channel of the ribosome is probed 
by the C-terminal helix, positioning the N-terminal catalytic GGQ-
containing domain at the peptidyl-transferase centre (PTC) to trigger 
peptidyl-tRNA hydrolysis5. Similarly, in the tmRNA–SmpB complex, 
the C-terminal helix of SmpB recognizes the empty mRNA channel 
and positions the tRNA-like domain of tmRNA at the PTC to enable  
peptidyltransfer6,7. Translation then continues on the mRNA-like 
domain of tmRNA, which encodes a short peptide targeting the 
incompletely translated nascent polypeptide chain for degradation1.  
Biochemical studies have demonstrated that ArfA represents a back-up 
system for tmRNA10,11. The arfA mRNA contains a stem–loop that 
acts as a transcription terminator as well as a substrate for RNase III  

cleavage10-12. In the presence of tmRNA, the short ArfA product pro-
duced from the truncated arfA mRNA is tagged by tmRNA and tar-
geted for degradation. However, in the absence of tmRNA, the short 
ArfA product is not degraded and assumes the role of recycling ribo-
somes stalled on truncated mRNAs10,11. The full-length E. coli ArfA 
protein is 72 amino acids long and contains a C-terminal hydrophobic  
region that leads to aggregation of the protein in vivo10. Shorter 
forms of ArfA that result from truncated arfA mRNAs and lack the  
terminal 17–18 amino acids retain full recycling activity10,11. ArfA 
alone is insufficient to recycle ribosomes stalled on truncated mRNAs 
and requires the assistance of the canonical termination release factor 
RF2 to hydrolyse the peptidyl-tRNA on the ribosome13,14 (Fig. 1a–c).  
A mechanistic understanding of how ArfA recognizes ribosomes 
stalled on truncated mRNAs, recruits RF2 and stabilizes the active 
conformation of RF2 has so far been hampered by the lack of an  
ArfA–RF2–ribosome structure.

To generate a suitable complex for structural analysis, in vitro trans-
lation reactions were performed with a truncated mRNA in the pres-
ence and absence of ArfA∆17 (lacking residues 56–72) and/or RF2. 
As reported previously13,14, the presence of both ArfA and RF2 was 
required for efficient recycling of the peptidyl-tRNA (Extended Data 
Fig. 1). By contrast, replacing wild-type RF2 with the catalytically 
inactive RF2-GAQ mutant (in which the tripeptide Gly-Gly-Gln is 
converted to Gly-Ala-Gln) prevented peptidyl-tRNA hydrolysis and 
recycling (Extended Data Fig. 1), as described previously13. Cryo-
electron microscopy (cryo-EM) analysis of the ArfA∆17–RF2-GAQ–
stalled ribosomal complex (hereafter referred to as ArfA-RF2-SRC) 
and in silico sorting of this dataset yielded a major subpopulation 
of ribosomal particles that contained stoichiometric occupancy of 
P-tRNA, ArfA and RF2 (Extended Data Fig. 2). Subsequent refine-
ment resulted in a final reconstruction of ArfA-RF2-SRC (Fig. 1d)  
with an average resolution of 3.1 Å (Extended Data Fig. 3 and 
Extended Data Table 1). The electron density for most of ArfA was 
well-resolved with local resolution mostly within the range of 3.0 to 
3.5 Å (Fig. 1e), enabling a molecular model to be built de novo for resi-
dues 2–46 of ArfA (Fig. 1f, g). The lack of density for the C-terminal 
9 amino acids of ArfA prevented these residues from being included 
in the final model.

The ArfA-binding site is located on the 30S subunit within the decoding  
A-site, where it is sandwiched between helices 18 (h18), h34 and h44 of 
the 16S rRNA and ribosomal protein S12 (Fig. 2a). ArfA establishes two 
contact sites with the β-hairpin of S12, namely, from the N terminus 
in which potential hydrogen bonds are possible between Thr38 of S12 
and the backbone of Arg3 of ArfA, and between two highly conserved 
arginines (Arg26 and Arg28) of ArfA and Lys43 and Ser46 of S12  
(Fig. 2b and Extended Data Fig. 3f). The large interaction surface that 
ArfA establishes with the 30S subunit may explain how ArfA can interact  
with the ribosome in the absence of RF2 (ref. 15). The C terminus of 

1Gene Center, Department of Biochemistry and Center for integrated Protein Science Munich (CiPSM), Ludwig-Maximilians-Universität München, Feodor-Lynen-Strasse 25, 81377 Munich, 
Germany. 2Institute for Biochemistry and Molecular Biology, University of Hamburg, Martin-Luther-King-Pl. 6, 20146 Hamburg, Germany.
*These authors contributed equally to this work.
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Introduction
• Motivate the reader by identifying the 

question or problem  

• Explaining broader significance 

• Provide necessary background 
information 

• Present your approach to solving the 
problem 

• Concluded with a brief summary of 
the important results 

• Write for the non-specialist. Keep 
jargon to a minimum.
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Structural basis for ArfA–RF2-mediated translation 
termination on mRNAs lacking stop codons
Paul Huter1*, Claudia Müller1*, Bertrand Beckert1,2, Stefan Arenz1, Otto Berninghausen1, Roland Beckmann1 & 
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In bacteria, ribosomes stalled on truncated mRNAs that lack a 
stop codon are rescued by the transfer-messenger RNA (tmRNA), 
alternative rescue factor A (ArfA) or ArfB systems1. Although 
tmRNA–ribosome and ArfB–ribosome structures have been 
determined2-7, how ArfA recognizes the presence of truncated 
mRNAs and recruits the canonical termination release factor RF2 
to rescue the stalled ribosomes is unclear. Here we present a cryo-
electron microscopy reconstruction of the Escherichia coli 70S 
ribosome stalled on a truncated mRNA in the presence of ArfA 
and RF2. The structure shows that the C terminus of ArfA binds 
within the mRNA entry channel on the small ribosomal subunit, 
and explains how ArfA distinguishes between ribosomes that bear 
truncated or full-length mRNAs. The N terminus of ArfA establishes 
several interactions with the decoding domain of RF2, and this 
finding illustrates how ArfA recruits RF2 to the stalled ribosome. 
Furthermore, ArfA is shown to stabilize a unique conformation 
of the switch loop of RF2, which mimics the canonical translation 
termination state by directing the catalytically important GGQ 
motif within domain 3 of RF2 towards the peptidyl-transferase 
centre of the ribosome. Thus, our structure reveals not only how 
ArfA recruits RF2 to the ribosome but also how it promotes an 
active conformation of RF2 to enable translation termination in 
the absence of a stop codon.

Premature transcription termination or truncation of a full-length 
mRNA can lead to mRNAs lacking a stop codon. Ribosomes translating  
these truncated mRNAs become trapped at the 3′ end of the mRNA 
because translation elongation or termination cannot occur. In bacteria,  
these stalled ribosomes are recognized and recycled by the tmRNA 
rescue system (reviewed in ref. 1). A subset of bacteria, such as E. coli, 
can survive without the tmRNA system owing to the presence ArfA8. 
The synthetic lethality arising from inactivation of both the tmRNA 
and ArfA rescue systems can be alleviated by overexpression of ArfB9. 
Collectively, these studies illustrate the physiological importance that 
the rescue of stalled ribosomes has for cell viability. Structural studies 
have revealed how ribosomes stalled on truncated mRNA are recog-
nized and recycled by the tmRNA–SmpB complex6,7 or ArfB5. In the 
case of ArfB, the empty mRNA channel of the ribosome is probed 
by the C-terminal helix, positioning the N-terminal catalytic GGQ-
containing domain at the peptidyl-transferase centre (PTC) to trigger 
peptidyl-tRNA hydrolysis5. Similarly, in the tmRNA–SmpB complex, 
the C-terminal helix of SmpB recognizes the empty mRNA channel 
and positions the tRNA-like domain of tmRNA at the PTC to enable  
peptidyltransfer6,7. Translation then continues on the mRNA-like 
domain of tmRNA, which encodes a short peptide targeting the 
incompletely translated nascent polypeptide chain for degradation1.  
Biochemical studies have demonstrated that ArfA represents a back-up 
system for tmRNA10,11. The arfA mRNA contains a stem–loop that 
acts as a transcription terminator as well as a substrate for RNase III  

cleavage10-12. In the presence of tmRNA, the short ArfA product pro-
duced from the truncated arfA mRNA is tagged by tmRNA and tar-
geted for degradation. However, in the absence of tmRNA, the short 
ArfA product is not degraded and assumes the role of recycling ribo-
somes stalled on truncated mRNAs10,11. The full-length E. coli ArfA 
protein is 72 amino acids long and contains a C-terminal hydrophobic  
region that leads to aggregation of the protein in vivo10. Shorter 
forms of ArfA that result from truncated arfA mRNAs and lack the  
terminal 17–18 amino acids retain full recycling activity10,11. ArfA 
alone is insufficient to recycle ribosomes stalled on truncated mRNAs 
and requires the assistance of the canonical termination release factor 
RF2 to hydrolyse the peptidyl-tRNA on the ribosome13,14 (Fig. 1a–c).  
A mechanistic understanding of how ArfA recognizes ribosomes 
stalled on truncated mRNAs, recruits RF2 and stabilizes the active 
conformation of RF2 has so far been hampered by the lack of an  
ArfA–RF2–ribosome structure.

To generate a suitable complex for structural analysis, in vitro trans-
lation reactions were performed with a truncated mRNA in the pres-
ence and absence of ArfA∆17 (lacking residues 56–72) and/or RF2. 
As reported previously13,14, the presence of both ArfA and RF2 was 
required for efficient recycling of the peptidyl-tRNA (Extended Data 
Fig. 1). By contrast, replacing wild-type RF2 with the catalytically 
inactive RF2-GAQ mutant (in which the tripeptide Gly-Gly-Gln is 
converted to Gly-Ala-Gln) prevented peptidyl-tRNA hydrolysis and 
recycling (Extended Data Fig. 1), as described previously13. Cryo-
electron microscopy (cryo-EM) analysis of the ArfA∆17–RF2-GAQ–
stalled ribosomal complex (hereafter referred to as ArfA-RF2-SRC) 
and in silico sorting of this dataset yielded a major subpopulation 
of ribosomal particles that contained stoichiometric occupancy of 
P-tRNA, ArfA and RF2 (Extended Data Fig. 2). Subsequent refine-
ment resulted in a final reconstruction of ArfA-RF2-SRC (Fig. 1d)  
with an average resolution of 3.1 Å (Extended Data Fig. 3 and 
Extended Data Table 1). The electron density for most of ArfA was 
well-resolved with local resolution mostly within the range of 3.0 to 
3.5 Å (Fig. 1e), enabling a molecular model to be built de novo for resi-
dues 2–46 of ArfA (Fig. 1f, g). The lack of density for the C-terminal 
9 amino acids of ArfA prevented these residues from being included 
in the final model.

The ArfA-binding site is located on the 30S subunit within the decoding  
A-site, where it is sandwiched between helices 18 (h18), h34 and h44 of 
the 16S rRNA and ribosomal protein S12 (Fig. 2a). ArfA establishes two 
contact sites with the β-hairpin of S12, namely, from the N terminus 
in which potential hydrogen bonds are possible between Thr38 of S12 
and the backbone of Arg3 of ArfA, and between two highly conserved 
arginines (Arg26 and Arg28) of ArfA and Lys43 and Ser46 of S12  
(Fig. 2b and Extended Data Fig. 3f). The large interaction surface that 
ArfA establishes with the 30S subunit may explain how ArfA can interact  
with the ribosome in the absence of RF2 (ref. 15). The C terminus of 

1Gene Center, Department of Biochemistry and Center for integrated Protein Science Munich (CiPSM), Ludwig-Maximilians-Universität München, Feodor-Lynen-Strasse 25, 81377 Munich, 
Germany. 2Institute for Biochemistry and Molecular Biology, University of Hamburg, Martin-Luther-King-Pl. 6, 20146 Hamburg, Germany.
*These authors contributed equally to this work.
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• Establishes the 

credibility of your data 
and results  

• Present the details of 
the method 

• experimental / 
theoretical / analytic 
details of method



Results
• Unbiased presentation of evidence and observations 

• All the results: positive, negative or neutral 

• Data should stand the test of time 

• Does not include opinions, biases, interpretations 

• … but discuss  

• quality of the data or show correlations  

• compare your results with other published results 

• Everything you present in this section must be addressed in the 
Discussion
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Structural basis for ArfA–RF2-mediated translation 
termination on mRNAs lacking stop codons
Paul Huter1*, Claudia Müller1*, Bertrand Beckert1,2, Stefan Arenz1, Otto Berninghausen1, Roland Beckmann1 & 
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In bacteria, ribosomes stalled on truncated mRNAs that lack a 
stop codon are rescued by the transfer-messenger RNA (tmRNA), 
alternative rescue factor A (ArfA) or ArfB systems1. Although 
tmRNA–ribosome and ArfB–ribosome structures have been 
determined2-7, how ArfA recognizes the presence of truncated 
mRNAs and recruits the canonical termination release factor RF2 
to rescue the stalled ribosomes is unclear. Here we present a cryo-
electron microscopy reconstruction of the Escherichia coli 70S 
ribosome stalled on a truncated mRNA in the presence of ArfA 
and RF2. The structure shows that the C terminus of ArfA binds 
within the mRNA entry channel on the small ribosomal subunit, 
and explains how ArfA distinguishes between ribosomes that bear 
truncated or full-length mRNAs. The N terminus of ArfA establishes 
several interactions with the decoding domain of RF2, and this 
finding illustrates how ArfA recruits RF2 to the stalled ribosome. 
Furthermore, ArfA is shown to stabilize a unique conformation 
of the switch loop of RF2, which mimics the canonical translation 
termination state by directing the catalytically important GGQ 
motif within domain 3 of RF2 towards the peptidyl-transferase 
centre of the ribosome. Thus, our structure reveals not only how 
ArfA recruits RF2 to the ribosome but also how it promotes an 
active conformation of RF2 to enable translation termination in 
the absence of a stop codon.

Premature transcription termination or truncation of a full-length 
mRNA can lead to mRNAs lacking a stop codon. Ribosomes translating  
these truncated mRNAs become trapped at the 3′ end of the mRNA 
because translation elongation or termination cannot occur. In bacteria,  
these stalled ribosomes are recognized and recycled by the tmRNA 
rescue system (reviewed in ref. 1). A subset of bacteria, such as E. coli, 
can survive without the tmRNA system owing to the presence ArfA8. 
The synthetic lethality arising from inactivation of both the tmRNA 
and ArfA rescue systems can be alleviated by overexpression of ArfB9. 
Collectively, these studies illustrate the physiological importance that 
the rescue of stalled ribosomes has for cell viability. Structural studies 
have revealed how ribosomes stalled on truncated mRNA are recog-
nized and recycled by the tmRNA–SmpB complex6,7 or ArfB5. In the 
case of ArfB, the empty mRNA channel of the ribosome is probed 
by the C-terminal helix, positioning the N-terminal catalytic GGQ-
containing domain at the peptidyl-transferase centre (PTC) to trigger 
peptidyl-tRNA hydrolysis5. Similarly, in the tmRNA–SmpB complex, 
the C-terminal helix of SmpB recognizes the empty mRNA channel 
and positions the tRNA-like domain of tmRNA at the PTC to enable  
peptidyltransfer6,7. Translation then continues on the mRNA-like 
domain of tmRNA, which encodes a short peptide targeting the 
incompletely translated nascent polypeptide chain for degradation1.  
Biochemical studies have demonstrated that ArfA represents a back-up 
system for tmRNA10,11. The arfA mRNA contains a stem–loop that 
acts as a transcription terminator as well as a substrate for RNase III  

cleavage10-12. In the presence of tmRNA, the short ArfA product pro-
duced from the truncated arfA mRNA is tagged by tmRNA and tar-
geted for degradation. However, in the absence of tmRNA, the short 
ArfA product is not degraded and assumes the role of recycling ribo-
somes stalled on truncated mRNAs10,11. The full-length E. coli ArfA 
protein is 72 amino acids long and contains a C-terminal hydrophobic  
region that leads to aggregation of the protein in vivo10. Shorter 
forms of ArfA that result from truncated arfA mRNAs and lack the  
terminal 17–18 amino acids retain full recycling activity10,11. ArfA 
alone is insufficient to recycle ribosomes stalled on truncated mRNAs 
and requires the assistance of the canonical termination release factor 
RF2 to hydrolyse the peptidyl-tRNA on the ribosome13,14 (Fig. 1a–c).  
A mechanistic understanding of how ArfA recognizes ribosomes 
stalled on truncated mRNAs, recruits RF2 and stabilizes the active 
conformation of RF2 has so far been hampered by the lack of an  
ArfA–RF2–ribosome structure.

To generate a suitable complex for structural analysis, in vitro trans-
lation reactions were performed with a truncated mRNA in the pres-
ence and absence of ArfA∆17 (lacking residues 56–72) and/or RF2. 
As reported previously13,14, the presence of both ArfA and RF2 was 
required for efficient recycling of the peptidyl-tRNA (Extended Data 
Fig. 1). By contrast, replacing wild-type RF2 with the catalytically 
inactive RF2-GAQ mutant (in which the tripeptide Gly-Gly-Gln is 
converted to Gly-Ala-Gln) prevented peptidyl-tRNA hydrolysis and 
recycling (Extended Data Fig. 1), as described previously13. Cryo-
electron microscopy (cryo-EM) analysis of the ArfA∆17–RF2-GAQ–
stalled ribosomal complex (hereafter referred to as ArfA-RF2-SRC) 
and in silico sorting of this dataset yielded a major subpopulation 
of ribosomal particles that contained stoichiometric occupancy of 
P-tRNA, ArfA and RF2 (Extended Data Fig. 2). Subsequent refine-
ment resulted in a final reconstruction of ArfA-RF2-SRC (Fig. 1d)  
with an average resolution of 3.1 Å (Extended Data Fig. 3 and 
Extended Data Table 1). The electron density for most of ArfA was 
well-resolved with local resolution mostly within the range of 3.0 to 
3.5 Å (Fig. 1e), enabling a molecular model to be built de novo for resi-
dues 2–46 of ArfA (Fig. 1f, g). The lack of density for the C-terminal 
9 amino acids of ArfA prevented these residues from being included 
in the final model.

The ArfA-binding site is located on the 30S subunit within the decoding  
A-site, where it is sandwiched between helices 18 (h18), h34 and h44 of 
the 16S rRNA and ribosomal protein S12 (Fig. 2a). ArfA establishes two 
contact sites with the β-hairpin of S12, namely, from the N terminus 
in which potential hydrogen bonds are possible between Thr38 of S12 
and the backbone of Arg3 of ArfA, and between two highly conserved 
arginines (Arg26 and Arg28) of ArfA and Lys43 and Ser46 of S12  
(Fig. 2b and Extended Data Fig. 3f). The large interaction surface that 
ArfA establishes with the 30S subunit may explain how ArfA can interact  
with the ribosome in the absence of RF2 (ref. 15). The C terminus of 

1Gene Center, Department of Biochemistry and Center for integrated Protein Science Munich (CiPSM), Ludwig-Maximilians-Universität München, Feodor-Lynen-Strasse 25, 81377 Munich, 
Germany. 2Institute for Biochemistry and Molecular Biology, University of Hamburg, Martin-Luther-King-Pl. 6, 20146 Hamburg, Germany.
*These authors contributed equally to this work.
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ArfA extends from the decoding A-site into the mRNA entry channel, 
where it occupies the space that would be normally house the 3′ end 
of a full-length mRNA (Fig. 2c). The lack of density for the C-terminal 
residues of ArfA suggests that they are less important for binding, 
which is consistent with their poor conservation across ArfA from 
different species8,12. By contrast, two positively charged motifs, KKGK 
(residues 33–36) and RKGK (residues 41–44), are highly conserved 
and provide multiple interaction opportunities with the surrounding  
negatively charged rRNA forming the mRNA channel (Fig. 2d).  
We note that mutation of any single residue in ArfA, including within 
the K(R)KGK motifs, to cysteine is reported to have little effect on the 
recycling activity of ArfA15, suggesting a redundancy in the impor-
tance of the interactions of ArfA with the ribosome. Biochemical  
studies have demonstrated that the efficiency of ArfA–RF2-mediated 
ribosome recycling decreases with increasing length of the 3′ end of the 
mRNA extending into the A-site14-16. Specifically, recycling occurred, 

albeit with reduced efficiency, when the mRNA was extended by up 
to 3–4 A-site nucleotides, whereas almost no recycling was observed 
on artificially stalled ribosomes with mRNAs extended by six or more 
A-site nucleotides14-16. Consistently, superimposition of a full-length 
mRNA and the ArfA binding position suggests that only three nucleo-
tides can be accommodated in the A-site without notable clashes with 
ArfA (Fig. 2e).

The location of the C terminus of ArfA within the mRNA channel 
of the 30S subunit observed in the Arf-RF2-SRC structure is also com-
patible with hydroxyl-radical probing experiments performed in the 
absence of RF2 (ref. 15; Extended Data Fig. 4), suggesting that ArfA 
initially uses a similar conformation to monitor the vacant mRNA 
channel. By contrast, 16S rRNA cleavages indicate that the N terminus 
of ArfA is flexible and only adopts a defined conformation contacting 
h18 upon binding of RF2 (ref. 15), as observed in the Arf-RF2-SRC 
structure (Extended Data Fig. 4). The ArfA-RF2-SRC structure also 
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of W319 (E. coli numbering) of RF2 with A1492 of the 16S rRNA17,18 
(Fig. 4a). In the ArfA-RF2-SRC structure, the conformation of A1492 
and A1493 are distinct from those observed during canonical transla-
tion termination, and the presence of ArfA precludes the interaction 
between the switch loop and A1492 (Fig. 4a, b). Instead, ArfA itself 
appears to stabilize a distinct conformation of the switch loop in RF2 
that extends the α-helix α7 of domain 3 of RF2 by three helical turns 
when compared to the crystal structure of the free (closed) form of RF2 
(ref. 22) (Fig. 4c, d, Supplementary Video 1). The extension of helix α7 
is analogous to that observed during canonical translation termination 
with RF2 (refs 17, 18) (Fig. 4e, Supplementary Video 2). As observed 
for canonical termination17,18, the open conformation of RF2 on the 
ribosome in the presence of ArfA also directs the GGQ motif of domain 
3 into the PTC (Fig. 4f), although the density for the GAQ motif is 
poorly resolved, possibly owing to the inactivity of the mutation. The 
A18T mutation that led to the discovery of ArfA does not interfere with 
ribosome binding8 or RF2 recruitment, but prevents peptidyl-tRNA 
hydrolysis14. This can be rationalized on the basis of the ArfA-RF2-SRC 
structure since the A18T mutation is not located at the ArfA–ribosome 
or ArfA–RF2 interfaces, but would rather perturb the conformation of 
the N terminus of ArfA and thereby interfere indirectly with the correct 
placement of domain 3 of RF2 at the PTC (Extended Data Fig. 7).

In conclusion, our findings indicate that ArfA not only provides an 
interface to recruit RF2 to the ribosome in the absence of a stop codon, 
but also, by interacting with the switch loop of RF2, induces confor-
mational changes that lead to the accurate placement of domain 3 at 
the PTC. Structurally, the bacterial recycling systems are similar in 
that they use tmRNA–SmpB6,7, ArfB5 or ArfA (Extended Data Fig. 8) 
to monitor the mRNA channel and release the nascent polypeptide 
before ribosome splitting. This contrasts with the eukaryotic recycling 
of ribosomes stalled on truncated mRNAs, in which ribosome splitting 
by Dom34–Hbs1 and ABCE1 occurs before nascent polypeptide chain 
release23,24.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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provides insight into how ArfA recruits RF2 despite the absence of a 
stop codon in the mRNA. ArfA has a large interaction interface with 
RF2, encompassing the central portion (residues 15–31) of ArfA that 
contacts the distal end of α-helix α7 of domain 3 as well as the β4–β5 
strands of domain 2 of RF2 (Fig. 3a, b and Extended Data Fig. 3g). The 
nature of the backbone interactions between ArfA and RF2 suggest 
that residues 27–30 of ArfA donate a small β-strand to the β-sheet of 
domain 2/4 (Fig. 3b, c). The overall position of RF2 in ArfA-RF2-SRC 
is similar to that observed during canonical translation termination17,18 
(Fig. 3d), although a slight shift in the position of the decoding domain 
2/4 is observed. The shift affects the loop between the β4–β5 strands of 
domain 2 bearing the SPF (E. coli 205-Ser-Pro-Phe-207) motif, which 
is involved in the specificity of recognition of the first and second posi-
tions of the UGA/UAA stop codons17,18,19 (Fig. 3e, f). Importantly, the 
structure illustrates that ArfA does not interact with the SPF motif and 
therefore does not directly mimic the presence of a stop codon (Fig. 3f). 

This observation is consistent with a previous report that demonstrates 
that mutations in the SPF motif impairing RF2 termination activity do 
not affect ArfA–RF2-mediated recycling activity13. Furthermore, RF1 
mutants bearing the SPF instead of PAT motif, conferring termination 
activity at UGA, are inactive in the ArfA-mediated recycling system13. 
An analysis of the ArfA–RF2 interaction network, together with E. coli 
RF1/RF2 sequence alignments (Extended Data Fig. 5) and models for 
E. coli RF1–ArfA on the ribosome (Extended Data Fig. 6), identified 
several regions in domain 2 of RF2 (Q133, V198 and G210–F221) and 
within the switch loop (K307–S321) that could potentially explain the 
specificity of ArfA for RF2.

During canonical termination, recognition of the stop codon by 
RF1 and RF2 is proposed to stabilize a rearranged conformation of 
the switch loop, which directs domain 3 into the PTC20,21. The switch 
loop conformation is stabilized by specific interactions with A1492 
and A1493, which, in the case of RF2, involves stacking interactions 
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of W319 (E. coli numbering) of RF2 with A1492 of the 16S rRNA17,18 
(Fig. 4a). In the ArfA-RF2-SRC structure, the conformation of A1492 
and A1493 are distinct from those observed during canonical transla-
tion termination, and the presence of ArfA precludes the interaction 
between the switch loop and A1492 (Fig. 4a, b). Instead, ArfA itself 
appears to stabilize a distinct conformation of the switch loop in RF2 
that extends the α-helix α7 of domain 3 of RF2 by three helical turns 
when compared to the crystal structure of the free (closed) form of RF2 
(ref. 22) (Fig. 4c, d, Supplementary Video 1). The extension of helix α7 
is analogous to that observed during canonical translation termination 
with RF2 (refs 17, 18) (Fig. 4e, Supplementary Video 2). As observed 
for canonical termination17,18, the open conformation of RF2 on the 
ribosome in the presence of ArfA also directs the GGQ motif of domain 
3 into the PTC (Fig. 4f), although the density for the GAQ motif is 
poorly resolved, possibly owing to the inactivity of the mutation. The 
A18T mutation that led to the discovery of ArfA does not interfere with 
ribosome binding8 or RF2 recruitment, but prevents peptidyl-tRNA 
hydrolysis14. This can be rationalized on the basis of the ArfA-RF2-SRC 
structure since the A18T mutation is not located at the ArfA–ribosome 
or ArfA–RF2 interfaces, but would rather perturb the conformation of 
the N terminus of ArfA and thereby interfere indirectly with the correct 
placement of domain 3 of RF2 at the PTC (Extended Data Fig. 7).

In conclusion, our findings indicate that ArfA not only provides an 
interface to recruit RF2 to the ribosome in the absence of a stop codon, 
but also, by interacting with the switch loop of RF2, induces confor-
mational changes that lead to the accurate placement of domain 3 at 
the PTC. Structurally, the bacterial recycling systems are similar in 
that they use tmRNA–SmpB6,7, ArfB5 or ArfA (Extended Data Fig. 8) 
to monitor the mRNA channel and release the nascent polypeptide 
before ribosome splitting. This contrasts with the eukaryotic recycling 
of ribosomes stalled on truncated mRNAs, in which ribosome splitting 
by Dom34–Hbs1 and ABCE1 occurs before nascent polypeptide chain 
release23,24.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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