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RNA Modifications
Chair: Stadler - Westhof

N6 - methylation of adenine in box C/D snoRNA : regulation of RNP assembly

Experimental methods (chemical probing)
Chair: Dmitri Pervouchine

Strategies in RNA X-ray crystallography

Applications of RNA design
Chair: Will – Gorodkin

From sequence to nanostructure - The kink turn as a building block in nano-engineering

https://benasque.org/2018rna/cgi-bin/talks/allprint.pl
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No. Year Title Journal Autors

1 2026 Structural assemblies for an RNA world bioRxiv Yangyi Ren, Zhenglai Zhang, Ke Chen, …, Eric Westhof,
Jia Wang*, Zhichao Miao*, Xuepeng Wei*, Lin Huang*

2 2026 Structural Basis of DNA Aptamer A58 Targeting the N-terminal 
Domain of Sarbecoviruses Nucleocapsid Protein

Journal of Biological 
Chemistry

Xiaoxue Chen, Suhua He, Shaojie Xue, …, Zhichao
Miao*, Shoudeng Chen*, Lin Huang*

3 2026 Ribocentre-aptamer: an integrative, structure-focused 
database for RNA aptamers Nucleic Acids Research Zhizhong Lu, Hao Sun, Bo Fu, …, Baowei Huang, 

Shuang Zhu*, Lin Huang*, Zhichao Miao*

4 2026
Enhancing RNA 3D structure prediction: a hybrid 

approach combining expert knowledge and 
computational tools in CASP16

Proteins: Structure, 
Function, and 
Bioinformatics

Bowen Xiao*, Yaohuang Shi, Lin Huang*

5 2025 A general strategy for engineering GU base pairs to 
facilitate RNA crystallization Nucleic Acids Research

Yangyi Ren, Xiaowei Lin, Wenjian Liao, Xuemei Peng, Jie 
Deng, Zhe Zhang, Jian Zhan, Yaoqi Zhou, Eric Westhof, 
David MJ Lilley, Jia Wang*, Lin Huang*

6 2025
From Theophylline to Adenine or preQ1: Repurposing 

a DNA Aptamer Revealed by Crystal Structure 
Analysis

Angewandte Chemie Xiaowei Lin, Yuanyin Huang, Jinchao Huang, …, 
Shuo‐Bin Chen*, Zhichao Miao*, Lin Huang*

7 2024 Ribocentre-switch: a database of riboswitches Nucleic Acids Research
Fan Bu, Xiaowei Lin, Wenjian Liao, …, Jian Huang, 
Tianxin Lin, Zhichao Miao*, Lin Huang*

8 2023 Ribocentre: a database of ribozymes Nucleic acids research
Jie Deng, Yaohuang Shi, Xuemei Peng…, Yuanyin Huang, 

Taijiao Jiang, David MJ Lilley*, Zhichao Miao*, Lin 
Huang*

9 2019 Structure and ligand binding of the glutamine-II 
riboswitch Nucleic Acids Research Lin Huang, Jia Wang, Andrew M Watkins, Rhiju Das, 

David M J Lilley



小RNA motif 研究

含RNA motif的ncRNA的结构与功能
Riboswitch and ribozyme

Accurate 
prediction of 

RNA 3D structures

Research on small RNA motifs

The structure and function of 
RNA containing RNA motifs.

Kink-turn, tRNA like RNAs

The main research interests in my lab

4/47

Lab website



Great progress has been made in protein structure prediction and design

RNA structure prediction is still a big challenge

5/39



2022 CASP15: Critical Assessment of Structure Prediction

Deep learning has not provided significant 
assistance in RNA structure prediction.

Orange for 
deep learning

Low accuracy in RNA structure 
prediction

RNA structure prediction is still a big challenge

Proteins. 2023 Dec;91(12):1747-1770 6/39



Ø 2024 CASP16: Led the team to achieve second place globally

RNA structure prediction is still a big challenge
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Invited Article

Ø 2024 CASP16: Led the team to achieve second place globally

RNA structure prediction is still a big challenge
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RNA structure prediction is still a big challenge
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Main reasons for low accuracy

1. Insufficient number 
of independently 
functional RNA 

structures, fewer than 
200

16S and 23S rRNA， 

18S and 28S rRNA，

group I and group II introns，

RNase P ribozymes，

tmRNAs，

tRNAs，
…

Ribozymes > 10
Riboswitches > 50

Aptamers> 50
2. Research on RNA motifs is 

severely lacking

Inadequate learning content for 
artificial intelligence and deep 
learning.
 

The problem：

Annual Review of Biophysics 2017 46: 483-503 10/39



Summarize the existing determined RNA structures

Insufficient 
number of 

independently 
functional RNA 

structures, fewer 
than 300

16S and 23S rRNA， 

18S and 28S rRNA，

group I and group II introns，

RNase P ribozymes，

Ribozymes > 10
Riboswitches > 50

Aptamers> 50
tmRNAs，
tRNAs，

…

Deng…Huang, Nucleic Acids Research 2023
Bu…Huang, Nucleic Acids Research 2024
Lu…Huang, Miao, Nucleic Acids Research 2026 11/39





ØThe nucleic acid structures we have determined



Ø Developing "efficient" methods for nucleic acid structures determination

Two new methods

GU base pairs engineering The counter-intuitive "elongation of 
non-functional stems" method

14/39

Methods Development
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Shenzhen Technology University

Jia WANG



Ren…Huang, Nucleic Acids Research 2025

Simple and effective approach for high-resolution RNA structure determination  

16/39

GU base pairs engineering



“以柔（GU）克刚”
The soft overcomes the hard

Ren…, Huang, Nucleic Acids Research 2025

1. K Chen … L Huang Nucleic Acids Research 53 (14) 2025
2. X Lin … L Huang Angewandte Chemie 137 (22) 2025
3. Y He … L Huang Cell Discovery 10 (1), 128 2025
4. Y Ren … L Huang Nucleic Acids Research 53 (3) 2025
5. J Deng … L Huang Nature Chemical Biology 18 (5), 556-564 2022
6. L Huang … DMJ Lilley Nucleic acids research 44 (11), 5390-5398 2016
7. L Huang, DMJ Lilley Nanoscale 8 (33), 15189-15195 2016
8. L Huang, DMJ Lilley Nucleic acids research 42 (7), 4734-4740 2014

Simple and effective approach for high-resolution RNA structure determination  

17/39

GU base pairs engineering



GU base-pair engineering relies on distilling prior 
successful examples and combining it with creative 

thinking. However, determine only 10 new RNA structures 
over 10 years is not efficient enough!

More efficient strategies that break conventional thinking 
are needed.

18/39



Ø Statistics of the length of the P1 stem 
in known nucleic acid structures

mostly falls within the range of 4 to 8 base pairs
19/39

The counter-intuitive "elongation of non-functional stems" method



Ø Developing "efficient" methods for nucleic acid structures determination

Two new methods
GU base pairs engineering The counter-intuitive "elongation of 

non-functional stems" method

20/39

Method Development

In the field of nucleic acid crystallography, there is rarely a method that 
can help to determine the structures of at least 10 RNA molecules. 

Both of these methods can achieve this.



The significance of 
efficiently determine 

the structure of the new RNA/DNA 
in “large quantities”
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The structural basis for the maturation of MALAT1 and NEAT1 and their derived small RNA

He…Huang, Cell Discovery 2025

2025
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Salivarius

Experimental structure

Prediction structure

Skipping-rope 

Experimental structure

Prediction structure

The discovery of bacterial tRNA-like RNAs

Unpublished

"Extensively" determine novel RNA structures
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2024 2024
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2026 2026
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RNA World

？
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Oligomeric States of Proteins

Proteins

C2: HIV Protease (1HIV) C3: PCNA (1AXC) C4: KcsA (1K4C) C5: C Protein (1B09)

D5: Cyclohydrolase (1FB1) O: Dehydrogenase (1AEW) I: Synthase (1HQK) H: F-Actin (6BNO)



Proteins

PDB:6DPU PDB:6BNO PDB:2BPA
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Proteins

PDB:5FIK PDB:1AOI PDB:1FHA
ATP Synthase Nucleosome Core Particle Ferritin
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A fullerene-like RNA hexacontamer

manA_A0F1 

430 Å
430 Å

3.3 Å 

Fullerene

https://www.biorxiv.org/content/10.64898/2026.07.01.735769v1 31/39



Structural assemblies for an RNA world

32/39https://www.biorxiv.org/content/10.64898/2026.07.01.735769v1



T=1 icosahedral geometry

580 Å

430 Å

430 Å

Clathrin cage 
PDB: 1XI4 

AAV
PDB: 1LP3 

260 Å

190 Å

STNV
PDB: 2BUK 

manA_A0F1
This work

33/39https://www.biorxiv.org/content/10.64898/2026.07.01.735769v1



manAs smaller closed oligomers

manA_67AA
decamer

manA_pho_A28C
decamer

manA_pho34_A767
decamer

manA_6FAB 
octamer

manA_6FAB
decamer

5.5 Å 4.5 Å 3.3 Å 4.2 Å 4.6 Å 

34/39



C3 symmetric complexes

EGFOA_Vei_C1A6
This work

Spike protein
6VXX

PCNA
1AXC

Piezo1
3JAC

TNF-α
1TNF 35/39



Hm kt7-57 RNA filament

5′
-1b

-1n

L1 L2
1b 2b 3b

1n 2n 3n

L3
Kt7

36/39https://www.biorxiv.org/content/10.64898/2026.07.01.735769v1



Hm kt7-57 with biological protein filaments

65 Å

450 Å

50 Å 50 Å 60Å60Å

Hm kt7-57
This work

OmcS_Nanowires
PDB: 6EF8 

Abeta42_ Alzheimer
PDB: 7Q4B  

T4P_Pilus
PDB: 5VXY 

F-actin
PDB: 6DJO 

37/39https://www.biorxiv.org/content/10.64898/2026.07.01.735769v1



RNAs access diverse architectural frameworks of higher-order assembly
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RNA World

39/39https://www.biorxiv.org/content/10.64898/2026.07.01.735769v1



Collaborators

Olga Soutourina

bacteria

Eric Westhof Rhiju Das

Structure prediction

Small molecule 
virtual screening

Shi-Jie CHEN
HHMI

Taekjip Ha

Single molecular

David Lilley

RNA Catalysis

Yaoqi ZHOU

RNA function

Zhichao MIAO

Structure prediction

Xiaorong ZHANG

RNA function

Yin ZHANG

RNA function

Liang XU

RNA chemistry

Single molecular

Jie MA

Structure prediction
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3NO7
4C40 4BW0 4C4W 4CS1
5FJ1 5FK1 5FK2 5FK3 5FK4 5FK5 5FK6 5FKD
5FKF 5FKH 5FJC 5FKE 5FKG 5FJ4 5FJ0 5G4T
5G4V 5G4U 5NDI 5NEX 5NEO 5NEP 5NOM 5NDH
5NEQ 5NEF 5LQO 5LR4 5LQT 5LR3 5LR5 5O62
5NZ3 5NZ6 5NZD 5NWQ 5NY8 5O69 
6FZ0 6HCT 6HBT 6HBX 6HC5 6QN3 6Q8V 6Q8U
6YLB 6YMK 6YMM 6YL5 6YMJ 6YMI 6YML 6TF1 
6TF3 6TFE 6TFG 6TFF 6TFH 6TF2 6TF0 6TB7
7EAG 7EAF 7V9E
8HB8 8HBA 8HB3 8HB1 8I3Z 8ITS

Released 76  PDB

Deposited 11 PDB 8Z9K 8Z8U 8Z8Q 8KEB 8ZA0 8ZA4 8ZAU 8K7W
9G4R 9G4Q 9G4P 

15 novel RNA folds

7 novel RNA folds

"Extensively" determine novel RNA structures



Deng…Lilley, Huang, Nature Chemical Biology 2022

A crystal structure of MTR1 at 2.3 Å resolution



The methyl has transferred to adenine N1

Deng…Lilley, Huang, Nature Chemical Biology 2022

2022
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He … Huang. Nucleic Acids Research 2026

MTR1 application-- Site-specific modification For DNA 2026
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He … Huang. Nucleic Acids Research 2026

MTR1 application--Site-specific fluorescent modification of long ssDNA 2026

46/47



RNA structure modeling ：k-turns

Accurate prediction of k-turn folding, and 
precise 3D structure solely based on 
sequence

Nucleic Acids Research 2016

Nucleic Acids Research 2014

Nucleic Acids Research 2021

RNA 2023

RNA 2019

Quarterly reviews of Biophysics 2018

EMBO reports 2017                         
Nanoscale 2016

RNA 2013



Year Ligand Title Journal Method

1997 AMP Structural basis of DNA folding and recognition in an AMP-DNA aptamer complex: distinct architectures but common recognition 
motifs for DNA and RNA aptamers complexed to AMP Chem Biol NMR

1999 Argininamide Structure determination and binding kinetics of a DNA aptamer-argininamide complex Biochemistry NMR

2019 Ochratoxin A Structure-guided post-SELEX optimization of an ochratoxin A aptamer Nucleic Acids Res NMR

2020 Pb²⁺ Structure-guided development of Pb²⁺-binding DNA aptamers Sci Rep X-ray

2021 Ochratoxin A Structural insights in to the Mechanism of High-Affinity Binding of Ochratoxin A by a DNA Aptamer. JACS NMR

2022 Lanthanide Solution Structure of a Lanthanide-binding DNA Aptamer Determined Using Hiah Quality pseudocontact shift restraints Chemistry NMR

2023 aflatoxin B1 Structural basis for high-affinity recognition of aflatoxin B1 by a DNA aptamer Nucleic Acids Res NMR

2023 DFHBI-1T Intricate 3D architecture of a DNA mimic of GFP Nature X-ray

2023 Cd²⁺ Crystal structures and identification of novel Cd²⁺-specific DNA aptamer Nucleic Acids Res X-ray

2025 Theophylline From Theophylline to Adenine or preQ1: Repumosing a DNA Aptamer Revealed by Crystal Structure Analysis Angew Chem Int 
Ed Engl X-ray

Summarize the existing determined DNA structures



2025



2026



Assembly of RNA Structures

D3: Lsa ROOL hexamer D7: Env38 Golld tetradecamerD5: Sag Golld decamer

D3 D7D5

Currently Known Higher-Order Architectures 
are Limited to Dihedral Symmetry



A small polymerase ribozyme 

2026_Science_A small polymerase ribozyme that can synthesize itself and its complementary strand. 52/39




