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Abstract

Deep learning methods have demonstrated great performance for RNA secondary structure prediction. However, generalizability is a common unsolved issue on unseen out-of-distribution
RNA families, which hinders further improvement of the accuracy and robustness of deep learning methods. Here we construct a base pair motif library that enumerates the complete
space of the locally adjacent three-neighbor base pair and records the thermodynamic energy of corresponding base pair motifs through de novo modeling of tertiary structures, and we
further develop a deep learning approach for RNA secondary structure prediction, named BPfold, which learns relationship between RNA sequence and the energy map of base pair motif.
Experiments on sequence-wise and family-wise datasets have demonstrated the great superiority of BPfold compared to other state-of-the-art approaches in accuracy and generalizability.
We hope this work contributes to integrating physical priors and deep learning methods for the further discovery of RNA structures and functionalities.

Overview of BPfold and BP motifs

Dynamic

positional

block

Convolution

block

𝐾𝑇

+ +
Softmax

Energy

attention

PositionalSequence

attention embedding

Base pair

attention

Base pair attention block

Convolution 

block

C
o

n
v
 

3
X

3

B
N

S
E

 

b
lo

c
k

G
E

L
U

C
o
n

v

G
A

P

F
C

R
e
L

U

F
C

S
ig

m
o

id

×

S
c
a

le

AGCUAGUGCAU
UCAGCU … GA

SE 

block

G

RNA sequence
Base pair motif 

energy map

Base pair motif 

energy map

Base pair motif

tertiary structure library 

BP-Former

Base pair attention block

 N

refinement

query

embedding

padding padding

query

Contact map Secondary structure

a b c

d

105

100

90

80

70

60

50
40

30 20

10

1

AIA

C

G

U

C

A

G

A

C

U

G

U

G
A

C

U

G

A

C

G

A

U

C A
C

A

G

C

A

C

G
A

C

A
I

A

C

G

U

C

AG
A

C

U

G

U

G

A
CU

G
A

C

GAUCA

C
A

G

CACGA
C

A

I

A
C
G U C A G

A
C

U

G U G A C

U

G
A
C

G

A

U

C

A

C

A

G

C

A

C

GAC

𝑋𝑖 𝑀𝑖

𝑋𝑖+1𝑀𝑖+1

𝑉𝑄

Base pair in RNA sequence

Outer base pair motif

G N NN

N NNC

5’

3’

Inner base pair motif

Canonical 

base pair
Neighboring base Chain-break

N NN

N NN

N NN

N NN

G

C

5’

3’

outer inner

GN NN

N NN C

3’

5’

BPM_oCB :  GCA||AGC

BPM_iH/iCB:  CUA…GUG

query

AGCUA…GUGCA
i j

-59

AAA||AU -25

…

GCA||AGC -59

Motif library

Energy map of 

outer base pair motif and

inner base pair motif

i

j

energy 

item

a b

(43101)
56.7%

(249)
0.3%

×

(24576)
32.3%

×
(8064)
10.6%

Chainbreak

Hairpin

a

rRNA S16

rRNA 

RNase P

23S

SRP

tRNA

5S rRNA

b c                                    d

Description

•BPfold architecture. a BPfold takes RNA se-
quence and corresponding base pair motif energy
map generated from base pair motif library as
inputs, consisting of transformer blocks with de-
signed base pair attention, and outputs contact
map. After applying physical constraints to the
contact map in refinement procedures, we ob-
tain the final predicted secondary structure. b
The detailed structure of the proposed base pair
attention block which jointly fuses the sequence
featuresXi and energy matrix featuresMi for en-
hanced learning of base pair interactions. When
computing self-attention, Q,K, and V represent
query, key, and value matrixs, respectively. c
The detailed structure of convolution block in
base pair attention block. d The detailed struc-
ture of squeeze & excitation (SE) block in con-
volution block.

•Base pair motif library. a For any canonical
base pair (i.e., A-U, U-A, G-C, C-G, G-U, and
U-G) in an RNA sequence, the upstream and
downstream three neighboring bases (denoted as
N, an arbitrary base of A, U, G, or C) of the base
pair form two base pair motifs, an inner base
pair motif with neighboring bases extending to
the middle of the RNA sequence, and an outer
base pair motif with neighboring bases extending
to both ends of the RNA sequence. b For any
canonical base pair (i, j) from an RNA sequence
of L nucleotides, we firstly find the correspond-
ing outer/inner base pair motifs of this base pair
and then query the energy items in the base pair
motif library, which forms the (i, j) element of
the outer/inner energy maps in a shape of L×L.

•Analysis of BP motifs. a Pie visualization of
the data coverage of hairpin and chainbreak base
pair motifs in RNAStrAlign dataset. b t-SNE vi-
sualization of the latent feature map of base pair
motif energy map at the third convolutional layer
from various RNA families in ArchiveII dataset
(n=3,966 RNAs). c Ground truth heatmap vi-
sualization of the secondary structure of an ex-
ample RNA sequence. d Heatmap visualization
of the extracted latent feature map of the same
RNA sequence from subfig c. The corrected re-
sponses of base pair interactions are annotated
in black circles.

Comparison with SOTA
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•Performance comparison on bpRNA-TS0, ArchiveII, Rfam12.3-14.10, and PDB datasets.

•Visualization of predicted RNA secondary structures of three examples.

• a Comparison of inference time. b Inference time of BPfold on RNA targets within
different lengths.

Ablation study and confidence index
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• a Ablation study of BPfold under five configurations of BP motifs (BPM) on family-wise
dataset Rfam12.3-14.10. b Violinplot.

•Correlation of F1 score and confidence index on ArchiveII and Rfam12.3-14.10 datasets.
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