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Fig. 1. Diagram of RNA seven backbone torsion and two pseudo-torsion angles.
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Fig. 2. DRCNN: (a) Network architecture; (b) Convld layer; (c) output layer. B, L, N, KS and Filters are batch size, sequence

length, the size of the input, the size of the filter (the filter can see the number of nucleotides at one time), the number of filters.
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Fig. 3. DHLSTM: (a) Network architecture; (b) HyperLSTM layer; (¢) HyperLSTMecell; hy, ¢, and h, 1, ¢; ; are the states of the
larger outer LSTM at time ¢ and ¢ — 1, respectively; hy, ¢, and h;_,, ¢,_; are the states of the smaller LSTM at time ¢ and ¢ — 1.
(d) Hypercell. L, B, N, Hidden are sequence length, batch size, the size of the input, the size of the LSTM, and Hyper is the size of
the smaller LSTM that alters the weights of the larger outer LSTM, n_ z is the size of the feature vectors used to alter the larger
LSTM weights, P, and P, are dynamically trainable parameters, bound in the internal hypernetwork, acting on the input state z;

and the hidden state, and the initial value is an all-zero tensor.
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Fig. 4. Validation loss curve with the epoch by (a) DHLSTM and (b) DRCNN.
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Table 1.  Length and secondary-structure information of training, validation and test sets. The number mentioned along
with the base pairing type is the percentage of total nucleotides in the region.
‘ FEAH BE X 4 H TR
e -
20—50 50—100 100—200 200—300 300—400 400—512 5 [P ANFECXT
IR 50 179 46 1 7 1 55.10% 5.63% 39.36%
IOUFSE 20 10 0 0 0 0 52.19% 9.8% 38.01%
WXL 11 41 10 0 0 0 57.58% 2.81% 39.61%
MALETT 8 16 6 0 0 0 58.42% 5.25% 36.33%
TR 40 13 1 0 0 0 65.02% 2.67% 32.31%
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Table 2.  Performance comparison in terms of MAE on validation sets and three test sets by three models.

. TPRAE S Phff
a/(%) B/() /() /(%) /() ¢/(°) x/ () n/(®) 0/(°)
B4 47.91 20.22 37.18 16.57 18.23 35.02 19.85 28.09 32.85
DHLSTM DHAEET 48.20 20.66 37.13 13.08 18.82 30.27 17.33 25.74 29.22
HAEETT 47.95 19.89 35.30 15.19 17.87 30.99 17.67 27.20 31.49
AT 45.45 22.30 40.80 13.51 21.43 30.69 16.96 23.87 29.84
BHiF4E 44.67 19.96 35.31 13.86 22.20 31.62 19.49 24.77 30.22
DHAEET 44.84 20.74 36.27 10.51 21.48 27.53 16.39 23.12 26.34
DRONN DHAEETT 43.41 19.55 35.45 12.19 22.71 28.13 17.16 24.28 28.12
MR AETTT 27.14 15.81 25.20 9.73 14.51 17.98 11.58 13.67 17.77
BHiF4E 45.18 20.58 33.88 17.99 20.72 37.50 23.01 33.55 37.02
SPOT- s St 43.94 21.94 32.98 14.61 20.69 33.27 19.59 30.25 32.91
RNA-1D P ML 39.50 18.92 29.47 16.01 17.46 28.91 18.20 28.14 30.25
DHAAETIT 37.89 21.04 34.68 13.83 22.32 27.87 17.01 25.31 27.22

T 2%, 10% F11 4%; DHLSTM #illf¥) 8, 8, €, ¢, x,
n M1 0 fA 1 MAE H, SPOT-RNA-1D 43 58 /N T
6%, 10%, 9%, 9%, 12%, 15% H1 11%, o F1~ fA 1Y
MAE It SPOT-RNA-1D 43538k T 10% F1 13%,
XRIATE 5, ¢, x, n O fX LS, AF)J2 2% [EAH
AP BREFE ) DRONN Ho A2 % 1B 41 iR
FHIERY DHLSTM 24, 78 B #l e fih, 2% &
A WAL AT FR R AF 1) DHLSTM 45 )2 % ek 48 4%
HIRFHER) DRONN 2245, 76 o 1y farh, B)2%
& 8] B 4% 1 B2 1 SPOT-RNA-1D . DRCNNAHI
DHLSTM #BZE 4. MAE {ELEE R Fu e B e, 78
DRCNN H i BE UM XERE 6, x, e, B, m, 0, ¢, Y HI
a R, FE DHLSTM H £ BETRINMERE 6, x, 3,
e, m, 0, ¢ VA ek, £ SPOT-RNA-1D
Hf MRS 6, x, €, B, m, 0, 7, ¢ Fl a MU
AT ABRR S, x, m, 0 F o FATE 3 MR BT E
FE W HET — 3, BRI R Y DRCNN FI%
JE ] TR ) SPOT-RNA-1D #8%KW] € Ik B &
Sy, mixtF DHLSTM, e o 8 MEFi, DRCNN
F DHLSTM #BH ¢ Hey 285 Wi, X+ SPOT-
RNA-1D, ¢ Hoy MEM . 31X 3 Fh 5 iE#A N o J&
S XETIN (1, FEBH 3 AR AR A TR0 ME B 7 1 A
— E AL, A RS FEM A T A AR
I WEE BN AL A PR RE a3, R TR HIXT AN [F] 2 A
AR A AR

KT T REBAE AP A E AR, B 5 4
T DRCNN, DHLSTM #il SPOT-RNA-1D 7£ 3 4~
MWRLE A RNA 2 THIEE A TN G MAE 537

K, H:rp SPOT-RNA-1D £l 8 & g B2k
1 (KM F/MA . POE R oo S8
1H), FIESCEIEEIEFEUT H WebPlotDigitizer®)
B3 BABATE 3 BEE 9N AR 274
MAE #/M# I, DRCNN 5 18 ¥k, DHLSTM %
3, SPOT-RNA-1D /& 6 ¥k, M7E 27 1~ MAE #x
KA L=, DRCNN i 4 %k, DHLSTM %5 8 ¥k, SPOT-
RNA-1D (7 15 IR, R JEARERAX 1T FR FRAE 1 4
FURE DRCNN Hcf3 nl g T 2 55/ MAE {H,
DHLSTM X2, SPOT-RNA-1D R MEFIMAH Ft bt
BN MAE {H. #7878 BIRE R B0 MAE
AR /N AR R AR, AR BLAE 3 N
£ 9OMNMEEM 27 N F b, DRONN H B 9K,
DHLSTM 1 #{ 15 ¥k, SPOT-RNA-1D 13 3 ¥k,
F W f e AR AR R 5 SR A A AT IR IR 1Y
DHLSTM, HAREH AR, HYE DRCNN, X
A RN AU Y & SPOT-RNA-1D. £ 27 &

AR MR8 E, DRCNN (5 18 ¥k, DHLSTM
di 2%, SPOT-RNA-1D (5 7%, % B DRCNN
T 4 — 2 %0 H 8% 9 B MAE Fb Al 5 4 45 7Y
A, S wE i, 34 94N I,
DRCNN, DHLSTM #1 SPOT-RNA-1D H 3 ) 7
W H B E 4> 51 h 24, 21 F1 38, H DRCNN HI
DHLSTM 1 3L 5 5 (H A B 02 L /DN, RlAE R
B DHLSTM i il bk ¥ Aa . DA B Ui B, 25 Al
A% R 19 DRCNN #5550 P Bl e {4 T 0
X [ 4 ERAZ Y IR AR AE /9 DHLSTM A% 1 75 il 5
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[ DRCNN [ DHLSTM [ SPOT-RNA-1D
100 S

ST
i e
Rl u il
5  DRONN(# ). DHLSTM(4: ) il SPOT-RNA-1D

() FEMERLE T (a). ML I (b) FIGKLE 10T () Lo
A~ RNA 19 MAE 7345 18] 454> & s H— 41800 19 4
KAB L d5e/MEL L A8 R 43 B5OR

Fig. 5. Distribution of MAE for individual RNA chains on
test set I (a), test set II (b) and test set III (¢) by DRCNN
by DHLSTM (in green) and SPOT-
RNA-1D (in purple). Each box shows the minimum, the

predictor (yellow),

maximum, the sample median, the first and third quartiles

and outlier.

FHME T B SERAR A, WA 6 B R
LT, AT LA R A R B SR R A A 2 LA
BEUH I, I F1 L HRER AL S B AE 40°ZE A1 I A1)
JE =SR], A/ DRI AR A A5 LA 360° 1515
ZS (e rf, RS TN & FA i LR B s 1Y, dRovfe
WA o fI A 3 NI, SRR T T

fif A SO AR TN 43 A T HRE T, 221 T DRCNN
A DHLSTM 7EMREE T B9 F0 /A5 dnixl 6 &5 (Al
s LR, DRCNN Tl A A £ BE A3 A R e
DHLSTM U ZEMERLE 1T AL 111 |, DRCNN
TE B Fly ff BT Y 5345 Lk DHLSTM 241, W4~
FEFRITEF HA 7 A A oA S

TR ZER X RNA SRR 2 A, R
DSSR A B4 4 tH ) RNA — 2454, 7T f§ RNA
ARG S R SRR, R ([C,))), B (]
PO S A ), B[V T
DRCNN Fl DHLSTM 7EJ4E 1T X 3 Fp — 4%
S5 R 25 R0 A R R SO e (3% 3), WT LA, X
DRCNN Fil DHLSTM > Ui 4% 5 25 A 1 4% 1 1R 1)
A f e 3 5y U A, A T3 IX A AZ AT R 1R HH 2% £
FEEMERIN; A AT LAEEE], DRCNN il 3 2

AU MAE =228 CAH R Y DHLSTM Tl i) 241

TE AP WA R R RE LS SR, BRI, 4% £
TIN5 22 SOk [ T IR ORMBGS X3, 76 TG
5 MBS A XX 3 ) 4L 5 A - DRCNN 4 L
DHLSTM #F.

15T TN REgER 3 AR R 7
YR B . 3R 1 AT LR, FEVIZRE R iEgE
BANKEE IR, KEEALE 50 2] 100 X [A] 1)
179 AEEF, 1E 100 F) 200 XA A 46 4~ N
T T A2 ER 2 58 DRCNN fil DHLSTM
X RNA 5L poi vk se s 22, B 7 23] 17 A~
MERITE 9 MO FIRBLS PAIRKERN R, g
DHLSTM Fl DRCNN 5%, 9 A~ MAE
EAEE H /DAY XA (78, 94], (155, 171] F1 (171,
186] Jf- /A K5 i WL %2 3] DRCNN 7£ 45 K JE X [A]
[1, 47) 455tk DHLSTM &5 547 B, BAR IR
LIS UF XS AR 1) RNA 0 H /i AN %],
B -4 1 i DRCNN Fl DHLSTM 7& #ii | iy
K LT

% 3  DHLSTM 1 DRCNN 7EM4E TIT A [ e % 25280 b 2 47 5000 19 MAE
Table 3.  Performance according to mean absolute error by DHLSTM and DRCNN for nucleotides in different pairing type
on test set III.
. EAPRERLEG f thfi
[t
a/(%) B/(°) /() 6/(%) /(%) ¢/ %/ () n/(°) /()
5 34.08 16.48 30.21 9.76 17.98 21.38 11.23 18.03 21.91
DHLSTM B 34.20 14.98 27.06 6.80 14.25 20.29 10.98 27.41 18.02
X 66.77 32.60 60.72 21.05 27.54 47.85 28.52 35.41 46.16
5 19.43 11.40 18.54 6.65 11.84 12.0 8.30 10.90 12.94
DRCNN B 20.42 14.25 16.75 6.73 12.86 13.54 10.25 16.14 13.52
WX 40.84 23.26 37.44 15.59 19.07 29.07 18.44 19.25 27.08
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Fig. 6. Distribution plots of native (in orange), DHLSTM predicted (in yellow), and DRCNN predicted (in green) nine torsion

angles on test set 1.
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Fig. 7. On 147 RNAs in the three test sets, the MAE is measured as a function of the length for the nine torsion angles by (a) DHL-
STM and (b) DRCNN.
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Fig. 8. Correlation coefficient (CCs) for MAE of between the nine torsion angles of test set I by (a) DHLSTM and (b) DRCNN, the

larger the CC value, the more correlated between the two torsions.
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Fig. 9. On RNA 1Y69 (chain 9), the MAE is measured as a function of RMSD for the nine torsion angles by (a) DRCNN and
(b) DHLSTM.
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Deep learning methods of predicting RNA torsion angle’

Ou Xiu-Juan  Xiao Yif
(School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China)

( Received 29 June 2023; revised manuscript received 2 August 2023 )
Abstract

Modeling of RNA tertiary structure is one of the basic problems in molecular biophysics, and it is very
important in understanding the biological function of RNA and designing new structures. RNA tertiary
structure is mainly determined by seven torsions of main-chain and side-chain backbone, the accurate prediction
of these torsion angles is the basis of modeling RNA tertiary structure. At present, there are only a few methods
of using deep learning to predict RNA torsion angles, and the prediction accuracy needs further improving if it
is used to model RNA tertiary structure. In this study, we also develop a deep learning method, 1dRNA, to
predict RNA backbone torsions and pseudotorsion angles, including two different deep learning models, the
convolution model (DRCNN) that considers the features of adjacent nucleotides and the Hyper-long-short-term
memory model (DHLSTM) that considers the features of all the nucleotides. We then empirically show that
DRCNN and DHLSTM outperform existing state-of-the-art methods under the same datasets, the prediction
accuracy of DRCNN model is improved by 5% to 28% for 3, 4, ¢, x, , and 6 angle, and the prediction accuracy
of DHLSTM model is improved by 6% to 15% for B, 6, {, x, n, 0 angle. The DRCNN model predicts better
results than the DHLSTM model and the existing models in the §, ¢, y, 1, 8 angle, and the DHLSTM model
predicts better results than the DRCNN model and the existing model in the 8 and e angles, and the existing
models predicted better results than the DRCNN model and DHLSTM model in the o and 7 angles. The
DRCNN model and the existing models predict a richer distribution of angles than the DHLSTM model. In
terms of model stability, the DHLSTM model is much more stable than the DRCNN model and the existing
models, with fewer outliers. The results also show that the a angle and v angle are the most difficult to predict,
the angles of the ring region is more difficult to predict than the angles of the helix region, the model is also not
sensitive to the change of the target sequence length, and the deviation of the model prediction angle from the

decoys can also be used to evaluate the RNA tertiary structures quality.
Keywords: RNA structure, torsional angle prediction, deep learning
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