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PRI, 12X AN A TS AETE SASA BURR & R AR 840 ) p R) R v O 1

T A AR HEER
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Table 1. Mean values of SAS4 and nw at each terahertz frequency.

AZ (THz) SASA (nm*/nt) ASASA (%) p (SASA)  nw p (nw)

X e 1.763 10.06

3.0 1.696 -3.8 <0.001***  9.86 <0.001***
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8.0 1.724 -2.2 0.012* 10.00 0.226
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322 1.722 -2.3 0.007**  10.00 0.193
37.3 1.721 -2.4 0.012%* 9.98 0.087
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5 [J]
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1.66 9.7

0 3 8119 20.5 25.5 322 37.3 003 8 119 205 255 322 37.3
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Bl 1 #%RAES5HE THz SR RER . () “PHFENESEF (CCR). (b) A ¥4
¥ (Nucleotide, Nt) RNA-RNA S H . (¢) “PRIEZERRE W N REF (S4S4).
(d) “FRJEAZ R RNA-KEHH
Fig. 1. Variation trends of order parameters with THz frequency: (a) Average inter-chain
compactness factor (CCR); (b) Average number of inter-chain RNA-RNA hydrogen bonds (hbonds)
per nucleotide (Nt); (c) A solvent-accessible surface area (SASA) per Nt; (d) Average number of
RNA-water hydrogen bonds per Nt.

1t 8 MAZE T, SASA FELLR 5 MR B ECT X B (p<0.05): 3.0 THz.

8.0 THz. 11.9 THz. 32.2 THz 1 37.3 THz, FEIETEREIAN 2.0%~3.8% (N3 1), H



H1 3.0 THz HIF%IRE K (ASASA=-0.067 nm?/nt, FEIRZ) 3.8%, p=3x10"%), KK
PRBURZLAMNEUR AT RNA DURESH = T B BB RN . (HAERIZ, 205
THz #1 25.5 THz 4bI1) SASA SXTHRATEEZR (p=0.516 1 p=0.222), K —
AMATIE 1, RNA R 2 #1252 R 250 K

RNA-JEFIESEEL nw 10 S LG SAS4 TEALRSE: AUAE 3.0 THz ALWER S nw 1]
BE R (9.860 vs XTHE 10.064, p=9x10°). {E SASA &% N &AL 4 M

(8.0 THz. 11.9 THz. 32.2 THz. 37.3 THz), nw 5X & T 8. 3 Z 7 (p=0.076-0.226,

SEEEHIE WAL S1) o 1X— SASA W/ nw AREI 7 BSLR RN, KfZEHs kT
R BRI BB bR FLIHIK 27 SEI, AT el e ST K AR A 1A
BETE I
3.3 B A1 Hfidotot 3R HIHE TR 5 7K 43— R IR B 4 ke

NI BB 7 FHUHR], FRATOAE S (R AR LA e B i A, %
£ nu M CCR X} SASA R nw FIGETFIRAN R (R 2, A3 (2) A (3)).

FESTHRZL (0 TH2) 1, #5851 (SASA~nu+CCR) MIMRE RE R>=0.531. CCR
5 S454 SFHIRIFHF (ke=—1.95x102), HIEEN]EB SEHR /> LM, 1
nu5 SASA BFFIEME (hy=+3.83x102), RIITEFEM] CCR NIRRT, HEl]

SHE L R EEE SASA FIEs 38 .
222 BRI T 2 B s R [ R H

Table 2. Regression coefficients of the linear displacement model at key frequencies.

BiZE (THz) ku (x1072) ke (x102) Rz rp(x102)  rc(x107")  R2

Xt HEE +3.8 —1.95 0.531 +0.92 +0.001  0.121
11.9 —4.0 —4.50 0.676 -2.31 -1.10 0.616
20.5 +3.9 —4.83 0.493 +0.97 -1.70 0.648
322 —-0.2 —3.05 0.598 —0.85 —0.62 0.236

37.3 -3.3 —2.48 0.340 -1.49 —0.61 0.403
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T @ Control @ Control
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0.005 14 | ~0.02 »} S—
I O
~ ~
0.000 —0.04
-0.005 —0.06
-0.010
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{ *
= 0.00 \ / E_O‘OS \
sokok
—0.01 -0.10
—0.02 -0.15
-0.03 ~0.20
-0.04
0o 3 8 11.9 20.5 255 32.2 373 0 3 8 11.9 20.5 25.5 32.2 37.3
Frequency (THz) Frequency (THz)

B2 A 1R 2 st B e R E) Bootstrap it THELFE KR 22903 AR AL, W RIER S3. (a) ks
BRI X SASA MBI AL (b) ke, HEMRZBULXS SASA B H AL, GUEIE(E /272K
AN IGR R I SR G A R o () rey BERIABEXS TR TR B AREG (d) re, B
() S BN S K 73 T HU) B R B B AN IE AR 20 50 s BRI S 1) S 2K 7 T3 1%
ZE W N Bootstrap 95% 15 X 8], K EELFRRXTIEZ (0 THz) ) Bootstrap 318, 4L RS
Fon 5 X AR Bootstrap ZE S B3 M (*p<0.05, **p<0.01, ***p<0.001).

Fig. 2. Bootstrap estimates of linear displacement coefficients in Models 1 and 2 as functions of
THz frequency, corresponding to Table S3: (a) kn, displacement coefficient of inter-chain hydrogen
bonds on SA4S4; (b) kc, displacement coefficient of inter-chain compactness on SAS4; (¢) ry,
displacement coefficient of inter-chain hydrogen bonds on the number of interfacial water
molecules; (d) rc, displacement coefficient of inter-chain compactness on the number of interfacial
water molecules. Error bars represent 95% bootstrap confidence intervals. The gray dashed line
indicates the bootstrap mean of the control group (0 THz). Red asterisks denote significant

differences from the control group (*p<0.05, **p<0.01, ***p<0.001).

KR ZE IR E MR BB T IX—BHOC R, Wk 2 MK 2 s, 11.9
THz & 2B PR RS IR, RPN R BRI AT R R 2R

Tr. BARM=: B8 1 R2M 0.531 THE 0.676 (+27%), 1AL 2 (nw~np+CCR)
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I R2A0.121 T2 0.616 (+409%, IEXTRARLA 1Ll = Mab ZREIFT 51
RATEE oy +3.83x103F0 5% H—3.98x1072 (Bootstrap p=0.006), ru M+9.21x1073
4% ~-2.31x107 (Bootstrap p<0.001), rc MA+9.2x10-5%H4% 4-1.10x10"" (Bootstrap
p=0.034). TSRS g £ 11.9 THz WIZIER T, BR8N S454
BRI REAL N SASA /N, BEREAR) SASA FEIRBCEFK G TR
[ I RS B B . AT 11.9 THz RO PR E I A%

Nz 2 MK 2 fizs, 1E 20.5-32.2 THz s i, R R AL fdfds, BRI
R AT S5 B MR G T AN IR ) B #6008 38 . 20.5 THz &b, X re 235 98 T X HE4H.(-0.170,
Bootstrap p=0.002), 1M ku £l ry EVKE EXFHACE (FF5H5°81E, p>0.9), A2
[F) RAYERFEAL (0.648), RUNZARIEFEIEIGSE T CCR XK FIMHERECE
37.3 THz AEGHEE R EF . m BEH N (-0.015, Bootstrap p=0.010), knu 4t
TFihabRE# (-0.003, Bootstrap p=0.048), K] nu FEHIRTG T XK F HHERR IR
SR
3.4 FHHIKE I E VS T AR DR E) () S

PRI AR 2L L & R T RNA I B A TR 7K o1 R4k 25
77, FRATRE A 8 MIEEx20 FIAIL 160 MHRIFEA LI (SASA, nw) &I,
BATER N2 REYE R AEERER, nwl5 SASA Z 7R B 21K
# (R=0.664, FIF pup=2.66; K 3), W) 66%H] nw BRI AZE R AT H SAS4 H#.
WfERE . X—2F RPEW] SASA 2 nw BN EZE R, HIFEME—HE, 17
2 34%IK) 7 ZEVE E BRI prm BN B SR K 73 F- )« 35— AR A0 2 S A EE
ARG E .
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Hbonds of RNA-water / Nt

@ Control
0 L @ THz Treatment
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K 3 FH/KEEE pus PSR S 2R nw-SASA 2RI E . (a) pus B Bootstrap
fTHEBE R ZEIR A (R S3), 1R ZEHE N Bootstrap 95% B A5 X 8], K LbrR
XA (b) 228 8 NIRAFIL 160 ANEIAS [ nw-SASA R B e a2 Ry e/ —3Rdl & o RS2k
FIRLE pup=2.66 1RF A 1 nm? SASA Z17K#% 2.7 > RNA-/KE U, R=0.66 % B nw 22462 66%
A SASA filtFE .
Fig. 3. Frequency dependence of interfacial hydration density pug and global linear fitting of nw
versus SASA across all frequencies: (a) bootstrap estimates of pug as a function of THz frequency
(corresponding to Table S3), with error bars representing 95% bootstrap confidence intervals and
the gray dashed line indicating the control group; (b) scatter plot of nw versus SASA4 for all 160
replicates across 8 conditions, along with global least-squares fitting. The black solid line has a
slope pue=2.66, indicating that approximately 2.7 RNA—water hydrogen bonds are accommodated
per nm? of SASA. R*=0.66 suggests that about 66% of the variation in nw can be explained by
SASA.

® 3 EIET RIS KEEE pus
Table 3. Interfacial hydration density pus at each frequency.
#iZ(THz) pup(OLS) R?  Bootstrap Bootstrap 95% CI  diff,

Xf 2.03 0.358 1.927 [-0.13, 3.16] —
3.0 2.16 0.486  2.173 [1.28,3.20] 0.850
8.0 2.61 0.578 2.61 [1.75,3.63] 0.494
11.9 3.23 0.840 3.23 [2.52,3.91] 0.116
20.5 2.68 0.763 2.64 [1.71,3.35] 0.414
25.5 2.58 0.760 2.62 [2.09, 3.26] 0.410
322 2.72 0.583 2.81 [1.74, 4.06] 0.384
373 2.10 0:586 2.09 [1.40,2.73] 0.934

T e AP IR IS WA TR BER S3.
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SR, Xt 4% AR B A 1 pus EAT Bootstrap i35 VERTIG R W, i AbFE4
() pus SXTHBZL (OLS Aiffiit 2.03, Bootstrap ¥JMiE 1.93) ¥ .2 % F (Bootstrap
ZS5 p HI>0.05: K 3 M S3). R pus MR THEAS [F] 452 1] 47 75 9% 2)
(2.10-3.23), H Bootstrap 563 BIX P S 1E n=20 FI/MEAR T T6ik S BEH LR
BRX TR, B, EGITR L, KBk RS RNA K
ST AR 7K A AL 2R R
BT FIRGER, BES R nw 0 R AT EN HIFT (ASASA%pus, A TR
ACFRA MBI L X R AIMED) 5% (SASAxApus) W15 fERERfR . W3R S4
i, AKX HRA prp=2.03 HEdE, THE"H pus 1EE A SASA J8/INR 3 B 3
W nw BEME", IS5 SERR nw BACLLEL (PEWLEE S4). 1E SASA [ K1) 3.0 THz
(-3.8%), SEBR nw FFE (<0200 EEH 7 AR RS K HNE (-0.14), £
ARSI L7 0 SR K 73 A BN HERR S o TR SASA FEIRALA 2.0-2.4%11) 8.0
THz. 32.2 THz M 37.3 THz, SEBR nw B IE /N T 20 00 AR K] A TR (522 : +0.002
£+0.018, BISERR nw EETRME &, F878 pus IS B (CRRIEAGITRE) AE
—ERRRE_EAMEE T ARSI SN nw (N RLRURE, (845 nw TEGe vk B AERFFEXTHRIK P
gi b, KRG A0 RNA DUZLA5H) 1 R B L SASA 1T R 46 4 3555,
FRK G E pus FEGEHHE X ESPE. B3I AREAE RNA R K &0 E
71, TiEE Y SASA T AR Bl A% S K 70 7 3. S4S4 FEIEKR) (3.0
THz), nw B3 N SASA [RIE/INE (2.0-2.4%), pus HIES_ LK nw 437765
FEOKSF B, & TR 7B B T SASA IR pus B 77 1) 2 IR 564
3.5 KR 25 ARG B[R] 12 R o) 5 B L ol
CETRTTIMHTSE By KHE2Z IR RNA Y25 55K 1R i 3 22 R Y 55835 (R A
WFNE . RATNEALERE, RIESEHMEN REERN. RIEERABNT TS
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Bootstrap . & V. RGN, K 0-37.3 THz LIl 73 APU A ThRESEL -

(D) B (BN D, fETLINA%MT, CCR 5 SASA R
FHOR (he=-1.95x10"2), JWREER]ZEFEHIFEL > R I nu 5 SASA £ 5514
K n=+3.83x107), R WIHERZBELE B YOIRES NI B HIA P K R T
BAY 1 [ R>=0.531, Bl ng M1 CCR BR GRS 1 20 53%I1) SASA A8 5 i 2 [ R
90,121, B 1A) e fdond FRTEI K 73180 nw IR 1A 55 -

(i) RAEELIX (3.0 THz f1 8.0 THz, £) 100 cm™'F1 267 cm™) . 1X /& SASA4
Ree i f5e R R0 - 3.0 THz 4k SASA H1 nw [R] I 2 2 T B (ASASA=-3.8%, Anw=-0.20;
p B/NT0.001), AR r it — R T AR A4 A 7K 237 2 2 HERR R A
8.0 THz AN SASA .3 T (-2.2%, p=0.012), nw SXTHILER. WAMET
JEARRAE A - [0 R B Chons ke ras ro) 55 HRZH 346 Bootstrap 3235 2 57 (p>0.05),
BB 1 R R F% (3.0 THz: 0.28; 8.0 THz: 0.12). R>FPEREAAR [
AR, ZIB S B I 1Y SR [ Aokt SASA/nw 1) B e R S, 8k
VP HEE — Bl LR 0 ) 4, BEE IR AH ELAE B 5900 R i & 7 R R 4
M SO AR V& AEAX IR K 431 v 55 A B A T AR FH R e B (AT 2 /25 1 1 B4k
PRBNIX P 421, FRATHEI, H3% 5 kB e SR A IR S AL (KRS & 5 55 T VB e 1)
JEAREKRTE, LA 5 BR8N ) 77 SRS LR B Ko IS S il /<R Ak 2 2l
R R 4 B O B B /K B4R D, (EICXT RNA PO 45 4 (R DTk 45 2 X 49

(i) AWFAIX (11.9 THz, %9397 em™) o BATR I 42 50 p i . 35 (R FE AT
B, RIUNENA REEMAFIEEA RIRIZURTE: kus ra R re (FF5 25 E IR
#MA (Bootstrap p 735174 0.006. <0.001 A1 0.034; R4 W3¢ S2 fil S3); ##
A1 B R2A 0531 TH2 0.676, 581 2 1) R2A 0.121 TH22 0.616, Ja& B IR
FHT @ PVYRE o FRATTRE X R DU A F HE B IR AR N FFF G 7E 11.9 THz
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R, B A S TR BUL AR RS R, B A S4S4 HEHE
FIK 53 B JBUR R R IA B A AR B B A CCR FRARIRAZ T3 nw MGETHERE
Ji. FERERIAJE £, 11.9 THz M HEE NZEIRIR S RFESUR (300-500 cm ) 1261,
SERTHLAN B ) AN 9-15 THz 4137 ) RS I R PR SR 35 19 3 RNA Kk
R T4z /730 AT 3R AN, 11.9 THz 3738 I AR 1 IR SR BRAR T 4 ]
Pefil gy UL AR I R B AR, EAEAE B ARIRES R 5 4ERR I B ] 4
fib 7E FEIAME T T R T BRI P R BRI

Giv) EFHEIEGREX (20.5-37.3 THz, £ 684-1244 cm™). ZAEL X 5T 11.9
THz I REERFAE 2 W R VA, AN TR [R5 R EE AN R e B s, ik
AR . 20.5 THz MY re B3R TXTHRZL (Bootstrap p=0.002), ku Fl ru Cuk
2 ESFTHKCE, B 2 [ RAZEFF SO (0.648); 32.2 THz Ak ky HE LI i 235 755
SHEIE (Bootstrap p=0.046), 1 rc Wi R EANEE, brEE nuXF SASA FIHEHE R
TFHaGEE: 37.3 THz AbWGHIEIE KBRS, mREF T (p=0.010) 1] rc AN
Fo (SRR b, %AW N RNA BERR-H B 42 R Z (FR 80X, 1083 cm (£
32.5 THz) AXHR PO 4iHRSN, 1239 cm™ (£ 37.2 THz) NRFIHR PO 4 ik
Zl), 750-1500 cm™ HEAAR AL T 51 T G (K B R B LR BN 131, JRATTHEN, 20.5 THz
e RS T H b S BEIR AL RS A &, FRVEIMIR T CCR BKEN 127K
WEIE ;: 37.3 THz AL 1280 WE T SO0 FR PO M4 iR 2] 5 B A A i LT A
GERMEBE T nn BN FEKIRIE . 25.5 THz NP8 BN 535 1 el o,
] RE A P PR IR BN AR A AR A O IR R I X 3. 248, FORHLHI AR R B T
RZHE P 3 AR V1 246 9 3 1) SR8 DA 5 A S [ U1 43 A 48 SRR ORI A3 A, et D)
ML 24 1 SE AR RS AT R A Ar L0, 78 AAE A 5 50 — S0 — Rl gk
e
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RSO A R 5§31 ) AU G vk B Hi A 5 Bootstrap et 44T,
%827 0-37.3 THz 1543 (3558 0.5 Vinm) Xt F5E 5xG4C2 RNA 413K
ZERI BN . £ R, TERTH SR AINBGE A, B ) U ORI B ) B 5
FEEBRRERZERN, HIRI DGR OREF 68 T SASA FIFRTHI K 53
TFHL nw WIZRILH B35 A e E, B SASA EZ AR EE T (RoKBEIR
3.8%, 3.0 THz), nw {XAEFFIEER AR 2w, 75 KB I AR 50 S K 7
FHEBRSFE . ZetE B BB A — 0K, 11.9 THz &b =M% 0 R B FE 5 R H
TEREE R b, A e REURIZIRTE AL 2 (1 R2A 0.121 7% 0.616), ik T
HEIA) 1 i (1Y) SASA PR AN K 73§ BB 1) 4 Wir [R1 T 555 20.5 THZ A137.3 THz
W53 SRS SR T CCR JRBNAN nn JRANIK LKA IBIE . FHEIK S % BE pus 75T
AT SXRATLE E T, S nw-SAS4 & REYERLA R>=0.66, KWK
T 2% FLd BRI PR 4 SASA FTHIFA S I B EUE, 7 JE S0 RNA R 1K Ak
SEATT. RIS R IR T R EIER S RNA 25 Ach% 1) - P RS & 2 [RIfRk 3
MEAERH, AFIFRBREE YT RNA 425 AR i TG PR, oK
T2 5 HE R o3 AR ELAE F (R AR AT IR AL T ¥ 5% .

A AR TAERER S T, EE A T Reasonix T HREE 7 b AR L HIVESE . 3 H ik
TR, fFEXIANERT TR0 s g, IR AR A B R A DT

MiE [® S1, # S1,S2,S3, S4.
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Frequency-selective responses of an RNA assembly to
terahertz external fields®

ZHANG Qin?  WANG Kaicheng” SUN Yuankun" WANG Shaomeng? GONG Yubin®'

1) (National Key Laboratory on Vacuum Electronics, Terahertz Radiation and Application Key
Laboratory of Sichuan Province, School of Electronic Science and Engineering, University of
Electronic Science and Technology of China, Chengdu 611731, China)

Abstract
The hexanucleotide repeat expansion GGGGCC (G4C2) in the C9orf72
gene is the most common genetic cause of amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD). The transcribed RNA
self-assembles into multi-chain quaternary structures through multivalent
base pairing, and this assembly behavior constitutes the molecular basis
for pathological liquid-liquid phase separation and the formation of
pathological condensates. Here, using all-atom molecular dynamics
simulations, we investigate how terahertz (THz) frequencies modulate the
physical coupling between interchain contacts and the solvent interface in
a five-chain 5xG4C2 RNA assembly. Under a field strength of 0.5 V/nm,
seven distinct frequencies spanning 0-37.3 THz were examined, each with
20 independent 200-ns replicates. Four structural parameters covering two
orthogonal dimensions, interchain contacts and the solvent interface, were
analyzed using Student’s t-test, three linear displacement models, and
bootstrap resampling (1000 iterations). Across the entire frequency range,
neither the interchain hydrogen-bond network nor backbone stacking was
significantly affected. In contrast, solvent-accessible surface area (SASA)
exhibited a marked frequency-selective decrease, whereas the number of
interfacial water molecules dropped only at the frequency of maximal
compaction (3.0 THz), indicating that compaction is not simply due to

interfacial water expulsion. Linear permutation model analysis revealed a
20



cooperative switch at 11.9 THz, where the signs of three core coefficients
flipped simultaneously and the coefficient of determination rose sharply,
demonstrating that interchain contacts become effective drivers of surface
burial and water release. At 20.5 THz, the compactness-driven
water-release channel was selectively activated; this channel subsided at
32.2 THz, where a hydrogen-bond-driven channel began to emerge, and
became fully activated at 37.3 THz. Interfacial hydration density showed
no statistically significant change at any frequency, and global regression
confirmed that changes in interfacial water are dominated by SASA
compression rather than altered surface chemical affinity. Collectively,
these findings establish that THz frequency provides a continuously
tunable means of resolving interactions within the assembly: different
frequencies selectively elicit responses along distinct physical dimensions,
mechanical compaction, cooperative switching of surface burial and
water-release efficiency, and channel-selective activation, while the
interfacial hydration density remains conserved. This frequency-encoding
framework offers a physical basis for understanding terahertz-nucleic-acid

supramolecular interactions at the molecular level.
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