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Abstract

The neurotensin receptor 1 (NTSR1) is a G-protein-coupled receptor (GPCR). GPCRs rearrange the
middle layer of the receptor in response to extracellular stimuli to form a cavity on the intracellular
side that accommodates effector proteins. NTSR1 exhibits important biological activities in the cen-
tral nervous system, cardiovascular system, and gastrointestinal digestive system, being an impor-
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tant drug target. In this work, the structural dynamics and allosteric effects of NTSR1 are systemati-
cally analyzed through the anisotropic network model (ANM). The important residues related to
structural stability and signal transduction patterns of the receptor are identified by theresidual
mean square fluctuation for slow and fast motion modes. Motion correlation analysis reveals posi-
tively correlated motions between conserved motifs in class A GPCRs. The sensitivity-response ma-
trix obtained by perturbation-response scanning (PRS) describes the allosteric communication net-
work within the receptor. This work contributes to a deeper understanding of the functional me-
chanism of NTSR1 and provides theoretical guidance for structure-based drug design.
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1. 5]

G & FMBEL 244K (G-protein-coupled receptors, GPCRs) A& it K[ — RN i 85 (A 50, fibiE BT 259
R =432 —1EFHT GPCRs [1]. #1458 [% £ 2 52 4£-1 (the neurotensin receptor 1, NTSR1)J& T A 28 GPCR
Fie, FEE NN Z ML E % (neurotensin, NTSEFFM45 G, ETRRME RS, LE RS, B
JTE WA Z 48 R I LR A S, BN RIRIT ISR . RS AR RORE L I A N ) S
FEAS[2] (3] [4] [5]- BRAERMF NTSR1 FIZHRENLHIX T & FRLGM B TH 5 B R HE

FESRIS R T T T, 2012 4F White 55 N F RMFEHT T NTSR1 456 2 IKIEh7 NTS IS &SRS,
o~ T IR FC AR 25 A A X [6].2019 4F Kato 25 A\ fi1E T NTSR1 B Gil & A IR G R e 451,
JEos 1A T AR ARSI R (7], AT, FASRSLIR AL AR NTSR1 ERMEUEE R
FEHARHT 7T TH , 4 73 )12 (molecular dynamics, MDY )72 i B FHR R NTSR1 (45K 5 IhREL R .
2015 4F Lee 55 AR H] MD S0 FT 15207 NTSR1 #AF3E MR S A RE R K [8]. 2018 4 Cong 55 A HJ
MD TR NTSR1 A1 IEAL A8 (/N IR 3% B 5 250 W3210% BRIE [ MU BE TS iy, 328 1M R 4% 2 AR BETE 9] o
2020 4F Nagarajan 5 A ff) MD BB 2] 7 NTSR1 F3587*2A 2848 {A ff #4 s L5107

XTI R TG STRER RIS, SLIMAL T H5t, MD BERUGHERTEK, FRAL T
L R 28 5 7 (elastic network model, ENM)TA UF Ge % fif YLl Le (i j . = #7248 15584 11] (Gaussian network
model, GNM) A1 %% [m] 5P W 28 #5754 [ 12] (anisotropic network model, ANM) & 78 8 H Jii 45 ¥4 51 11 5 1) 5 Fh
HE) ENM, JGEBINERE TR EISE 7 Mk, st EE s 1% EE. /£ ENM 1, (K408
B AEE R 75 E BRI AR KRB RIZ 3, T stz s X0 S e 1 8 R s 1
BIAFIN P, R Sk TE B R R A e A A M AR [13]. Ak, 5T ENM WIg shAH St 7
M ] LA 7R AR L (R R W [R] G BRAR BE [ 140 #E—20, T B4 (perturbation-response scanning, PRS) /5%
AT T3 AR B AR R SO R ) SRR R RE[15] 6

2. MN57EE
2.1. MiREHR

MEE 5 $4 2 (Protein Data Bank) ™ R #2806 4 A ) NTSR1 fi A 454 (PDB ID: 6YVR [16]) (WL

ik
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K 1(a)). LFRRA T A G, WIS 5 7 4N 5 2 iE (transmembrane helixes, TMs, TM1-TM7: 161-K92,
S97-V131, G138-H173, S182-M208, T231-G275, P297-1334, T340-V372). 2 M ¥ (intracellular loops,
ICLs, ICL1-ICL2: K93-Q96, P174-M181)#1 3 4™ g #h3£ (extracellular loops, ECLs, ECL1-ECL3: H132-F137,
G209-D230, S335-W339), ICL3 Kuif#tT, FLit 285 ANk, KA Ballesteros 25 A 52 X ) GPCR %34
SITR[1T], FREE EARBERR I XYY, B X O BT E R TM B25E(A 1 3] 7), YY AN Ti%
R e B R ST AR IE(YY HA SO)AIE . # TM3 R fRFIGREZE Argle7, MIFHARIRSF N 3.50, R
Argl67%, X FRRSE Y324%, RIRTE TM6 I {R57 5k L Pro3236.50 Z J5 58 1 ANkEEAL .

(b)

pocket

NPxxY

~
™5 T™6

Figure 1. (a) Crystal structure of NTSR1 (PDB ID: 6YVR) and (b) distribution of important conserved motifs
1. (a) NTSR1 H9 @A LE4(PDB ID: 6YVR)F(b) EERTFEFNSH

2.2. BEFMEMERE

FE ANM 1, 82 T = 4ESE AR A s i 4, SRR AT A 9 P2 b 175 i, Tl Ca JR 73R
? 2T A BB N TR AR e (ARG 30 A, O RIAAFEA ELAE AT, RIsR RIS, BT b
WAL, KR RE TR

Vi == 7Zy< i _RO) (1)

Forr, Ry MRS 3 7T i RS 5 2 A AR ) RSP T ) &, NSRRI R R L NN
WX 2% H T s AN . SR A IE 3R Hessian FRE H H5E :
hll }’12 huv

| P T @)
Py Dy e hyy

HBEI B S by H RITRERE, 20 #) 1, by WRIRON:

DOI: 10.12677/hjbm.2024.142028 253 LR 2


https://doi.org/10.12677/hjbm.2024.142028

bR &

ov_ v v
aX0X, aXQY, 0X,0Z,
W_| v )

7| evox, ovoy, ovez,
A 4
0ZoX, azoY, 0ziz,

2 i=j B AR
h,=—h, Q)

ol H FEREAS 2] 3 < N ANRFAEAEANRFAE ) 6, KPR/ RORFALE [7) R 8 R AR I Az s 3 Onf I 5 B

FIR DI REAH R )R R E B R 25 REAEAE K BRRAIE ) 5 ) S e 5 8 11 0 45 A A A DR () s ARz 3
. £ ANM A1, BRIE[K)34) )5 k7% (mean square fluctuations, MSFs)F] 78 A

k,T
<AR,AR1> <H311231 2+H3z]l3t 1+H3z31) (5)
Wk 18] ) A2 SORA RT3k 7 7T 2R s 9 -
kpT (o _ -
<ARi'ARj> ¥ (H37 2aj2 T HL 1+H313]) ©)

kp REBIRE 2T, TRAKRE. H' & H .
BRI A A — AL RIS B A 58 R BT RIS

o (AR -AR,) -

Hrb, G T—1 81 2N, IEERRREER PS8 07 AL, ZEHEBEEE T 1, BRIk RIS 3 AH et
RS
2.3. IR

S S A8 T sl R AL i SRR 5 RS, RS R AR AR R RS . ST e
B F=HAR, 52205 1Rz J5 A R0 B A & AR, XH5%3E i i s/ F:
= (ooo--.AF;AQfAF; ---ooo) (8)

PR R IO B R B AR IR N

AR =H'F' )

TEAR T AR AR S REANTRIE A e N 7 A7 AL 7T, BL4E X\ s 23 xps xzw yz il xyz J5 1] ey J7 1)
1, 1, 0), f3EImaNHERE P HRE A RE 51 T AE FH R AT S ik S i i FLAh i JE (1 e 7, ARGRIZFREE 2L
N, AT RN R U BT iR E S5 E S A G FEAT I N R BRI
b R 3L I 2 5 A U KA R T REPEAL R 18].
3. BR5118
3.1. EF ANM RICI8 S5IP 5 FKE LB

B [ (B-factor), MFREEE T, wLARAEAED KT INEMFEME. B BFBOK, EARMGEHZE
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PR FRIER BT KIE S B PR LA —S 1], #ERFTIN MSFs 23T ANM W 70 8 (A R 45/ 5
J1ER SR Wl 2R, AEE AR T B BRIERE X IR(TM1-TM7), KEH FIARC T E B IR
JiE Loop X4 (ICL1-ICL2, ECL1-ECL3), fERILZH T ANM 15 3% MSFs 5550 B PA 2 18] (1) JZ
IRHMAH G 2 E(Pearson’s correlation coefficient, PCC)IAE] 0.62. % ANM TH5[FE 1 MSFs B 21| 5Z A& 1)
=YESER b, LTS A 7 2o MSF BRI EAROILIE 2(b)). Herr, MSF BOR 3R E: 3 2000 A (1B 525
JEAZTIER) Loop X4k, X5 HAHNIFA BRI IR EHES 77 20 56 MSF 550705 (15 5 D) £ v 2 125 JEL A e [X 3K,
I T a-M8TE A RIS HES, X SILETOIA B8], L&k, ANM BERSEUS /I8 NTSR1 HIZ5#42E
PEEHRE, & T RSN AT

(a) (b) Mappi
: : : _ pping MSFs
P0—Computed —  RCC=062 gcry  MECE2
‘Experimental : Yy ¥ e
A TM7——¢ J# ¢ ECL1
100} Extracellular a2 b )
) Q -
< TM4—S@ A A 2 13
= .
E 807 Transmembrane € @@ @@=y TM2
& . / T™M1
DEH N High
607 1cLo b 8 -
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i 1'1"®. ; g 2 [
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Figure 2. (a) Distribution of MSFs calculated by ANM and experimental B-factors at the residue level; (b) mapping of
theoretical MSFs calculated by ANM on the three-dimensional structure of NTSR1

[ 2. (a) ANM 1+ E A MSFs FASLIE B-factors ZE7E/KF LASTE; (b) ANM i+ EAYIEIL MSFs 7 NTSR1 = #4454y
EHoRRST

3.2. NTSR1 BB EZHERN 947

AR T, KRRERIDEEMER S ABER 54 REIE s A . STk, gis
AT MSF B/ T REF ™ T GPCR B A2 [ G 21 [19]. N T 3E— 257 NTSRI [)4h
FIEN D35 MR, B 3(a)JBon T A RTP/MBE s 8 T I 75 Bk o A . iR, MSF 20 A6 R A
20T 1 MBS e X 35, DS (R U T 7 i 4 MU -5 P 0 9 %82 Loop X3, R BIEET ANM ({12 12 Zh i
AT DU HL X 4 NTSR1 A A ) 5 46458

£ A 25 GPCR 1 6 NP HIRFAH 2 G B B 257 . CWxP. PI(A) F. NPxxY. B 454 [
£$(Na'-binding pocket). #i/K8li(hydrophobic lock)Fl & T-i(ionic lock) (ML 1(b)). TEANE T-454 H48H,
BNES IS AR SR A R R G5 ) R TEIRAS . NI 55 32 4 5 sl ISR Jg(6]. W&l 3(a)fR, M
AT M2 s T MSF /M0 X0 (] 3(a) Hobmic) BB i 1 AR SF IR B 15 A TSR 3,
TM2 H ) D113*°, TM3 H1f) T156°. TM7 H11 83617 1 N3657%, Frh, D113* j& NTSR1 FHH)
NS TR EREE, IRATEEFE ORI D113%°°A S5 E |55 T NTSR1 5 G £ [F1(G-proteins) ¥ 5 I ) 5 341
H17 NIETEEEhF NTS A SRS TE20]. #1646, D113 5 T156*%, $36274° Al NPxxY FEFFH1
N365™% SEFMIER T T2 MRS, WTRE BN T4 & 48, IR 32 i i RS2 1], Hik, b
RERIEFTRETE 2 7 NTSRI1 15 55 T B2 1 BT %
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3.3. NTSR1 HESMREEHERN 947

AR M ASU P AT DL R iz S U R . FEMRIZ BT, MSF BUR iR ESE H 1E
FaE ARG . B 3(0)BoR T ZARTERT MRS B 30 R R IE (0 MSF 43 i o ik ik S Hh 7
Rz e O X, Hd s, D113, A157°Y, V31359 v314% F1 F358742, ‘B 16T NTSR1 K
HERFIT . D113 S 5 7454 TSI R, Al T HEEER. A159 61+ PL(A) F 57,
WRR N A L P AL 9 (transmission  switch), fREBEHIAMI IER) DSAIBNM G FEES A S, FHimiRiE%
PREOE[22] [23]. V3134 FIZs ) AT I V3144, V160> SLRIMI L T TM6-TM3 Z I8l (B /K8, 752k
Bomd R, BUKBRIHTIFERE 7 T™M6 I A EE[24]. F3587% fiF NTSRI IEMI4S R 7, 5 w321°%
Y3245 SEEMI R T —NBRK . F3587PA RAZE LM T W321°% (5 112, S8UNTSRI Mtk
WOE[8]. Zi b, FET ANM [MEiitiz iRl H 1R EE7E NTSR 330G i 72 vh R ¥4 G E T

(@) (b)
0.03 T T T . ; 3E-4 o T . e :
ff ¥ I slqw motion n:I:odes A340 : fz—?lst moitlon r?éodes
002f $ 2E-4 V6.40°
o o = A s oL V6.41:
& g = | F1.42
2] = = ©n s
p= n S7.45( = v
0.01 s N7.46| 1E-4
D2.50 I
Ok-—A .
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Figure 3. Distribution of MSFs calculated by ANM corresponding to the first two slow (a); and fast; (b) mo-
tion modes at the residue level

& 3. ANM HEHETRNMEET(a); FRIERN; (b) MR A MSFs ZEKREKFE LW ST

3.4. BEIEXRMES
@ )

1.2

a0 ey

Correlation coefficients of CWxP

Transmembrane helices
TM1TM2 TM3TM4 TMS5TM6TM7

I ) :: i S o
TM1TM2 TM3 TM4 TMS TM6 TM7 0'2TM1 T™M2 TM3 TM4  TMS TM6 TM7

Transmembrane helices Transmembrane helices

Figure 4. (a) Motion correlation between residues in NTSR1; (b) distribution of motion correlation coefficients
between the CWxP motif and the rest of the receptor

4. (a) NTSR1 HFREEHZEEHEXME; (b) CWxP EFSZHEM IS Z BREEXRZR ST
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B A (1132 2 AH 26 SR B0mT LA B8R 0 S Bl M SRR AR BE [ 14]. A T RS e b, JE xRy Uy
TKVETTIR KT 50%11818 s sREE A AT T8 s oM. W 4(a)fits, LIS T kIR i)
EMSES), 30 XN RS AR . HEIZ AR PR B IR X A 28 1T LA 8 i ik 52 R g i ki o 7
AT X, 4336 B TML-TM7,  ELAHAE 2 R 02 5% (8] )iz 3h 23 B8 I IEA DG, FRE Y] ANM
REBL TR X 4 NTSRI A RS54 Mok, ZAR SR 37 2 (A A7 AR SR 1) IEAR OGS 3l o e, CWxP
FINPxxY 5770700 42 TM6 Fl TM7 BN M2 5h, BERem TN B H 4 &17] [25]. K CWxP
B P 5 HAWTRIE Z [ 12 s A R EL(LE 4(a), R1 XB)IAUSHHESFE, BRS 2R s 2
[F] (132 B A D% R B A (WL 4(b)).

WEFTR, TM2 Hf D113*°, TM3 F1f T156°%*. A157°%, E166>* il R167°°°, TMS5 Hiff] 249>
A TM7 1) NPxxY 5 CWxP 35 2 (M (i35 28 H B3 M IEA M. Hod, D3> A T156™ 244
B RImA R, E166°% I R167°° J& T B A M 55 741, A157°% Fi1 P249°%° J& PI (A) F 2 F[H—# 4
BN TEE A TSR PL (A) F #FERTSCH O IR L, XEARFEER. E166>% 5 R167° Z 1A i Lk
FOAB T8, EZARMBIEE RS, TM6 SME SR ZA T A EAEA, EFre i R167°° (leE %52
kG EAS AN ST, B#ESE GEA o5 WERRA[7]. 281, NTSR1 HEERFF 125k E
SR, SRR T e (1 ALY

3.5. fRrHRE 434 54

—_
o
~
—_
~

. i e e i £0.04} ICL2 ECL2

T™™1 TM2 TM3 TM4 TMS5 TM6 TM7
(c) Transmembrane helices

. ,Q6.28 =
L2701 wé6.48

= —

5453,

2,50 T339

Transmembrane helices
TMITM2TM3TM4 TMS5TM6 TM7

w
170]
(]
P e =1
Q
£0.02
Q
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S gt | () A : i
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Figure 5. (a) Sensitivity-effector matrix of NTSR1 and distribution of sensitivity, (b) and effectiveness, (c)
coefficients at the residue level

[ 5. (a) NTSR1 KGR - N MERERE RN, (b) FORIRLME, (o) RBFEREKTE LMD

BT AR PR S ER I, e R R R TR AR AR A RO, Oz U TR R S
SRR RSB A[15]. WA SR, B NTSRI BRI — 2808 A B LAR 51 52 44 B A 1E 7
PS5 M A G B A 45 A AL AU RSB TR R R B o o SO ke 2 o S 00 A7 75 ST 1EAG) 1 R8N,
HHESE AL Loop X8 A TM5/TM6 I NI 5(b)). SEERZEHIERH], 1EM HEEFT ) Loop X E
BSNEMEZIK NTS i, XRaE B SE8 T IEM SRR, S52080EE%[16]. k4h, ECL2
YEJN A 2% GPCR MT 14 TF 56, HAL GUAR A 52 0 JC A4k 1 51 AN ) RO BRI [26] 0 P 0 2508 2 45 4 7 s Bt
T () T BB R L (3G TMS/TM6 JR . ICL1 A1 ICL2)Mik £t 2 5 AR R M 2 B S 1S SB[ 7]
[27]. t0FE S(c)FR, RN LI 6 ANRHEE, P as D113, T1567°° f1 W321°%, EEH L,
W321S BiFr A A 25 GPCR 11 “toggle switch” [22]. BLETHFFLRM, W321%* [l gE4E 1652 3| F35874

DOI: 10.12677/hjbm.2024.142028 257 LR 2


https://doi.org/10.12677/hjbm.2024.142028

At 5%

i, mrE RO BERL S i T T™Me BB, FTHF—/ N9 G A S HE[9]. ik, ik PRS HA]H
KEEGRIE S SR G & 5B MES&#, 57 NTSRI1 M IAE.

4. &g

AIUTAERER T NTSR1 B30 122 3R 0 7 5 AR K 5% A 2R AL &2, @it
MRS EH ANM, L5651 B-factor [ PCC IAF] 0.62, 5UfX 4> T 2R F 45 M3, 0E
TERAT A . RE, MRAZIE S 0T 1 MSF HR B TR AN T4 A A4S, SR TN
B RCAL B FEAE NTSRI BWUF ik 2 i e A o e m SRIs sh A 200 &, sk v& i s B i il 7 —
S B ELT, W1 PI (A) F 27, BKBi%E, LA 7 NTSR1 M5 55 T AT BRI SCHT mis
AN, IBBAH I 73 b 3 B 52 A B Y 2 [H] [1)38 B AT AR R 1 1R ) GBS, SR PRS J7iEkt 2
PRBEAT IR, SR v 110 X 3 A7 A 000 1 g 11 AT Ay 00 26 12 B 19 4 7 BRI, 20 1) 3 5 A
LRGN B (BB S, MRS b R T R AR S W321%% “toggle switch” o A
A 2% GPCR B0 FE b 5 B 5 M o iE, W21 (I sk S AR L B Al % 17 T™M6 i I K383 .
XITAEA B FERAKT NTSR1 Dy RepLb| FI3ME, T4 M A s 524t 7 2EiRiE 5.
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