0) )L S i R
Progress in Biochemistry and Biophysics
' 'j 2025,52(4):957~969

www.pibb.ac.cn

AER R SHERRENRER
e S VASEARYN=NESY AR 1N e

MY RAEED B BV omv o E oZv o omD AEFpy
34_‘7‘?%'%;&2) j&%\}ra 1)** %‘KH 1)
(V PR A BB, AT 1000715 2 BREMRIEFRAE LA —BRBE TLEAE, SF5FI/K 161000)

ﬁ‘i ;}731,2)

HWE BE ETHRRENSMAEIRE (neuraminidase, NA) &APUFHIAE SWL4HEEE, HEVURERRM S5H
IR ZS A ZEIR AN E R . ik SEAE e SAbDab # 4 J v NA I IR PUIR R S WSS H s, W8 A R 45 b 4T b B3
BT, SRECE AT AR R B TE (7 SRR P 5 RIZS [ A (5 B, GoiT g S PUR e s . LR AR | S LMl i 47
PEMIAMEE X (CDR) BEBRKEE ;. WHURS SN X5, XA RE A 2S (B S5 AR A T A2 T 3R 2k,
WABRRYUR RN SPURM 2 MR B R, A BET¥ (BLD) 528050 0ESE m R RIHLE A7 A BT AR B R B S 1
55 SAbDab B¥E i i F B BN B NA B I HURBUA S & W5 H80E DL H3N2 . H7NO . HINL WA 3, HrR R A1
PO R B A R P 5 X, BRI RO R LR BRUIE R 3, BRI VI R 4L Al A R e 2

IGHV1-12*01/IGHI2*01, A JEFLA VI I P 41 A fiff FH AR 3 B B9 2 IGHV 1-69*01/IGHT6*01 . 455 FEMEAL I PEA A X Sk 5
A TEMEILTR PO 5 I LA NEAL XA B, 7EEsE CDR &R K - 5 S AR TR I k5 A7 g 25 5 . PR
SHuRBCO A RE TUIOCR, S RIS BC O S5 R S RO AR R 2600, I ZES5 M ISR B 45 & KB E &
BLISZIARIGIE T XY UART R TR & Bt NA B APURERNOIL A AT P75 S B AR XA &, 28
[ AE 52 B AR S i AR AR AR TR S 0 R A A 6 P IR B RS A R P R R EAE A . IUR SPURTFAE AR Th ik
ME— A 2s RS 2R, AR EF S0 TR T BETE B R Rl — PR R 07 (0 SR s [l 2544

Kegin WIEREYRTE, MEEARRM, PUSRA, Uik, PUARCAARINE

hE4S#ES R373.1, Q511, Q71

AL #: (influenza A virus) J&—Fh HL5E
RNAJNHE, J& TIERORN TR, B & R ek
AR, SRR, WHIRE . KR, R
M DA UGS, TR T AR T R 3L
300 J7~500 J7 EAEREH], 30 J5~65 T3 P IHE A
KHET: M 20 LIk, ERERAILHELT 41k
TURAKTAT: 19184FPUHEA HINT /K. 19574F 1
PHH2N2 Ui 1968 4F 75 i H3AN2 it /B A1 2009 45 T
AVHIND R, s 7 KE M A RFET . AR
WA RGAT A AN W3 5 i 2 it Je . & Tk,
POWNE 3 (2145 & A R S VAER ) A SN /117

HH B B FE AR 2 i B A rh, I e R
(hemagglutinin, HA) F1 #f 2 [t M K
(neuraminidase, NA) #5224 A1%E i L 25t &

DOI: 10.16476/j.pibb.2024.0309

CSTR: 32369.14.pibb.20240309

() EZHOARE A, HAEH FES SRR g 120
FRLA W BRI AR 2, NA SR [ R BAERR R I B
ORI R R i R AR 0 NA R RE R 57
PR | AL DD RIERR , BH L RE UKL 40
AN EL IR AR, 8 T e UKL B 5 1 T2 2 e -4k
ARG o NA A LR PO I ek
HEPEEZOEN, RREEMT . FUIRKT I
A EEA AL NA B AL TR AL S
T H BRI A AR, F2 2 i H T A 2R

s JERUITRHEE 2RI (20240484733) ¥EEATHH .

e JETUR R

TKH Tel: 010-66948876, E-mail : yuchangming@126.com
BAH Tel: 010-66948563, E-mail : xiangyangchi@163.com
Wik H Y1 - 2024-07-10, 4232 HIY: 2024-12-03




*958- EMUFESEYIRHR

Prog. Biochem. Biophys. 2025; 52 (4

FRILAN ', FoE R, AT MO S R T i
BORTEMRI NA B R S RS 7. S HAK
FIFH I, NA ZE R AR 25 4 70 B 3537 RO 75 1 A
[ A R AR ST, FLP AR S5 kA R 1 2%
18 . BURIER KA RAL

SAE T FTATTAA 2 45 1 28 155 T A 49 1) o 2
o AT, WEGEMT L EEEP A HAEH
b, R WK A HA B SR iR
AEAFIE R, NA YUY HA 5 HA Bk
AR GBI HLE] . 5T H AT P 1
PEALMCRAP RS AR, VR IR E TR, NA
B HIEZ BB 2 1 G o X Y AL I B
AU NA BPUAT S WEUS TR ZHEE, 2F
WFIE I, $E W NA BHTARE S 70 il 7t 8 5 42
FUEHE, BRIl B, It HRefs
G it T SR PACRE DR R 48 5 2 52 s ) o b,
Johansson 45 ™ fF Y KB, AR NI T4 1
NA R S PR B A )12 38 U PE T 3% R
P, SRR S 3 R R kR TR A . I
BT B DL RO AR I ARRE AR A G o Liu %5 1 B9 &
B, 12 NAFER PR AT LIS 4 2 [F]— NA WA
BT RESE R L, PR DR % 3 5 R 2 1R
7%, FWIHET NA BTG NA 25 A PUAR NA 1
FEAT PR AN R B R P A7 1197 HA YL
A S AN S I TS B FE IR, T NA A
P S LA KA BB G AR A AR B A 58 i e 43
5T s

YRR EIGYUR ST BE B PRk S 4
PRI S ZE5A 0K, PUABLAE AR PR S HUR
FALEA R X, Pri i s A A ] AR X
PUREMANEAET, RPUR-PREAY . &
BURPUARSE S SR a5F R R, 23 (A 254
- PR NA BRSSO B0 R LA A A T
fig e HEATMAE REENR TR TEAY =
YeLEFITF T NA PR R S PR ZS [0 R 5156 R AGHR
. L, AR S EES X NAYURE A 5Pk
HAWEEHN TN, R NAYURE R0
A BRI R SHURES A RRFE, TR5T F RO
BENA U AR SHUARBLA 2 RRAIE R

1 MRERE

1.1 HiEsE
12024453 H, M SAbDab Bl g 22 (http://
opig. stats. ox.ac. uk/webapps/newsabdab/sabdab/) T %k

PURBURE S S EAE , HR LT 250k «
a. YU JR 25 B 3 Influenza A virus; b. $LJR & FR N
Neuraminidase; c. 55 W45 R4 5P 2
LR FIPT IR I IREE; d. PUIARSS M [RIA A0 7 T pt
FEREE o X T B I B 1 AR ARk, i
RCSB PDB #(#i& J& (https://www.rcsb. org/) i &
PDB accession code (PDB identification code) #}7%
NA I @ 2 A
12 HMEREESHEARERLE

1E Python 3.8.13 77 1# ] BioPython v. 1.83 22
PEBCE A F 5, # FH pymol v.2.6.0 Y cmd
12, KBRE S WE T bR UAE =
it . SEET . MWL, 3k
5 R RNTC A, 28 IR 5% HE 07 5 5 P RS A
AW, & XA (epitope) MPURESSHIF M
Sy kg R <3SA M X, B
(paratope) “HHUIARZE L R 1H 55 AHPL IR 2510 Ji -1
<3.5 A ff X e 20 20280
1.3 FUERHEHE

i FH ANARCI T_E. *” (http://opig.stats.ox.ac.uk/
webapps/newsabdab/sabpred/anarci/) T Z A9 PT R T
WE AW PURSE K, R IMGT bRtk Zri i
W > $E17 45 (CDR1: 27~38; CDR2: 56~65;
CDR3: 105~117) . XIHiikF41, fiiH] Abalign 4k
By “Align” DIREXTHUIART 8 E1T 2 E I LT
FIXF5F, H “Gene Usage” T HiFBHUIARLF IS
TR, A “Length Distribution” T . HL.%¢
TPk B AN 52 X (complementarity determining
region, CDR) &R, H “Mutation Profile”
T EG i PriR 45 A 5 1 20 Fp 2 5L iR 2 7 1 il
AL
14 AR EEMMBALIETE. FoIHE e
HEMERER

i F Ab-Ligity T.E. %' (https://opig.stats.ox.ac.
uk/resources) THEHUARBCAL Z A AU AHALME:, 75 2]
OB AL ARRIPERE RS . 1] Abalign fir 447 T H ™
(http://cao.labshare.cn/abalign/) TTHEPLIAF 1] 2 [H]
PR, A5 EIPTIAR T SR . FIFH R TRy
dist (method= “Euclidean” ) #ll hclust (method=
“average” ) PREL P 43 X AT A4 B 57 AR L B
SHURTF IR RIPER P T2 RS, BRI
RIS
1.5 RERBFEENAZRASHEMNHE

R 37 8O B H3N2 NA 2K 4 (A/Darwin/9/



2025; 52 (4

KR, % PRRRRSHESRBREEARUSHENENZEIRZ 959+

2021, %3%5: 40860-VO8B) FIH7N9 NA [ (A/
Shanghai/1/2013, %55 . 40109-VO7H) 4 H b 5%
SGHAN R A R A F

R0 B B NA UARES | Fdd Al A8 X P41 A
ALY PDB S5 48 SCAF B I, FTLORER R AR R
AR A A A& W ERIKBE R A
ExpiFectamineTM293 % Ju il R ik . A
bk e 25 Expi203F AL b, 537 5 U A At -3
2234 tProtein A SERIEMTHEAIAL, T 152 Ig Pk,
1.6 4 ¥ B F % (bio-layer interferometry,
BLI) ZFMEMAENZESRES

%F NA & [ f#i | EZ-LinkTM Sulfo-NHS-LC-
LC-4:#& (Thermo Scientific) #Ef1hric, IFHAE
A 0.2% 4 1M F A& 1 (bovine serum albumin,
BSA) #10.02% Tween-20 [1) PBS 2% #h i o i B &
WYY (W30 mg/L., 60 mg/L) . P BEFRic
el Fe 541 250 pl in A 96 fLA ', #F GatorTM
Fric 1A L, #2400 r/min, 60 s 454
[ FERE RS R MR A IRAS (SATRE) Lo
SEPUR G A WL A s Ve 60 s, A
THPEYRD S BT FLIEIEE 180 s, A Y1 IK
LR SRIEYUASS &, e E LA
BEHPUARR LI R 180 s, DI TS 4t
RBEE A . PO G ih 8500 i Gator £ Bk 44
(Version 2.10.4.0713) S,

(2) (b)

IHl NlI
B H
‘H3 N2

N1
| B
N9

Antigen

1.7 #EZITESRATRMK

TE Python 3.8.13 H #] ] Pandas v. 1.4.2,
Numpy v.1.22.3 FEHATEUE TR MG 508 BRE
JoT = 2 254 B T A Ak A ChimeraX 1.2.4 8
RAR AT AL A EDE AR A ChiPlot %5 (https:
//www.chiplot.online/) 5¢h¥; $i1AHE 5 CDR X K
JE A4 2H 18] H 4 {# ] Graphpad Pism 9.5 5¢ %, 4iit2#
Gy Bl XU 3R 7 22 53 B (two-way analysis of
variance) ; J¥%1] Weblogo [¥] ) 22 il {# F§ WEBLOGO
W uh  (http://weblogo. berkeley. edu/logo.cgi) 5¢ il ;
J7 9 Z 5 Lk 45 S 5 n] A4k £ F ESPript 3.0 1) 2
(https://espript.ibep.ft/ESPript/ESPript/) 5E.

2 & R

21 HRERBFEENAREERSHENRENSIT

LR AS ST A A4 ) TP R A 1 NA BT RT
WEZEW3TA . BEWER T NAPURE A TR
BRI DL H3N2 . HIN9, HINI HE (Kl 1a),
N1 NA & [ 16.22% ., N2 B NA & [ bt
40.54%. N9 I NA & [ /i b 43.24% (K&l 1b) .
3T APURPURE A BT AR Rk I8 A S AT R
B, NBEPUE 2514, L 67.57%, RIEHUA
124, 51632.43% (Fllc), seBmBEHIAE &Y
= BE Github $2 4t .

(©)

:Homo sapiens

:Mus musculus
32.43%
Antibody

67.57%

Fig. 1 Influenza A virus NA protein and bound antibodies in complex structures

(a) Influenza A virus subtypes; (b) frequence of N1, N2 and N9 NA proteins; (¢) frequence of human antibodies and murine antibodies.
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Fig. 2 Epitope distribution on the sequence of influenza A virus NA protein

Fig.3 Epitope distribution on the three—dimensional structure of influenza A virus NA protein
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Fig. 4 V-] gene combinations in the heavy chain of antibodies against influenza A virus NA protein

(a) V-J gene combinations in murine antibodies; (b) V-J gene combinations in human antibodies; (c) V-J gene combinations in human antibodies

binding to the catalytic active site region of NA protein; (d) V-J gene combinations in human antibodies binding to other regions outside the catalytic

active site of NA protein.
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Fig. 5 Characterization of antibodies against influenza A virus NA protein

(a) Bar chart showing the lengths of CDR regions in antibodies. ***P<0.001. (b) Radar chart showing percentage of residue types in antibody
paratope. (c) Distribution of residue types at each site of the antibodies binding to the catalytic active site region. (d) Distribution of residue types at

each site of the antibodies binding to other regions outside the catalytic active site.
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Abstract Objective This study leverages structural data from antigen-antibody complexes of the influenza A
virus neuraminidase (NA) protein to investigate the spatial recognition relationship between the antigenic epitopes
and antibody paratopes. Methods Structural data on NA protein antigen-antibody complexes were
comprehensively collected from the SAbDab database, and processed to obtain the amino acid sequences and
spatial distribution information on antigenic epitopes and corresponding antibody paratopes. Statistical analysis
was conducted on the antibody sequences, frequency of use of genes, amino acid preferences, and the lengths of

complementarity determining regions (CDR). Epitope hotspots for antibody binding were analyzed, and the
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spatial structural similarity of antibody paratopes was calculated and subjected to clustering, which allowed for a
comprehensively exploration of the spatial recognition relationship between antigenic epitopes and antibodies.
The specificity of antibodies targeting different antigenic epitope clusters was further validated through bio-layer
interferometry (BLI) experiments. Results The collected data revealed that the antigen-antibody complex
structure data of influenza A virus NA protein in SAbDab database were mainly from H3N2, H7N9 and HIN1
subtypes. The hotspot regions of antigen epitopes were primarily located around the catalytic active site. The
antibodies used for structural analysis were primarily derived from human and murine sources. Among murine
antibodies, the most frequently used V-J gene combination was IGHV1-12*01/IGHJ2*01, while for human
antibodies, the most common combination was IGHV1-69*01/IGHJ6*01. There were significant differences in
the lengths and usage preferences of heavy chain CDR amino acids between antibodies that bind within the
catalytic active site and those that bind to regions outside the catalytic active site. The results revealed that
structurally similar antibodies could recognize the same epitopes, indicating a specific spatial recognition between
antibody and antigen epitopes. Structural overlap in the binding regions was observed for antibodies with similar
paratope structures, and the competitive binding of these antibodies to the epitope was confirmed through BLI
experiments. Conclusion The antigen epitopes of NA protein mainly ditributed around the catalytic active site
and its surrounding loops. Spatial complementarity and electrostatic interactions play crucial roles in the
recognition and binding of antibodies to antigenic epitopes in the catalytic region. There existed a spatial
recognition relationship between antigens and antibodies that was independent of the uniqueness of antibody
sequences, which means that antibodies with different sequences could potentially form similar local spatial

structures and recognize the same epitopes.

Key words influenza A virus, neuraminidase, epitopes, antibody, similarity of paratope
DOI: 10.16476/j.pibb.2024.0309 CSTR: 32369.14.pibb.20240309



