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Analysis of four mutations and protein structure of glucose-6-phosphate dehydrogenase gene
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[Abstract] Objective - To analyze the effect of glucose-6-phosphate dehydrogenase (G6PD) gene mutations on the structure and function of enzymes.
Methods - A retrospective analysis of G6PD screening records of 205 103 neonates collected in the Shanghai Children's Hospital from 2014 to 2017 was
performed. Wilcoxon test was used to analyze the enzyme activity and mutant genes. The software tools Psipred, SOPMA, and JPred4 were used to predict
the secondary structure of the protein, and the 3D structure of G6PD was predicted based on the amino acid chain by SWISS-MODEL and modified by
PyMOL and LigPlot . Six different analysis software programs, including Mupro, SDM, CUPSAT, mSCM, DUET, and Dynamut, were utilized to compare
protein stability of the wild-type with the mutant forms. PROVEAN was used to analyze the effect of amino acid changes on the enzyme. Results * Two
hundred and thirty samples were positive for enzyme deficiency, of which 121 positive samples were genetically tested and eight mutations were
identified. Three common mutations ¢.95A>G, ¢.1376G>T, and ¢.1388G>A were present, and ¢.1024C>T mutation was identified in 14 samples. These
four mutations induced a change in protein structure, reduced protein stability, and had adverse effects on function. In addition, ¢.1388G was adjacent to
the glycerol ligand binding region in the wild type structure, whereas the ¢.1388G>A mutation caused this residue further away from it. Conclusion - Four
nonsynonymous mutations (¢.95A>G, ¢.1376G>T, ¢.1388G>A and ¢.1024C>T) reduce the stability of the G6PD enzyme by changing the structure of the
protein, in which the ¢.1388G>A mutation also affects the binding ability of the protein to the substrate.
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FERE -6- BN S (glucose-6-phosphate dehydrogenase,
G6PD) ik Z JiE A& WA —Fh e RPERG B Z 8 (%96, &
fir. T Xq28 1y G6PD #: [F (OMIM:305900) %45 & %
G6PD FiE PRS2 . %A R A A—H 515 A&
R IR D, HEJR R BAREER:, Jie
HE— PR MR TR PO R R 2 1 7, GOPD Wi P b
K& 5 LA AN REHRD UL 0 0 T S A, AT ™ A=
AR, #ow s E R L@ IRLL R, F808 H
1957

GOPD ik Z i 1 A & LT Az JL 95 0 A 32 22950 2
—, FEE A I GEAC TR M BE A B M, S
A R S A B RS TSR WA TR I2 I, 6 0 e A B
J&, GO6PD HERIFIZEAE (L il IZ RS ™, 1993 4EALIE S
PABA © Fi F APCR B = IR S i 2 1 70 00 1% 36 [ ik
77 DNA JF5IE, &AL E AR BT 6 Fl G6PD
IR R, A4y, GOPD fife Z i AN 48 (7 i Uik T 200
P, Hoh e EABE R B 40 2R T, ZRIEH
TG I AT 8, Horh 2 Bk PCR Ffigith 2%
B AR b, O, BRI 2 R A

BRI, R 28748 S5 GOPD Bigiib PE PR sk Z (195 1
BLAI R W, AWFse " AR 228 S50 T G6PD fil
EAREVER BT, AT " SRR 2 A R T A
NAPD" J Jidy 5B 8 A 45 A RE 0, i s i H e A AR
W Ihte. h T AL 1R R 2248 ABEE T [T 5200 T i
B, AW P 78 A LR A GOPD ik Z i AR B
GV B AR RIS oy A G UL, oy, G546 S DhRERY i1 L4
4 Fhw L A%, B c.95A>G, ¢.1376G>T, ¢.1388G>A
c.1024C>T, 5¥FA:%Y GOPD BgitAThbie, JFxtixbsey
B IS S D REHEA TR > A, 87 GOPD 2878 52k
. THEERISC &R, LAIAE % & ft 5B

1 HES5HE

1.1 BEFER S

N Ll 28 K AP g LB BE e 2014—2017 4R £
17 205 103 {5l 4= JL G6PD fik Z g fifi dric sk ChfRI B
Bafh, FEBRE T b BERT, HBF A AN ATIHGIE B
CAIRR) o WFFERR bl 583l KB I JL 2 B e (e B 2%
it (2019R075-E01 ),

1.2 Jjik
WAL A 72 h 5, BRI BRCR ML T IE4AC E,  filRR
JEACT I brAs . st 72k JL GOPD i 2 9 fifi A K o0 Hr -
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1.2.1  G6PD E i P& M R FH 37 £ JL G6PD il & i 71
(PerkinElmer, Z[E) J VICTOR ™ D %¢5¢it (Wallac Oy,
2525, IR SRS S ST IARERR B IR ARSI . (EEIRT
(M HEFE S FIE A GOP, NADP™ [ ic4i 7/ 1z 30 min,
R S AN I RO S L, ST B R IR A
355 nm F1460 nm, JEATHC0 R EEM R (S0 B 5 B S
PERIEEL), FWLEAK AL E 75 3] GOPD BIE M & . %
JE BTG PER AR, DA Ulg (el E b d) JBEE
PERAL, TEPEART 2.0 Ulg FIE A0 iR

1.2.2 16 4> v [E AN B W G6PD %€ 7% i i () PCR
g RSO PCR (xR 2610, AR KA 3 mm |y 3 4>
JEACT I, 2 A -824 BRI Mini i 5| & (JE[]
HEEEMPHAIRA R, PE) BEHIHS, @it Lab-aid 824
LA BRI (ESE AP A RA R, dE)
IR NFE R0 DNA, —20 C{R{7£& 1, fd ] SLAN-96S
9 e & PCRAL (1B E R PHE AR AR, hE)
X AR AL Rl gk 4T PCR 43,

S RLE AR Z 50k« DNA f5idi 2.6 plL, 2 x PCR {E & {4
% 140pL, k. F#H514 (20 umol/L) & 0.7 uL, FAM
ZOKAMERTRZE 25.0 uL, FEFA: 50 C UnG BiAb
2 min; 95 CTiZS P 10 ming 95 CAs{4: 15s, 65 °C ~ 56 C
B 15s (BEH FHE 1 C), 76 CHEAN 20 s DL F 3t
FEHEAT 10 SPEFR; PG 95 CAEME 15s, 55 CiRKk 15,
76 CHEAH 20 s Rk FEFEAT SO MEIR,

K G6PD JE K 28 # MR F &, AREIEAR 5 ¥R 2%
BT Y ZE SR AR S AR A7 5, FTLUE PEAS N 16
Fleb ] NRE WA GPD SE TR 275, 43 %1 4 : c.95A>G,
¢.383T>C, ¢.392G>T. c.487G>A, ¢c.493A>G,
c.517T>C, ¢.519C>T, ¢.592C>T, ¢.871G>A .
c.1004C>A . ¢.1024C>T, ¢.1360C>T, ¢.1376G>T,
c.1381G>A ., ¢.1387C>T. c.1388G>A,

1.3 [igis PE B 5€ B WS DL GE 75 B

J2H R3.6.3 B Bt 4 Rk A rge ik oo, € B
LAM (0, 0)) For, EMEIRLL n (%) For, Wilcoxon
FRFNAS 95 53 AT Wi i P 15 28 A8 JL R 2K A0 2 | D 56 &, AE
B FEMEKCE =005 & F T, ST IRIX “HOpul=u2;
Hlpl#27 BEATASYS, Horb ul. p2 5350k 2 A SRR
5, CABFR wiEhSiiH&, P<0.05 I hAESIH 25 L,
F A A 96 25 DA BCMAS B8s o Bo S F A ] 2 7 ) Bl P SR
GO6PD fife Z it /™ T 25 g oy 9 ) AT A PEGE T 200, LA
PR [R] 228 0 FB 38 18 U RO MRS 4 A 22 5
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1.4 g 1S ] S5 Bl

G6PD J: N HA 13 /MM B+, B 1 SHMNE A%
EA, #E cDNA BIXMEAERT5], B&H 515 4%
Hefg, A GOPD RYTEPEE A fE N e rb DARIE —Z R 1R
TRPO R I B,

GO6PD [J cDNA Z: 7% )7 71| o 2 4& 2 17 51| K i) T Ensembl
HFEHBGEE (ENST00000393564.6), Psipred™™”. SOPMA™,
TPred4™ i FH R TR ZR (1) — gk 244, (i il SWISS-MODEL™
TR E R BEN 22 M54, FEZ bk PDB™™ & [ 45y St
6e08 F16e07.1.A 4y I Fapidt 2 1 ik e —ZR Ak,

HBRUERE AT S, FIH Mupro™, SDM™* - CUPSAT™
mSCM™" DUET™, Dynamut™6 ffiit F &4, B HEHE.
i AR R A R Mo T L WIS 2828 1if I 2R 1 i da
EPEEATI, UAZRA G E A& H R EftE A AG
VEAGETHR, # A AG>0"™, MIF R 5 & A L5
FEMENM, RZzFREAQSGERENEEIR. BRsk
TP {d I PyMOL g%, LigPlot™ F ettt fictk 5 & A
FHOCVE R

% F PROVEAN"" T__HL 15l 5 JE B2 e 25 o) 28 4 T REAY
SN, A ORIESE @A o048 R, 1R ERIE % —13Y,
PROVEAN 134y < —1.3 VB RMINAZ “HFEN, 154 >3

R -6- ERRIBL AL A 4 Bt K P kT | 1573

2 &R

2.1 G6PD g3l PEAS MY DL

2014—2017 435745 LFEA Y 205 103 i) GEPD & P:As
MMFE, HY 106 654 5 (52%), %L 98 449 {4 (48%),
AR K 3d (3d, 5d), A zfaik 397 & (387 A,
40" JH), Wz AR R 33502 (3080 g, 3620¢g), i@
1k 5o Hridll e GOPD Fifi ik, #ii2 GOPD ik Z jiE 230
i, Hop B 211 6 (4 92%), %194 (/5 8%).

2.2 JEPRSEB RIS B

K 2 G5 EF 5L PCR A fift il £k 75 %F 121 f4] G6PD
Bt R AEAS BEA TR o0 A, AU 8 iy, Horh 7 F
PARRIEZRAS, 4y BIE c.95A>G, c. 1024C>T, ¢.392C>T,
¢.1376G>T. c.1388G>A. c.487G>A_ ¢.517T>C, 1 F
B A 9SS ) c.95A>G+c. 1388G>A, 3k [ 4 H 14 4
AT X AN [R) 2 748 O B PE A R A 8] 1 R, ASBHFE AN BE
4 c.95A>G, c.1376G>T, c.1388G>A 3 Ff 4 W, 2% 4%,
c.1024C>T th R B & & Az 28, 4 P2 A8 o 46 ek N 44
19 91%, FLAI 3 Fhoe4s Bl Mk 2 A fE 0.2 ~ 0.6 Ulg,
¢.1024C>T 2725 M E B4 A 7E 0.4 ~ 0.8 Ulg,

A95G I A95G+G1388A I C1024T |
| | |
1.2 . I Il . T |
08 i ., 1 |
| SEENI/INEE! I EERNEI
L]
0.4 7777377'77:77'7777J I O O O O O O I O B Liioiiiiiiiiiiij Mutation
= 3921 I G1376T I G1388A | R 2EC
“m1.6 i e i | A95G+G1388A
12 ey ° ol ¥ | o Cl024T
Tool Slis : IIEESESSES
g .
& I e lle g ® e o | ° GI376T
50'4 77’777777777777J Lisi'_Loi'i'ii. 77777 8| $ .8 : 8 $ | o GI1388A
. I pro— | A FGDGXGZHN HNJS K SCSDSHW 2, Gag7a
16 I | e T517C
|| |
1.2 I |
> 1 |
04 i < { T |

AH FJ GD GX GZ HN HN,JS JX SC SD SH YN ZJ

AH FJ GD GX GZ HN HN,JS JX SC SD SH YN ZJ

Note: AH— Anhui; FJ—Fujian; GD— Guangdong; GX— Guangxi; GZ— Guizhou; HN—Hunan; HN,—Henan; JS— Jiangsu; JX— Jiangxi; SC— Sichuan; SD— Shandong;

SH— Shanghai; YN— Yunnan; ZJ— Zhejiang.
1 AEIREEZMNS B RAREEERZERL

Fig 1 Distribution of different mutations in different administrative regions and enzyme activities

K H Wilcoxon Bk FlAS 56 il t 4 Fh = 22 58 28 5 Blg i
Pz H K &, #1EOR, c1376G>T, c.1388G>A,
c.95A>G RAZRIFHEE I Z B2 ST 4 B, 3
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1 4 FhE RS WP Wilcoxon 545 R

Tab 1 Wilcoxon test results between four major mutation positions

Mutation position /4 P value
c.95A>G 151.5 0.045
¢.1024C>T
c.95A>G 305.5 0.978
c.1388G>A
c.95A>G 2425 0.232
¢.1376G>T
¢.1376G>T 1037.5 0.068
c.1388G>A
¢.1376G>T 109.5 0.001
¢.1024C>T
¢.1024C>T 114.5 0.001
c.1388G>A

# 2 SR RS G PR B Z T R DL

Tab 2 Severity of mutation positions and enzyme activities

Mutation position Exon Amino acid change Class I/n

c.95A>G exon2 32His — Arg 0
c.392G>T exon5 131Gly — Val 0
c.487G>A exon6 163Gly — Ser 0
c.517T>C exon6 173Phe — Leu 0
¢.1024C>T exon9 342Leu — Phe 0
¢.1376G>T exonl2 459Arg — Leu 0
c.1388G>A exonl2 463Arg — His 0
¢.95A>G" exon2 32His — Arg i
c.1388G>A exonl2 463Arg — His
Total 0

43 GOPD PFA:MI J 4 Fh2¢ s 8 9 I 2R A5 A i N 1550
Tab 3 Prediction of secondary structure of G6PD wild type and four mutant proteins

Mutation Total amino acid/n a-helix/n (%)
Wild-type 515 228 (44.27)
c.95A>G 515 224 (43.49)
c.1388G>A 515 220 (42.72)
¢.1376G>T 515 223 (43.30)
¢.1024C>T 515 222 (43.11)

2.3.2 G6PD &K ¥ A: AUz [ #9%)  GOPD &K [ Hifk £
A o-WE (B 2AW5%) K B-#id (E2A %) #IHCT 2
AgEfgil, B ESHIIRAT atB E500, mT& B/ LT
k55 N v, 2 5RMEES: e 1 2M 9Kk B- Irak
B, SMANRAR KL EI &K EHA NAPD' Bk
A, GOPD {FEIEE [ i 2 MHREIRE A K (15 2B
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Sy TS A, BB 121 FIPHEEIC R T
Class M#1 Class IV 2 Fp%gl, H & RAZH M Z B LR 2R
WG HFE, k2,

2.3 G6PD [ F1 S ] 44

2.3.1 G6PD iy AR " &ty GOPD BF/AERIE g 334
o o- BBE, B- . B- AL IO G, Hrb o- B
A 228 AR IEMR, B- P&k 66 SR, B- T A 37
AR, TG A 184 ANE IR, 4 Fh a5 2
BT RAZRMRE, SHARKAMIL, 4MRERA
) REEA I A AR RR LR SO, AnER 3 o 4 R AR
ey 1 o MRTE A S AL BRI kD, B- T A R R R
c.95A>G 5 ¢.1388G>A 2 FhaR A5 ) B- #4 fy 2 FL R ¥ ek /b
T2, THEmEM T 34,

Class Il /n Class lll/n Class IV/n Class V/n Total/n
0 15 0 N 0 15
0 5 0 0 5
0 2 1 0 3
0 1 0 0 1
0 13 1 0 14
0 38 3 0 41
0 40 1 0 41
0 1 0 0 1
0 115 6 0 121
B-fold/n (%) B-turn/n (%) Random coil/n (%)
66 (12.82) 37 (7.18) 184 (35.73)
69 (13.40) 35 (6.80) 187 (36.31)
73 (14.17) 35 (6.80) 187 (36.31)
73 (14.17) 38 (7.38) 181 (35.15)
71 (13.79) 37 (7.18) 185 (35.92)

WA S), BA 24 NADP' BLfRiveh &0 ilA R 24
GOL fixi (H2).

2.3.3 GOPD {HYEE A 4 Flrd e LRy ma sy 153
WoR T 4 Bl CRAB RGO, AR B AR S H AR
HEPR AL ST B DL R AH EL AR TR L
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G6PD protien monomer structure (Wild) GO6PD protien dimer structure (Wild)

Note: A. G6PD protein monomer structure (constructed according to 6E08 in the PDB protein database). B. G6PD protein dimer structure (G6PD protein in mammals needs to
be polymerized into dimer or tetramer to be active).

2 G6PD ZEH = EHEL
Fig 2 G6PD protein spatial configuration

e

G1388A_R463H C1024T_L342F

Note: Green amino acids indicate wild-type, and golden amino acids indicate mutants. Gray-white linkages indicate wild-type interactions and wild-type and mutant common
linkages, and plum-colored linkages show mutant-type interactions. A. After the mutation at position 32, the aromatic ring (red) disappears, and the cation and polar bond
interactions increase (yellow). B. The hydrogen bond of D181 (red) and N185 adjacent to the sacral helix is broken after the mutation at position 459. C. The mutation at
position 463 causes the link broken with the adjacent zygomatic helix (red), and the substrate (yellow) is close to position 463 to interact with the wild type. D. Mutation of
position 342 from leucine to phenylalanine, a forming ring (yellow), multiple aromatic groups (green), and more hydrophobic interlinkages (plum).

3 AMRENRSHEBEEBRMHBEERTLER

Fig 3 Interaction between four mutation sites and adjacent amino acids
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M B AR DL F], H32 7 T & [ Rossman 5 #) X,
H32R 2345 [if Ji 3 0 5% Ak 2 ] iy AL S kT 24, R0 B TH
K, BRAMLTE BT TR BH B F R X AR MR E X (&
3A), RA59 i T 2 [ 7 I o W g ST 2% A i RIS 4 45 &
X, HTREA S o i8hE 5SS o i8jiE. 58 AT,
R459L 275 f 5 AHAT o WRTE W] S0k . B 11 R A1
PH %, 5 NI81 S @ R TE BT 5otk thdE (181 3B),

Ser M6(L)

Cys 20401 I:§
LKl

Ile 295(L)

Lys 293(L)

R463H

2020, 40 (12)

R463 [FIFEAL TR P o SR hERL, (B Sy H4a b -6- i
MR &5 A hr AR AR (18 4), RA63H Z8 78 Jim & o) S B b 2
BT ARES, JFHIZE TR (GOL) Hyss &
frsi (B 3C, [&4), L342 fr s AAFRAL T o-B &5 Kt (19
B- ¥r&[x., L342F 23745 S5i% B 4h4h M K AE S, 74
TR T3 ZHIBUKRIALER:, FoAd7 &, BRI S
(& 3D).

Ser 296(1.)

Cys 204(L) ?.E

lle 295(L)

Lys 293(L}

Arg 463(L)
Wild

Note: The amino acid at this position deviates from the substrate and the interaction disappears in the R463 mutation position (left).

4 Fifk GOL 5SS EMBEERBR

Fig 4 Interaction between ligand GOL and amino acids

2.3.4 FUETESHT  RHAL 6 B HIAYE FRSE PTG
X AR IREARATON, LEASREIR 4 FiRAE el

# 4 6 FhTIN T iERT 4 Fh e Ae TR 1 B T O 45
Tab 4 Six prediction methods for predicting the stability of four mutant proteins

REE A A 2 L 2R R E MR PRAIR, U e 1388G>A R
BARE (F4),

AAG/ (keal - mol™")

Mutation %
Mupro SDM mSCM
c.95A>G —0.813 —1.61 A —1.207
c.1388G>A —1.019 =11 =1.722
¢.1376G>T 0.324 0.39 —0.533
¢.1024C>T —0.958 —0.78 —1.520

Note: 1 kcal=4 184 J.

2.35 RHAFRBCEX E A DIRERIRZ R PROVEAN
S BT At 4 T T i S B AR ) B RE SRR A Dt
o, 258 BoR 4 Fi 2248 1) PROVEAN #5355 #J{% T [
[ —1.3, #erEhAERm (£35),

WBLGEEW, fERA R =4ty b, AFRESH 44
B LA GOPD S BAT fiL i #2M

@ JOURNAL OF SHANGHAI JIAO TONG UNIVERSITY (MEDICAL SCIENCE)

Stability
DUET Dynamut CUPSAT
—1.213 0.169 2.34 Destabilizing
—1.806 —0.588 —0.86 Destabilizing
—0.088 —0.605 -1.29 Destabilizing
—1.490 0.690 -3.2 Destabilizing

&5 4 PhgAR AL RN 8 1 Dy RERY ) 0 45 R

Tab 5 Prediction of the effect of four mutation positions on protein function

Mutation positions PROVEAN score/score Result
c.95A>G —4.326 Deleterious
c.1376G>T —2.788 Deleterious
c.1388G>A —4.460 Deleterious
c. 1024C>T —2.101 Deleterious
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3 idig

ABE S BB 53 A7 7 205 103 {547 A4 JL GOPD JiE P
Ik, & T H AR 230 (IR GOPD PHPERE
A%, FERH A 121 GRE AT T 3 R ZEAR 7 s RS I s A
8 M WAy, Horb 3 R BB R WSS B, Kk
ARG H AL, A 1 AZEAE ¢.1024C>T fEA
UM RIH T & R AR, G6PD H AR SE R R
R i 5 | S B VR AP BRI, o iAW ge, T
HRAB LT AN 5 B8 i A 7K - T GOPD i 2 i ik 1R ™
HERE, AMFRERINEREAI K A Fra JLIEAC TR, LA
2.0 Ug fEA TR AR AE, A R8RS BRN T EHE A
Tl R A ARATEE (B 1), AR 28748 5 B Pk CE 1y
A AT RE 2 T 52 m £ G6PD BRIk K. HHfas
PE. NADP' £5 4 X s i ah & X %, Lhan F501 5%
PR 22 i C501 48 T NADP' 55 & f i K /lh, 1205
S AR 5 GOP &L A R ILTE A &, AR
RN PR 22 T RE S RS AS [l I PRERALE

L X GOPD 1 &5 kg 5y #r, kB o- R E K B- 7 &
T T B P S RT RE 2 L4 RO 22 Bk B AR 23 R) 9T
IO, i RE A S R s R R R 2 TR
C.95A>G 287 5 32 ST HA R L AL R & e, H32
f R T8 [ Rossman Z5#38, <& B-o-B 4 BCATE o4
e, H 551k His-Ile-Phe-Ile-lle-Met, H 32 540 3EHR
Fin, 37 SWIRARE R, 16 4% M. Rossman
Pr B 25 Ky 8 & ThRe PR &S A0 A sidE M Az, RE IR
RSB IEYE, RIUTEIZ AR Y2 A8 T RE S ok s 1
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