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Abstract: Plasma membrane intrinsic proteins (PIPs), which belong to the aquaporin (AQP) family within the major
intrinsic protein (MIP) superfamily, are known for the high water transport activity at the cell membrane. The subfamily
is highly conservative and only includes two phylogenetic groups named PIP1 and PIP2. Natural rubber, an important
industrial raw material and strategic material, is mainly derived from Para rubber tree (Hevea brasiliensis Muell. Arg.),
a big tree originated in the Amazon basin of South America. As a special tissue for rubber synthesis and storage, the
laticiferous cells possess no plasmodesmata with neighboring parenchyma cells, and the water balance is mainly medi-
ated by PIP aquaporins. In previous studies, a highly abundant PIP gene denoted HbPIP1;4 was identified, however, no
detectable water transport activity was found when heterologously expressed in Xenopus laevis oocytes, which may be
due to its inability to localize to the cell membrane. To uncover the acting site and multimerization features of HbPIP1;4
in vivo, recombinant plasmids pNC-Cam1304-SubN-HbPIP1;4, pNC-BiFC-ECN-HbPIP1;4, and pNC-BiFC-ENN-
HDbPIP1;4 for subcellular localization and bimolecular fluorescence complementation (BiFC) were successfully con-
structed. Agrobacterium tumefaciens transformed with above recombinant plasmids were used to infiltrate tobacco
(Nicotiana benthamiana), and transiently transformed leaves were subsequently checked using laser confocal micros-
copy. Compared with wide distribution of fluorescence signals throughout the cell for the control pPNC-Cam1304-SubN,
signals of pNC-Cam1304-GFP-HbPIP1;4 were restricted to the cell membrane, supporting the plasma membrane local-
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ization of HbPIP1;4, which is consistent with the bioinformatics prediction. The result was further supported by the

BiFC analysis, which also implied that HbPIP1;4 could form homomultimer, in accordance with the 3D prediction via
homology modeling. The results would lay a solid foundation for further uncovering the mechanism of water balance of
the laticifer. Nevertheless, PIP aquaporins that could interact with HbPIP1;4 in rubber tree remain to be further charac-

terized.
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K20 551 3315 9%+ HbPIP1;4F/R ( ATGGAGGG-
CAAGGAAGAGGATG/GGCCCTGGCCTTGAAA-
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HbPIP1;4 ¥ 5 2 {& pNC-Cam1304-SubN , pNC-
BiFC-ENN #l pNC-BiFC-ECN,,
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Tab. 1 Databases, software and related websites used in this study

B e 4 o &
Database/software Website Application
NCBI https://www.ncbi.nlm.nih.gov/ PIP & H T 7k
BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi w853 Bt
MUSCLE https://mega6.software.informer.com/ HHZITFI A
ProtParam https://web.expasy.org/protparam/ B AL BT
WoLF PSORT https://www.genscript.com/wolf-psort.html SV 40 6 o7 T
CDD https://www.ncbi.nlm.nih.gov/cdd PRAF S5 AL B T3
SOPMA https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html AR TN
SWISS-MODEL https://swissmodel.expasy.org/interactive 3D 25 T
InterPro http://www.ebi.ac.uk/interpro/search/ HE A R T

BRI GRS 48 h S, IF O
PR I IS Zeiss LMS880 #EFT28 Y6 %L

2 HR5H5H
21 HEHESFIILE
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85 "5 PCR Y™, JF I JC4E va BB AR il oy 4
T V4 E 3K pNC-Cam1304-SubN-HbPIP1;4
Pl &% BIiFC #ifk pNC-BiFC-ENN-HbPIP1;4 #i
PNC-BiFC-ECN-HbPIPL;4, A& o, W55
BB B P 1) 5 5 DR 2 4 %o 7 DX ek o 4 — 2,
Gt 287 MREILFR (aa), HIIE/HTE (MW ),
L (pl). BEMIIGIEEL (AL). BOFHEiKIs
8 (GRAVY ) FIAERE % (11) 5 HObPIPL;1,
HbPIP2;3 . SoPIP2;1. AtPIP2;1 . AtPIP2;4 fH>4 ( &
2); ZEEME 44~274 (RESFI MIP 255435,
( pfam00230 ), FAU7 230 ok (K 1A); M
RERARCKE , BN FEIER A G &

B, A 12.5%F1 11.5%( € 1B ), HbPIP1;4
5 HbPIP1;1. HbPIP2;3. SoPIP2;1. AtPIP2;1.
AtPIP2;:4 )7 SIARUIYE 235 91.0% . 76.0% .
72.6% . 72.8% F 70.2% , H B B2 E X
(TMI~TM6 ) FIfRSFEIERR A 1C i, 2 4
JIRTE X (HB Ml HE ) & A BLAL ) NPA 3E)7; i
LA &4 1S R CP ik 4
LB &F | MESFIOBRRILA 5 8" 3R LD &
A 1ASITEMER LY BRI ar/R EEMEIER
ﬂ‘j F94-H224—T231—R239;Froger 'fj,'{—iﬂ‘j E154_SZ40_A244_
F*-w?°_ 5 SoPIP2;1. AtPIP2;1. AtPIP2;4 Fl
HbPIP2;3 #H 1L, HbPIP1;4 ELA # K N i A4S
1) C Ui, = BERR AL IHIEAHOCHT C o S Fk%E . —
REEFTN B, X EEHE (LA o8 5E AR ]
B, 9N 30.24%~40.42%F1 37.98%~
47.74% (3 2), T SoPIP2;1 ()[R JH AR WK,
HbPIP1;4 7] LIJE i) DU 3R A (&l 1D ),
2.2 TABATE L5 HT

S HbPIP1;4 AT REPRA T, AT LA

% 2 HDPIPL4 5 HbPIP1;1, HbPIP2;3, SoPIP2;1, AtPIP2;1 %0 AtPIP2;4 IB{L 4R Z R EL L
Tab. 2 Comparison of physicochemical properties and secondary structure of HbPIP1;4, HbPIP1;1,

HbPIP2;3, SoPIP2;1, AtPIP2;1 and AtPIP2;4

I EE

a- 12 e - WIWIE
pfsm /l\lg\; Pl GRAVY Al i MIP Alphawifﬁx/% Eé;‘;‘iﬁ/‘: Be?aﬁi/% Ri;flﬁinjz&jg'/]%
HbPIP1;4 287  30.80 859 0334 9589 2842 44~274  32.40 17.42 2.44 47.74
HbPIP1;1 287 3078  8.62 0352  93.90 27.46 46~276  30.66 18.47 3.14 47.74
HbPIP2;3 286 30.58  8.50  0.449 10038 31.68 32~267  36.36 17.48 3.50 42.66
SoPIP2;1 281  29.90  9.03 0579 102.81 27.81 31~260  36.65 18.15 2.14 43.06
AtPIP2;1 287 3047  8.60 0.506  97.94 3027 30~266  40.42 16.72 4.88 37.98
AtPIP2:4 291 3095 822 0490 9629 2929 30~266  30.24 20.96 5.15 43.64
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m HbPIP1;4 m HbPIP1;1 m HbPIP2;3 m SoPIP2;1 m AtPIP2;1 wAtPIP2;4

M F P S T WY V

¢ SoPIP2;1 = —-—mmmmmm———-—- MSKEVSEEAQ-AHQHGKDYVDPPPAPFFDLGELKLWSFWRAATAEF
AtPIP2;1 —mmmmmm—mm—— MAKDVEAVPG-EGFQTRDYQDPPPAPFIDGAELKKWSFYRAVIAEF
AtPIP24 = - MAKDLDVNES-GPPAARDYKDPPPAPFFDMEELRKWPLYRAVIAEF
HbPIP2;3 e MAKDVEVAENPGEFSAKDYHDPPPAPLIDVEELGKWSFYRALIAEF
HbPIPI;1 MEGKEEDVRLGANKYRETQPIGTSAQSQDDKDYTEPPAAPLFEPTELT SWSFYRAGIAEF
HbPIP1;4 MEGKEEDVRLGANKFTERQPIGTSAQT--DKDYKEPPPAPLFEPGELSSWSFYRAGIAEF
.*: . :** :**.**::: * x *.::** * Kk kK
TM1 TM2
SoPIP2;1 IATLLFLYITVATVIGHSKET------ VV_GSVGLLGIAWAFGGMIFVLVYCTAGISGGH
AtPIP2;1 VATLLFLYITVLTVIGYKIQSDTDAGGVD GGVGILGIAWAFGGMIFILVYCTAGISGGH
AtPIP2;4 VATLLFLYVSILTVIGYKAQTDATAGGVD GGVGILGIAWAFGGMIFVLVYCTAGISGGH
HbPIP2;3 IATLLFLYITVLTIVIGYKSQTDPAKNSDA GGVGILGIAWAFGGMIFILVYCTAGISGGH
HbPIP1;1 IATFLFLYISVLTVMGVVKAP-----— TK_ STVGIQGIAWSEGGMIFALVYCTAGISGGH
HbPIP1;4 IATFLFLYITVLTVMGFSKPN-----~— NK'TTVGTQGIAWAFGGMIFALVYCTAGISGGH
:**:****::: **:* * * ****:****** Kk ok Kk ok ok k ok ok ok ok ok ok
HB TM3
SoPIP2;1 INPAVTFGLFLARKVSLLRALVYMIAQCLGAICGVGLVKAFMKG-PYNQFGGGANSVALG
AtPIP2;1 INPAVTFGLFLARKVSLPRALLYIIAQCLGAICGVGFVKAFQSS-YYTRYGGGANSLADG
AtPIP2;4 INPAVTVGLFLARKVSLVRTVLYIVAQCLGAICGCGEVKAFQSS-YYTRYGGGANELADG
HbPIP2;3 INPAVTFGLFLGRKVELIRALLYMVAQCLGAICGCGLVKAFQKA-YYTRYGGGANELSSG
HbPIP1;1 INPAVTFGLFLARKLSLTRALYYMVMQCLGAICGAGVVKGEFEGRHQYTLLGGGANSVNPG
HbPIP1;4 INPAVTEGLFLARKLSLTRALFYMIMOCLGAICGAGVVKGFEGNRAYETLGGGANVVAHG
******'****‘**:** *:: *:: * ok ok ok k ok kK *.**'* * * k ok k ok : *
TM4 TMS5
SoPIP2;1 YNKGTALGAEI IGTFVLVYTVFSATDPK*RDSHVP ILAPLPIGFAVEMVELATIPITG
AtPIP2;1 YSTGTGLAAEIIGTFVLVYTVESATDPKREARDSHVPVLAPLPIGFAVEMVHLATIPITG
AtPIP2;4 YNKGTGLGAEIIGTFVLVYTVESATDPKRNARDSHVPVLAPLPIGFAVEMVHIATIPITG
HbPIP2;3 YSKGTGLGAEIIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVEMVHLATIPITG
HbPIP1;1 YTKGDGLGAEIVGTFVLVYTVESATDAKRNARDSHVPILAPLPIGFAVFLVHLATIPITG
HbPIP1;4 YTKGDGLGAEIVGTFVLVYTVESATDAKRNARDSHVPILAPLPIGFAVFLVHLATIPITG
* .. * .*.***:************** . **‘*******:***********:**********
HE TM6
SoPIP2;1 TGINPARSFGAAVIFNSNKVWDDQWIFWVGPFIGAAVAAAYHQYVLRAAAIKALGEFR|
AtPIP2;1 TGINPARSFGAAVIYNKSKPWDDHWIFWVGPFIGAAIAAFYHOFVLRASGSKSLGEF
AtPIP2;4 TGINPARSFGAAVIYNNEKAWDDQWIFWVGPMIGAAAAAFYHOFILRAAAIKALGEFGEF
HbPIP2;3 TGINPARSFGAAVIYNKDKAWDDQWIFWVGPFIGAAIAAFYHQYILRAAAIKALGEFR|
HbPIP1;1 TGINPARSLGAAIIFNKDKGWDDHWIFWVGPFIGAALAALYHQVVIRAIPFKK-—-----
HbPIP1;4 TGINPARSLGAAIIFNKDHAWDDHWIFWVGPFIGAALAAVYHQIVIRAIPFKARA-----
********:***:*:*_.: ***:*******:**** * Kk Kk kk ::** *
SoPIP2;1 PTN----
AtPIP2;1 ANV----
AtPIP2;4 GBFrEFA
HbPIP2;3 A-—mm—
HbPIPL;1 -
HbPIP1;4 -
D

A: HbPIP1;4 BRSP4 T ; B: HbPIP1;4. HbPIP1;1. HbPIP2;3. SoPIP2;1. AtPIP2;1 Fl AtPIP2;4 Y4 FEmR2H il L 45

C: HbPIP1;4. HbPIPI;1. HbPIP2;3. SoPIP2;1. AtPIP2;1 fl AtPIP2;4 fJF3LXF; D: HbPIP1;4 1) 3D Z5#) T,

A: Predicted conservative domain for HbPIP1;4; B: Comparison of amino acid composition of HbPIP1;4, HbPIP1;1, HbPIP2;3, SoPIP2;1,

AtPIP2;1 and AtPIP2;4; C: Sequence alignment of HbPIP1;4, HbPIP1;1, HbPIP2;3, SoPIP2;1, AtPIP2;1 and AtPIP2;4;

D: Predicted 3D structure for HbPIP1;4.
Bl 1 HbPIPLAKAEMBEEESN
Fig. 1 Bioinformatics analysis of HbPIP1;4
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7 pNC-Cam1304-SubN N XF FR , ¥f & pNC-
Cam1304-SubN-HbPIP1;4 {4 AT B T8 B i v
SHRE R, JLREMERLE R 2 FiR, XE
(AR 5 HOm FEE A A M, T SE 90 4L 40
JRIJEE, JIESE HOPIP1;4 FYAE HIFA A2 40 M

pNC-Cam1304-SubN

pNC-Cam1304-
SubN-HBPIPI; 4

2 um

2 HbPIPL;4 #9048 B %E i 53 17
Fig. 2 Subcellular localization analysis of HbPIP1;4

2.3 BIiFC ##f

B HbPIP1;4 2 & v i [R1 U8 22 R 44, F
3% L% pNC-Cam1304-SubN-HbPIP1; 121 4 FT 14
T B O BH M X B, $L %% pNC-BiFC-ENN-
HbPIP1;4 5 pNC-BiFC-ECN-HbPIP1;4 () B 14
XTI, #4%5 pNC-BiFC-ENN-HbPIP1;4 F1 pNC-
BiFC-ECN-HbPIPL1;4 AT B TR SR IR A5
WEIHFE AL IH T R o LR UER 25 SR & 3 iR,
1 X R 52 56 201 o 40 8 34) & ik B 1) 9 6
5, TP R JCE 5, RS HbPIP1;4 Al 7EZH
JILRE 1= I g [ i 2 B A

3 itig

SHABEDIA L, AR 1) K 5 A7 8 A5 5
NEE. HG, REBEFEKAN, TR A B R
T RS 1 W) N N T N = R R DS B R 2 ¢ |
Y4BT 14 20 I [B) A7 A KR M R % 22, T EI AR
(14 A FLAE 5 405 T AN A e = T R 110 B ] 3 22
ol 75 LA 7K 2 Y I 405 7 T AR5 T 4 B 7 7
PIP M FERR IR 15 4~ PIP R, A 10 4
LA RE, Hh s HbPIPL4, HbPIP2;3
1 HbPIPL; 12, 7E i 5P A 40 i P B S BE ST
/8, HbPIP2;3 HA mak ik sriiaidk k!, i
HbPIP1;4 Fl HbPIP1;1 (& PR AR 2, AR4ETE
FoKk | KRG, FRESHEY PSS, PIP1 WAL
B2 I AAEARAIMA 22 Tk 43 a3 vk R B IA A

pNC-Cam1304-
SubN-HbPIPI; 1

HbPIPI;4

pNC-BiFC-ECN- pNC-BiFC-ENN-
HbPIPI4

PNC-BiFC-ECN-
HbPIPI:4
NC-BiFC-ENN-
HbPIPI:4

B3 %ET BiFC i HbPIPL4 Z RS
Fig. 3 BiFC-based multimerization analysis of HbPIP1;4
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&K ¥ HObPIP1;1 5 HbPIP2;3 Y& A M E i A iy
i B B s HObPIP2;3 W] JE A W] U 2 R4k, 1
HbPIP1;1 ZIARELS01 SH¥Rist HOPIP1;1 AREFE
BRI 2 RAK I W] R ZE R RRAE , ARBF STt — 20 4
FE T HbPIP1;4 114 4 i 5% e v Rl 22 AL RRAIE o Hi i
WIRF5E, HOPIPL 4 FERL A Th R IAK P& T
HbPIP2;3 F1 HbPIP1; 11, IV 41 fifd 5 37 S A s
5 HbPIP1;1 1 HbPIP2;3 #H[F], HbPIP1;4 t3E i
TR AR 5 HObPIPL;1 AIE 2,

BiFC {7~ HbPIP1;4 nJE A R 2 Rk, X5 3D
WML R -, RENFILK BN,
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B LT B TR ALE AR C i R AR s
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AtPIP2;1 HRSF, MITEHAME AN Ny 7E 5
A~ Froger i fih, 1 P1 fA4EA8 5, SoPIP2;1 K
M, AtPIP2;1 . AtPIP2;4 Fl HbPIP2;3 35 Q,HbPIP1;1
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F1 HbPIP1;4 4 E; AHILHABEFH, HbPIP1;1 Al
HbPIP1;4 ¥t = PIP2 C Ui B TR AL i, X b gk
W] HOPIP1;4 5 HOPIP1;1 HYJF S ASAE =5 B —
B, S TR 5T 45 AR ME o 73 51 e X 4R 3]
PeE AR 2 AL S5 FI AR AE o AN, BFSEIE R H
SWISS-MODEL Hillll T HbPIP1;4 5 HbPIP1; 119,
HbPIP2;3!"SH1 HOPIP2; 7P HEAE X &, BIE]
EARREIE IR Z RIK, AN XiEH friE—211
SCEEUE; [, AN C A TR SRR
P R 24 38 S, FFH HbPIP1:4 1 R i ik T
YEBFEHEA T .
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