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Abstract: Plant 14-3-3 proteins mediate a wide range of functionally diverse proteins through protein-
protein interactions that are typically phosphorylation-dependent. However, the interactions between
14-3-3 proteins and the major regulators of nature rubber (NR) biosynthesis in H. brasiliensis have
not been fully elucidated. In this study, we obtained 81 essential client proteins that interacted
with H. brasiliensis 14-3-3 proteins (HbGF14s) through yeast two-hybrid (Y2H) screening. These
interaction partners were involved in plant signal transduction, metabolism, development, and NR
biosynthesis including small rubber particle protein (SRPP), rubber elongation factor (REF), and
MYC2, etc. Furthermore, the interaction of HbGF14c and HbSRPP of H. brasiliensis was confirmed in
plants through bimolecular fluorescence complementation (BiFC) assays and in vitro with Pull-down
assays. Specifically, the RVSSYLP motif was found to mediate the interaction between HbSRPP and
HbGF14c. The findings of this study provide a theoretical basis for the elucidation of the molecular
regulation mechanism of the 14-3-3 proteins involved in NR biosynthesis, which could be used to
enhance the production of rubber trees through genetic improvement.
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1. Introduction

14-3-3 proteins are a type of acidic regulatory protein with a strong regulatory effect
in eukaryotes [1]. Numerous 14-3-3 proteins have been identified in plants [2]. The 14-3-3
protein family is a small protein family. For example, 15 such protein genes were identified
in Arabidopsis thaliana [3,4]. Twelve genes encoding 14-3-3 proteins exist in tomatoes [5,6].
In rice, the 14-3-3 family contains eight members [4,7]. In tobacco, the 14-3-3 family consists
of 17 members [8,9]. In cotton, there are 25 genes encoding 14-3-3 proteins [10]. Ten 14-3-3
proteins were identified, named HbGF14a to HbGF14j in Hevea brasiliensis [11].

In plants, 14-3-3 proteins play a crucial role in regulating various physiological and bio-
chemical processes through interactions with target proteins such as metabolism, growth,
development, abiotic stress, and signaling pathways [12-16]. So far, over 300 target pro-
teins of 14-3-3 proteins have been proven to be key components of the cellular metabolic

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland. network [17]. The 14-3-3 protein includes homodimers and heterodimers that can bind to

the domain of one target protein or two target proteins simultaneously [18]. The majority
of the target proteins binding to 14-3-3 proteins contain conserved phosphorylated serine
(Ser) or threonine (Thr) sequence motifs [19]. The interactions between 14-3-3 proteins
and client proteins led to alterations in protein characteristics such as structure, activity,
stability, and subcellular localization [4,20-23].
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H. brasiliensis has the advantages of a large production volume, long production time,
and easy collection and has become the major source of natural rubber (NR) [24]. NR
contains cis-1,4-polyisoprene that is synthesized from isopentenyl pyrophosphate (IPP)
via the mevalonic acid pathway, with the synthesis occurring on the surface of rubber
particles in the latex of rubber trees [25]. Many proteins and enzymes participate in NR
biosynthesis, such as 3-hydroxy-3-methyl glutaryl coenzyme A reductase (HMGR), farnesyl
pyrophosphate synthase (FPS), small rubber particle protein (SRPP), rubber elongation
factor (REF), and rubber transferase (a cis-prenyltransferase that catalyzes pyrophosphate
into rubber-molecule HRT) [25-31]. We reported that the 14-3-3 protein (HbGF14a) binds to
a RING zinc finger protein (HbRZFP1) to mediate the expression of HRT?2 in H. brasiliensis,
which is the first time that 14-3-3 proteins have taken part in NR biosynthesis [32]. However,
the interactions between other HbGF14s and the major regulators of NR biosynthesis in H.
brasiliensis remain unclear.

In this study, we obtained 81 target proteins that bind to 14-3-3 proteins through a
yeast two-hybrid (Y2H) screening. HbGF14c protein was applied as the bait protein to
obtain a H. brasiliensis small rubber particle protein (HbSRPP). The interactions between
the HbGF14c protein and HbSRPP were further proven through bimolecular fluorescence
complementation (BiFC), Y2H, and Pull-down assays, providing a theoretical foundation
for further studies of the molecular regulation mechanism of 14-3-3 proteins participating
in NR biosynthesis.

2. Materials and Methods
2.1. Plant Materials

Hevea brasiliensis Miill. Arg. cultivar CATAS7-33-97 was grown at the National Rubber
Tree Varieties Resource Garden of the Chinese Academy of Tropical Agricultural Sciences
(Danzhou, Hainan, China). Latex was collected directly into liquid nitrogen and stored in an
ice kettle for RNA extraction. At the same time, 30 seeds of tobacco (Nicotiana benthamiana)
were planted in pots under 16 h light/8 h dark at 26/21 °C with 70%—-80% relative humidity.

2.2. The Construction of a Y2H Library

The total RNA of latex was extracted using the method described previously [33]. The
mRNA was purified using a poly A* RNA kit referring to the manufacturer’s instructions
(Clontech/Takara Bio, Kusatsu, Japan). The SMART oligo-dT technique was used to
synthesize the first-strand cDNAs, and an LD-PCR was used to synthesize double-strand
cDNAs. The Y2H library was constructed according to the Make Your Own “Mate &
Plate™” Library System User Manual (Clontech). The construction of the Y2H library
was performed as follows. A cDNA library was constructed that linearized pGADT7-Rec,
and purified double-strand cDNAs were co-transformed to Y187 yeast and placed at the
synthetically defined (SD) medium without leucine (SD/-Leu) at 30 °C for 3—4 days. The
library solution was divided into multiple 1 mL aliquots for short-term use and several
50 mL aliquots for long-term storage, which were then kept at a temperature of —80 °C.
The cDNA library was diluted 10, 100, and 10,000 times and grown on 100 uL SD/-Leu with
three biological replicates. The number of colonies was then recorded. The cell density in
the Y2H library was measured using a hemacytometer (Thermo Fisher Scientific, Waltham,
MA, USA), and the density of a high-quality Y2H library should reach 2 x 107 cfu/mL.
The titer and transformation efficiency were calculated using the following formula:

Numbers of colonies

titer =
et plating volume(mL) x dilution factor

cfu x Suspension Volume (mL)

transformation efficiency = Vol plated (mL) x amount of DNA (1ig)
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Finally, the colonies were selected for PCR identification using the pGADT7-F/R
primers. The recombination rate was calculated using the following formula:

numbers of positive colonies

recombination rate = ;
numbers of selected colonies

The primers for the bait vector of HbGF14s are given in Supplementary Table S1.

The full-length cDNA of HbGF14s was introduced to pGBKT7 as the bait vector, which
was introduced into the yeast Y2HGold strain and placed at the SD/-Trp screening medium.
Then, 4-5 mL of bait vector concentrate was mixed with 1 mL of Y2H library solution in
50 mL of 2 x YPDA + Kan liquid medium. After the appearance of clover-shaped cells, the
yeast solution was collected and grown on the screening culture medium. The independent
clones were selected for plasmid sequencing, and the results were analyzed using the basic
local alignment search tool (BLAST) on the National Center for Biotechnology Information
(NCBI) website (www.ncbi.nlm.nih.gov, accessed on 21 March 2023).

2.3. Targeted Y2H Analysis

To clarify the binding of 14-3-3 protein (HbGF14c) to HbSRPP, Y2H assays were
carried out according to Matchmaker™ Gold Yeast Two-Hybrid Systems (Clontech). Full-
length HbGF14c cDNA and HbSRPP cDNA were introduced to pGBKT7 and pGADT?7
as the prey and bait vectors, respectively (primers are shown in Supplementary Table S1).
Then, the prey and bait vectors were transformed together into the yeast Y2HGold strain.
Transformed colonies were placed at double-drop-out (DDO) medium (SD/-Trp/-Leu) and
quadruple-dropout (QDO) medium (SD/-Trp/-Leu/-His/-Ade) and incubated at 28 °C for
3-5 days.

The cDNA encoding the site-directed mutated HbSRPP (S185A) was amplified with
PCR (the primers are shown in Supplementary Table S1). The plasmid containing cDNA
coding HbSRPP and S185A was introduced into the pPGADT? vector, and that containing
cDNA coding HbGF14c was introduced into the pGBKT7 vector. Then, the vectors were
transformed together into yeast and developed on DDO and QDO medium incubated at
28 °C for 3-5 days. The pGBKT7-53 and pGADT7-T vectors were transformed together
into yeast as positive controls. The pGBKT7-lam and pGADT7-T vectors were transformed
together into yeast as negative controls.

2.4. BIFC Assays

Full length HbGF14c cDNA and HbSRPP cDNA (not their stop codons) were introduced to
PGNI1 (split GFP N-terminal fragment expression) and p2GC (split GFP C-terminal fragment ex-
pression) vectors, as described previously [34] (primers are shown in Supplementary Table S1),
and introduced into the Agrobacterium tumefaciens GV3101 strain. Next, GV3101 strains that
contained GC-HbGF14c and GN-HbSRPP along with strains that contained GC-HbSRPP and
GN-HbGF14c, were injected into the epidermal cells of tobacco leaves that were 6 weeks old
at an optical density (OD600) of 0.8. Then, GV3101 strains containing GN-HbGF14c and GC;
GN and GC-HbSRPP, GN-HbSRPP and GC; and GN and GC-HbGF14c were used as negative
controls. The infected cells were grown on Murashige and Skoog (MS) medium at 25 °C under
dark conditions [35]. After 2-3 days, the expression of GFP was observed with an OLYMPUS
FLUOVIEW FV1000 confocal laser scanning microscope.

2.5. In Vitro Pull-Down Analysis

The cDNAs encoding HbGF14c and HbSRPP were introduced into pGEX-6P-1 (con-
taining a glutathione S-transferase (GST) tag) and pET28a (containing a histidine (HIS) tag)
vectors to transform into Escherichia coli BL21 (DE3) expressing strains (for the primers see
Supplementary Table S1). The recombinant proteins, HbGF14c-GST and HbSRPP-His, were
purified using a GST-binding column (Merck Millipore, Billerica, MA, USA) and HiTrap
affinity column (GE Healthcare) according to the instructions of manufacturers. In vitro
binding tests were performed as described previously [32]. An immunoblot analysis in-
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cluding anti-GST or anti-His antibodies was performed to detect the interaction between
HbGF14c and HbSRPP. Polyhistidine-tagged HbGF14c was introduced into E. coli BL21
(DE3) strains and used as a control.

3. Results
3.1. Construction of cONA Library

Total RNA was extracted from latex of H. brasiliensis (Figure 1A). The double-strand
(ds) cDNAs were synthesized, with the majority ranging in size from 500 to 4000 bp
(Figure 1B). To ensure the production of a high-quality cDNA library, the ds cDNA under-
went purification to eliminate small fragments between 200-500 bp (Figure 1C).

Figure 1. Construction of cDNA library. (A) extraction of RNA. (B) Synthesis of the cDNA library.
(C) Purification of the cDNA library. Lane M, DNA 2000, 15,000 marker, bp base pairs. Lane 1 and 2,
Synthesis of ds cDNA. Lane 3 and 4, purification of ds cDNA.

3.2. Construction of a Y2H Library and Screening of Proteins Interacting with HbGF14s

To identify the interaction proteins of HbGF14s, a Y2H assay was performed wherein
HbGF14s were used to screen the Y2H library. The linearized pGADT7-Rec plasmid and
purified ds cDNA were co-transformed into yeast Y187. In total, 401 colonies were grown
on an SD/-Leu plate coated with 1072 dilution (Figure 2A). The number of independent
clones in the library was 2.8 x 10° cfu/mL. On the SD/-Leu plate coated with 10~* dilution,
246 colonies were grown (Figure 2B). The titer was 4.92 x 107 cfu/mL.

Twenty-four colonies were identified through PCR. The results showed that the in-
serted fragments were mainly distributed in 500-2000 bp, and some yeast cells contained
multiple recombinant library plasmids (Figure 3). The library recombination rate was 96%.

Screening obtained 81 cDNAs encoding proteins interacting with HbGF14s. Based
on the BLAST analysis, these cDNA coding proteins were divided into 11 categories
according to their functions: stress-related proteins (1%), heat shock proteins (2%), oxidative
stress proteins (5%), rubber biosynthesis-related proteins (12%), transcription associated
proteins (11%), protein/DNA /RNA-binding proteins (9%), ATPase (1%), signal proteins
(20%), protein metabolism-related proteins (5%), carbohydrate metabolism-related proteins
(7%), and unknown proteins (27%) (Figure 4). Among these, 17 proteins interacting with
HbGF14s were high homologous with H. brasiliensis, including SRPP, REF, MYC2, etc.
(Table 1). These proteins participate in many physiological and biochemical processes
of laticifer cells, including NR biosynthesis, stress-dependent responses, defense, protein
turnover, and transcription. Although SRPP and REF are involved in NR biosynthesis
and play a role in increasing molecular weight, quality and yield of NR, the regulatory
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mechanisms governing their interactions with other proteins have been insufficiently
investigated.

SD/~Leu 107

SD/~Leu 107 SD/~Leu 10

Figure 2. Analysis of the quality of the Y2H library. (A) The growth of independent clones.
Three biological replicates were used. (B) Determination of the library titer.

bpl234 5 6 7 & 9 10 11 12 M 13 14 15 16 17 18 19 20 21 22 23 24
2000

1000
750
500

250
100

Figure 3. Determination of the recombinant rate of the library. Lanes 1-24, the colonies selected were
amplified with PCR with the pGADT7-F/R primers. Lane M, DNA 2000 marker, bp base pairs.

= Stress-related proteins

1%
= Signal proteins
27%
= Heat shock proteins
Rubber biosynthesis-related proteins
/ 2% = Protein metabolism related proteins
= Oxidative stress proteins

120% m Transcription associated proteins
7%
u Protein / DNA / RNA-binding proteins
1%
= ATPase
5%

= Protein metabolism-related proteins

11%

u Unknown proteins

Figure 4. Classification of the novel putative 14-3-3 interactors. The 14-3-3 interactors were analyzed
using BLAST on the NCBI website (www.ncbi.nlm.nih.gov, accessed on 21 March 2023).
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Table 1. Identified cDNA clones from the HbGF14s yeast two hybrid screen.

ID Bait Homologous Proteins Function Score E-Value Homology
1 HbGF14a HEV2.1 NRB 140 6.00 x 10723 1d. 97%; Po. 97%
2 HbGFl4a HEV2.2 NRB 140 6.00 x 10723 Id. 97%; Po. 97%
3 HbGF14b HEV2.2 NRB 407 3.00 x 107162 Id. 95%; Po. 99%
4 HbGFl4c Rubber elongation NRB 508 400 x 10°141  Id. 99%; Po. 99%
factor(REF)
5 HbGF14c (SSI;‘{"I‘}%);“bber particle protein \pp 674 800 x 109  Id. 94%; Po. 94%
6 HbGF14e glutaredoxin NRB 217 6.00 x 1074 Id. 96%; Po. 98%
7 HbGF14f rubber elongation factor NRB 469 3.00 x 10719 Id. 99%; Po. 99%
8 HbGFl4c Hevein (HEV1) precursor NRB, S 774 3.00 x 10~80 Id. 97%; Po. 98%
9 HbGF14c Latex abundant protein 1 NRB, S 387 9.00 x 1036 Id. 99%; Po. 99%
10 HbGFl4a C3HC4-type RING zinc S 444 2.00 x 10121 Id. 97%; Po. 97%
finger protein
11 HbGF14a elicitor-responsive protein S 377 1.00 x 10~101 1d. 97%; Po. 98%
12 HbGF14f MYC2 S 282 3.00 x 10130 Id. 98%; Po. 99%
13 HbGF14b Dna] protein D 379 3.00 x 107102 Id. 100%; Po. 100%
14 HbGFl4a  ranslation elongation factor PT 536 0 1d. 97%; Po. 98%
1-alpha
15 HbGFl4a  ranslationelongation factor PT 329 3.00 x 107 Id. 92%; Po. 96%
1B gamma
16 HbGFl4c Chaperone protein dna] PT 388 7.00 x 10736 1d. 77%; Po. 80%
17 HbGFl4g 18S ribosomal T 378 8.00 x 107102 1d.100%; P0.100%

Note: Refer to the known laticifer process for classification as far as possible: NRB: Nature rubber biosynthesis,
S: stress-related response, D: defense, PT: protein turnover, T: transcription. These cDNA coding homologous
proteins were analyzed using BLAST on the NCBI website (www.ncbi.nlm.nih.gov, accessed on 21 March 2023).

3.3. Analysis of the Interaction between HbGF14c and HbSRPP

To exclude the false positives of the Y2H screening interacting proteins, we performed
a Y2H assay and in-plant BIFC assays to certify the interaction between HbSRPP and
HbGF14c proteins. The Y2H assay showed that pGBKT7-HbSRPP and pGADT7-HbGF14c
grew on DDO and QDO screening plates together with the positive control (Figure 5). The
BIFC assay showed green fluorescence in the tobacco cells co-infected with GC-HbGF14c
and GN-HbSRPP as well as GC-HbSRPP and GN-HbGF14c that was mainly concentrated
in the cytoplasm, while the control group GN-HbGF14c and GC, GN and GC-HbSRPP,
GN-HbSRPP and GC, and GN and GC-HbGF14c had no fluorescence (Figure 6). The
interaction between HbSRPP with the HbGF14c protein was further confirmed through
an in vitro Pull-down assay (Figure 7). These results implied that HbGF14c specifically
interacted with HbSRPP.

3.4. HbSRPP Binds to HbGF14c through the RVSSYLP Motif

The interaction between the 14-3-3 protein and the target protein involved the combi-
nation of phosphoserine/phosphothreonine residues. RXX (pS/pT) XP is a typical 14-3-3
protein-combining motif [36]. The RVSSYLP motif at 182-188 in the amino acid sequence of
HbSRPP includes the amino acid serine at position 185, which can be phosphorylated. To
determine the binding site of HbGF14c with HbSRPP, we changed 5185 to alanine (S185A)
to create a mutant of HbSRPP. Notably, S185A eliminated the binding to HbGF14c in the
Y2H assay (Figure 8). Therefore, the HbSRPP-HbGF14c interaction was dependent on the
combining site of the phosphorylated S185 residue in the RVSSYLP motif.
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10° 10" 107 107

QDO

Figure 5. The Y2H assay results for the interaction of HbGF14c with HbSRPP Yeast strains expressing
the indicated constructs were grown on DDO medium (left panel) and QDO medium (right panel).
The dilution is displayed at the bottom of the figure.

GC+ON - Briht GFP ] Mered right GFP GC+GN
ix “":‘ 3 ' 3 7 '-.*=
e SR Loy -HbGF14c.+GC
HbSRPP  SNEOARS - RS ’ GN+HbSRPP
N ( S0pm = %

HbGF14: t
LOARN & o F o : GNHHbGF 14c
N : T S0pm v £ B

Figure 6. The BiFC assay results for the interaction between HbGF14c and HbSRPP. The expression
of GFP was observed with an OLYMPUS FLUOVIEW FV1000 confocal laser scanning microscope.
The negative controls were the GV3101 strain containing GN-HbGF14c and GC, GN and GC-HbSRPP,
GN-HbSRPP and GC, and GN and GC-HbGF14c.

pGEX-HbGF14c¢ + - +
pET-HbSRPP - + + MW (kDa)
Anti-GST
Input
Pull-Down

Figure 7. In vitro Pull-down assay results for the interactions of HbGF14c with HbSRPP. Inmunoblot
assays including anti-GST and anti-His antibodies were performed to detect interactions.
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A HbSRPP
(204aa) WT 2al82-RVSSYLP-aal88

S185A aal82-RVSAYLP-aal88
B , r
QDO/AX
Prey WT S185A Empty Positive Negative
Control ~ Control

Bait HbGF14c

Figure 8. Identification of the typical motif in HbSRPP for HbGF14c-HbSRPP interactions.
(A) Schematic diagram of the HbSRPP mutant construct. (B) Y2H analysis of the interactions of Hb-
SRPP (WT) or its mutants (5185A) with HbGF14c. The positive controls were yeast co-transformants
with pGBKT753 plus pGADT7-T, and the negative controls were pGBKT7-lam plus pGADT7-T.

4. Discussion

14-3-3 proteins participate in almost all plant physiological activities. The interaction
between 14-3-3 proteins and many target proteins modulates the activity of the interacting
proteins, which regulate a series of growth and development in plants. Many interacting
proteins of the 14-3-3 protein family have been identified [37,38]. The molecular mecha-
nisms of 14-3-3 proteins binding to target proteins have also been studied [39-41]. In H.
brasiliensis, the 14-3-3 protein HbGF14a interacts with HbRZFP1 to regulate the expres-
sion of HRT2 [32]. However, the regulatory metabolism of the other 14-3-3 proteins and
their interacting proteins in NR biosynthesis remains little understood. In this study, we
applied the Y2H system and the latex cDNA library from H. brasiliensis to construct a
high-quality Y2H library. HbGF14s, which were highly expressed in laticifer cells, were
used as the bait protein, and 81 proteins that bind to 14-3-3 proteins were screened. SRPP,
REF, and MYC2 were obtained by applying HbGF14c and HbGF14f as the bait proteins,
respectively (Table 1). SRPP and REF were the most abundant proteins above rubber
particles, and both play important roles in NR biosynthesis [30,31,42,43]. The 14-3-3 pro-
teins can change the structures of the target proteins. For example, the conformational
change of Arabidopsis N-acetyltransferase (AANAT) was modulated by interacting with
14-3-3 protein [20]. It is possible that HbGF14c interacts with SRPP or REF to alter their
structure and regulate NR biosynthesis. Jasmonate signaling was proven to positively
regulate NR biosynthesis [44,45]. MYC2 is an important transcription factor that activates
many jasmonate-responsive genes [46—48]. Additionally, HbMYC2 activates expression of
HDbFPS1 and HbSRPP1 to participate in NR biosynthesis [48]. The binding of 14-3-3 proteins
to a client protein impacts the dephosphorylation of the client protein. It was demonstrated
that in Arabidopsis, 14-3-3 proteins regulate the nuclear localization and dephosphorylation
of PIF7 by preventing its binding to 14-3-3 proteins [49]. The interaction of 14-3-3 proteins
with transcription factors can alter transcriptional activity. In Nicotiana, the binding of
14-3-3 proteins enhanced the protein stability and transcriptional activity of AtWRI1 [23].
14-3-3 proteins can hind or expose the input or output signals of client proteins to regulate
their subcellular localization and nucleocytoplasmic shuttling. The interaction between
GmMYB133 and 14-3-3 proteins was shown to regulate the subcellular localization of
GmMYB133, with the former acting as a positive regulator of the soybean isoflavone
synthesis pathway [14]. Based on this, we speculate that the HbGF14f protein may bind
to the HbMYC2 protein and potentially affect its transcriptional activity or subcellular
localization, thereby regulating the expression of HVFPS1 or HbSRPP1 and participating in
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NR biosynthesis. Further analysis is required to fully elucidate the interaction mechanisms
of HbGF14s with the identified proteins.

The involvement of HbIMYB19, HbIMYB44, and HbMYC2b in NR biosynthesis has
been confirmed through their positive regulation of the HbSRPP gene expression, whereas
HbWRKY1, HbWRKY14, and HbMADS4 have been shown to inhibit the expression of the
HbSRPP gene [50-54]. Our previous studies have primarily focused on the transcriptional
regulation mechanism of the HbSRPP gene, with little attention given to the interaction
mechanism between the HbSRPP protein and other proteins. In this study, we used
Y2H, BiFC, and Pull-down assays to confirm the interaction of HbGF14c with HbSRPP.
Additionally, two conserved phosphorylation motifs in the target protein were bound to the
14-3-3 protein, i.e., the model LRXX (pS/pT) XP and the model II: LX (R/K) SX (pS/pT) XP.
The 14-3-3 binding site is a match with the RXX (pS/pT) XP motif [36]. The S185A mutation
in HbSRPP abolished its binding to HbGF14c in yeast, demonstrating that HbSRPP interacts
with HbGF14c through the RVSSYLP motif. The results show that HbGF14c may regulate
NR biosynthesis by interacting with the target protein HbSRPP.

5. Conclusions

The findings from this study demonstrate the involvement of 14-3-3 proteins in the
process of NR biosynthesis through interactions with client proteins. These results provide
a theoretical foundation for the use of biotechnology to modify the expression of key
regulators of NR biosynthesis, which may lead to improvements in NR production.
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