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Abstract
Prp31 is one of the key tri-snRNP components essential for pre-mRNA splicing although its exact molecular function is not 
well studied. In a previous study, suppressor mutations were identified in the PRP31 ortholog in two spontaneous suppres-
sors of Fgprp4 mutant deleted of the only kinase of the spliceosome in Fusarium graminearum. To further characterize the 
function of FgPrp31 and its relationship with FgPrp4 kinase, in this study we identified additional suppressor mutations in 
FgPrp31 and determined the suppressive effects of selected mutations. In total, 28 of the 35 suppressors had missense or 
nonsense mutations in the C terminus 465–594 aa (CT130) region of FgPrp31. The other 7 had missense or deletion muta-
tions in the 7–64 aa region. The nonsense mutation at R464 in FgPRP31 resulted in the truncation of CT130 that contains all 
the putative Prp4 kinase-phosphorylation sites reported in humans, and partially rescued intron splicing defects of Fgprp4. 
The CT130 of FgPrp31 displayed self-inhibitory interaction with the N-terminal 1-463 (N463) region, which was reduced 
or abolished by the L532P, D534G, or G529D mutation in yeast two-hybrid assays. The N463 region, but not full-length 
FgPrp31, interacted with the N-terminal region of FgBrr2, one main U5 snRNP protein. The L532P mutation in FgPrp31 
increased its interaction with FgBrr2. In contrast, suppressor mutations in FgPrp31 reduced its interaction with FgPrp6, 
another key component of tri-snRNP. Furthermore, we showed that FgPrp31 was phosphorylated by FgPrp4 in vivo. Site-
directed mutagenesis analysis showed that phosphorylation at multiple sites in FgPrp31 is necessary to suppress Fgprp4, 
and S520 and S521 are important FgPrp4-phosphorylation sites. Overall, these results indicated that phosphorylation by 
FgPrp4 at multiple sites may release the self-inhibitory binding of FgPrp31 and affect its interaction with other components 
of tri-snRNP during spliceosome activation.
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Introduction

Splicing of introns in precursor messenger RNA (pre-
mRNA) is achieved by two sequential trans-esterification 
reactions that are catalyzed by the spliceosome, a dynamic 
ribonucleoprotein (RNP) complex consisting of U1, U2, U4, 
U5, and U6 RNA and many structural proteins and splic-
ing factors (Will and Luhrmann 2011). The spliceosome 
assembly begins with the recognition of the 5′-splicing 
site (5′ss) and branch point (bp) of introns by U1 and U2 
snRNP, respectively, to form complex A. The pre-formed 
U4/U6–U5 tri-snRNP is then integrated into A-complex 
to form B-complex, which then undergoes dramatically 
structural and compositional remodeling during activation, 
including the unwinding of base-paired U4/U6 and release 
of U1 and U4. The activated  B* complex catalyzes the first 
trans-esterification reaction that involves the cleavage at the 
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5’ss and formation of the spliceosome complex C, which 
mediates the second trans-esterification reaction (Will and 
Luhrmann 2011). Although the major steps of intron splic-
ing and components of different complexes have been identi-
fied, the mechanism and regulation of B-complex activation 
are not characterized.

Prp4, the only serine/threonine protein kinase among the 
spliceosome components, plays a critical role in the activa-
tion of B-complex in humans and fission yeast Schizosaccha-
romyces pombe (Fair and Pleiss 2017; Bottner et al. 2005; 
Schneider et al. 2010). It functionally interacts with Prp6, 
Prp31, Brr2, and Prp8 proteins of tri-snRNP (Bottner et al. 
2005) and Prp4-phosphorylation sites have been identified 
in Prp6 and Prp31 (Schneider et al. 2010). Both in human 
and yeast tri-snRNP, Prp31 and Prp6 are at the linker region 
between U5 and U4/U6 snRNPs (Agafonov et al. 2016; 
Wan et al. 2016a). Prp31 was first identified in a screen for 
temperature sensitive mutants with splicing defects at low 
temperature in the budding yeast Saccharomyces cerevisiae 
(Weidenhammer et al. 1996). As a U4/U6 protein, Prp31 
is an essential splicing factor and it has the well-conserved 
coiled-coil and NOP domains and a less-conserved Prp31_C 
domain (Gao et al. 2016; Makarova et al. 2002). It mediates 
the formation of the U4/U6–U5 tri-snRNP by specifically 
interacting with the U5 protein Prp6 (Agafonov et al. 2016; 
Makarova et al. 2002) and plays a crucial role in the subse-
quent spliceosome formation and activation (Schneider et al. 
2010). In humans, the NOP domain of Prp31 interacts with 
both U4 RNA and the 15.5 K protein and reinforces their 
interaction. Mutations in the coiled-coil and NOP domains 
are related to human retinitis pigmentosa (RP) and one of 
these mutations in Prp31 disrupts its interaction with Prp6 
(Liu et al. 2007; Vithana et al. 2001), further indicating its 
importance in the spliceosome.

In humans, Prp31 is also connected to the DExD/H-box 
family RNA helicase Brr2 by Prp6 (Agafonov et al. 2016). 
Brr2, a U5 snRNP protein, recognizes the single-stranded 
region of U4 next to stem I of U4/U6 (Mozaffari-Jovin 
et al. 2012) and catalyzes the unwinding of U4/U6, which 
is a critical step of spliceosome activation. In S. cerevisiae, 
Prp31 is dispensable for tri-snRNP formation but promotes 
the association of tri-snRNP with the prespliceosome dur-
ing spliceosome maturation (Weidenhammer et al. 1997). 
The coiled-coil domain of Prp31 contacts the RT domain of 
Prp8, which like Brr2, is a U5 snRNP protein and plays a 
key role in spliceosome activation and formation of the cata-
lytic core (Galej et al. 2013; Nguyen et al. 2015). A number 
of suppressors of yeast U4-cs1 mutant that is defective in 
the U4/U6 unwinding are at the RT domain of Prp8 (Galej 
et al. 2013). Prp8 prevents pre-mature U4/U6 unwinding by 
blocking the loading of Brr2 onto the U4 snRNP (Mozaffari-
Jovin et al. 2012) and inserting its C-terminal tail into the 
RNA binding tunnel of Brr2 (Mozaffari-Jovin et al. 2013). 

In in vitro U4/U6 unwinding assays, Prp31 also is inhibi-
tory to the helicase activity of Brr2 (Theuser et al. 2016). 
The position of Prp31 in the tri-snRNP and its interaction 
with Brr2 and Prp8 suggest an important role of Prp31 in 
the spliceosome in B-complex activation. In humans, Prp31 
is phosphorylated by Prp4, which is required for the stable 
association of the tri-snRNP with prespliceosome (Schnei-
der et al. 2010). Putative Prp4-phosphorylation sites have 
been identified in the C-terminal region of human Prp31 by 
phosphoproteomics analysis (Schneider et al. 2010).

In a previous study, we showed that, unlike its orthologs 
in S. pombe, the FgPrp4 kinase is not essential for viability 
in Fusarium graminearum, which is the major causing agent 
of Fusarium head blight (FHB), one of the most important 
diseases of wheat and barley worldwide (Figueroa et al. 
2017; Goswami et al. 2006; Jiang et al. 2016). However, the 
Fgprp4 deletion mutant had severe defects in intron splic-
ing and growth and often produced spontaneous suppressors 
with faster growth rate (Gao et al. 2016). Among the nine 
suppressor strains analyzed, two had mutations in the C-ter-
minal region of Prp31. One of them had a nonsense mutation 
at R464 that resulted in the truncation of the C-terminal 130 
aa residues of FgPrp31, including residue L532 that was 
changed to P in the other suppressor (Gao et al. 2016). To 
further characterize the function of FgPrp31 and its rela-
tionship with FgPrp4 kinase, in this study we identified 26 
additional suppressor mutations in the C-terminal 465–594 
aa region (CT130) of FgPrp31 that contains all the putative 
Prp4-phosphorylation sites reported in humans. The CT130 
of FgPrp31 displayed self-inhibitory interaction with its 
N-terminal 1–463 aa region (N463) that directly interacted 
with FgPrp6 and FgBrr2. Truncation or point mutations in 
FgPrp31 abolished its self-inhibitory binding, decreased its 
interaction with FgPrp6, but increased its interaction with 
FgBrr2. Site-directed mutagenesis analysis showed that 
mutations at multiple phosphorylation sites are necessary 
to suppress Fgprp4, and the S520 and S521 residues of 
FgPrp31 are likely important Prp4 phosphorylation sites. 
These results indicated that phosphorylation of Prp31 by 
Prp4 at multiple sites may release its self-inhibitory binding 
and affect the interaction of FgPrp31 with other components 
of tri-snRNP during spliceosome activation.

Results

Suppressors S2 is only partially recovered in intron 
splicing efficiency

Suppressor S2 of the Fgprp4 mutant had a nonsense muta-
tion at R464 (R464*) in FgPRP31 that resulted in the trun-
cation of its CT130 region (Fig. 1a). However, although 
it was recovered in growth rate, suppressor S2 was still 
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impaired in conidiation and plant infection (Gao et al. 
2016), suggesting that the R464* mutation only partially 
rescued the intron splicing defects of Fgprp4. To test this 
hypothesis, we performed RNA-seq analysis with RNA 
isolated from aerial hyphae of S2. The intron retention 
level (percentage of un-spliced introns) was still higher 
in suppressor S2 than that of the wild-type strain PH-1 
although it was significantly reduced compared to that 
of the original Fgprp4 mutant FP1 (Fig. 1b) (Gao et al. 
2016). For the 7414 introns from the 5252 genes that were 
expressed in all three strains, approximately 61 and 26% 
of them had over twofold increase in the intron retention 

level in Fgprp4 mutant FP1 and suppressor S2, respec-
tively, in comparison with that of PH-1 (Fig. 1c). These 
results indicate that the R464* mutation in FgRPP31 only 
partially rescued the intron splicing defects of Fgprp4. 
Among the genes that still had over twofold higher intron 
retention level than PH-1 in suppressor S2, a number of 
them are known to be functionally related to conidiation, 
pathogenesis, and sexual reproduction, such as FgMBP1, 
FgADA2, and FgSPC25 (Fig. 1d) (Church et al. 2017; 
Hendler et al. 2017; Janke et al. 2001), which may be 
related to its incomplete or partial recovery in phenotypes.
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Fig. 1  Intron splicing defects of suppressor S2 with the R464* muta-
tion in FgPRP31. a Schematic drawing of FgPrp31 with the marked 
R464* and L532P mutations. N463 and CT130 refers to the N-termi-
nal 463-aa and C-terminal 130-aa regions of FgPrp31, respectively. 
b Box-plot comparison of intron retention levels in the wild type 
(PH-1), Fgprp4 mutant (FP1), and suppressor S2. The statistical sig-
nificance for each comparison is analyzed by t test (**P < 0.01). The 
intron retention level was defined as the number of reads that aligned 

to the predicted intron divided by the number of reads aligned to the 
corresponding transcript. c The percentage of introns with the over 
or less than twofold increase in the intron retention level in Fgprp4 
mutant FP1 and suppressor S2 in comparison with the wild-type 
strain PH-1. d Intron splicing defects in the labelled genes were veri-
fied by RT-PCR. Lanes 1–4 were PCR results with genomic DNA of 
PH-1 and cDNA of PH-1, Fgprp4, and suppressor S2, respectively
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The C‑terminal 130 aa region of FgPrp31 
is dispensable for its function

The R464* mutation in FgPRP31 resulted in the trunca-
tion of the CT130 region, which includes L532 that was 
changed to P in suppressor S17 (Fig. 1a). To determine 
the importance of this CT130 region, we generated the 
FgPRP31ΔCT130 construct in which the 1498–1890 bp frag-
ment (corresponding to 464–594 aa) was replaced with the 
geneticin (GenR) cassette (Fig S1a) and transformed it into 
PH-1. Geneticin-resistant transformants were isolated and 

assayed for the truncation of CT130 by PCR and sequenc-
ing analysis. To our surprise, the resulting FgPRP31ΔCT130 
mutants (Table 1) were normal in hyphal growth, sexual 
reproduction, and plant infection (Fig S1b), suggesting 
that this region is not essential for FgPRP31 function. We 
then attempted to generate the Fgprp31 deletion mutant 
by gene replacement. After screening over hundreds of 
hygromycin-resistant transformants derived from multi-
ple transformations, we failed to identify Fgprp31 mutant, 
suggesting that FgPRP31, like its yeast ortholog, is an 
essential gene in F. graminearum.

Table 1  Wild type and transformants of Fusarium graminearum strains used in this study

Strain Brief description References

PH-1 Wild type Caomo et al. (2007)
FP1 Fgprp4 deletion mutant of PH-1 Wang et al. (2011)
S2 Suppressor of FP1 with the R464* mutation in FgPRP31 Gao et al. (2016)
S17 Suppressor of FP1 with the L532P mutation in FgPRP31 Gao et al. (2016)
S47 Suppressor of FP1 with the R230H mutation in FgPRP6 Gao et al. (2016)
Suppressors S50–S309 Spontaneous suppressor strains of mutant FP1 This study
NC1-16 FgPRP31R463-3xFLAG FgPRP31CT130-GFP transformant of PH-1 This study
DS2-D FgPRP31CT130 mutant of PH-1 This study
CICK-1 FgPRP31R463-3xFLAG transformant of PH-1 This study
CICK-2 FgPRP31CT130-GFP transformant of PH-1 This study
PP31-1 FgPRP31-GFP transformant of PH-1 This study
SP31-2 FgPRP31-GFP transformant of suppressor S47 This study
AP1, AP2, AP3, AP4, AP5 Fgprp31 FgPRP31S485A S486A-GFP transformants of PH-1 This study
DP1, DP2, DP3,... DP7 prp4 FgPRP31S485D S486D-GFP transformants of PH-1 This study
SD1, SD2, SD3, SD4 prp4 FgPRP31S520D-GFP transformants of PH-1 This study
SG1, SG2, SG3, SG4, SG5 prp4 FgPRP31S521D-GFP transformants This study
PM612-2 prp4 FgPRP31S520D S521D T525D-GFP transformant This study
LG4-4 FgPRP6-GFP and FgPRP31WT-3xFLAG transformant of PH-1 This study
LG6-8 FgPRP6-GFP and FgPRP31N463-3xFLAG transformant of PH-1 This study
LG10-15 FgPRP6-GFP and FgPRP31G529D-3xFLAG transformant of PH-1 This study
LG11-17 FgPRP6-GFP and FgPRP31D534G-3xFLAG transformant of PH-1 This study
CICK-3 FgPRP6-GFP transformant of PH-1 This study
CICK-3 FgPRP31-GFP transformant of PH-1 This study
BFY1-8 FgPRP31WT-YFPN and FgPRP6-YFPC transformant of PH-1 This study
BFY1-14 FgPRP31WT-YFPN and FgPRP6-YFPC transformant of PH-1 This study
BFY2-3 FgPRP31N463-YFPN and FgPRP6-YFPC transformant of PH-1 This study
BFY2-6 FgPRP31N463-YFPN and FgPRP6-YFPC transformant of PH-1 This study
BFY3-4 FgPRP31L532P-YFPN and FgPRP6-YFPC transformant of PH-1 This study
BFY3-7 FgPRP31L532P-YFPN and FgPRP6-YFPC transformant of PH-1 This study
BFY4-6 FgPRP31WT-YFPN and FgBRR2-YFPC transformant of PH-1 This study
BFY4-11 FgPRP31WT-YFPN and FgBRR2-YFPC transformant of PH-1 This study
BFY5-2 FgPRP31N463-YFPN and FgFgBRR2-YFPC transformant of PH-1 This study
BFY5-5 FgPRP31N463-YFPN and FgFgBRR2-YFPC transformant of PH-1 This study
BFY6-10 FgPRP31L532P-YFPN and FgBRR2-YFPC transformant of PH-1 This study
BFY6-18 FgPRP31L532P-YFPN and FgBRR2-YFPC transformant of PH-1 This study
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CT130 of FgPrp31 interacts with its N‑terminal 
region

Because truncation of CT130 suppressed Fgprp4, it is pos-
sible that this region of FgPrp31 plays a negative role by 
binding to its N-terminal region or other Prp31-interacting 
proteins. To test this hypothesis, we cloned the N-termi-
nal 1-463 aa (N463) and C-terminal 465–594 aa (CT130) 
regions of FgPrp31 into the Matchmaker vectors as the prey 
and bait constructs, respectively. Yeast transformants carry-
ing the CT130 bait and N463 prey constructs were able to 
grow on SD-Trp-Leu-His medium and had LacZ activities 
(Fig. 2a), indicating their direct interaction.

To determine the effect of L532P mutation on the inter-
action between the N463 and CT130 of FgPrp31, we also 
generated the  CT130L532P bait construct. Yeast cells express-
ing the N463 prey and  CT130L532P bait constructs failed to 
grow on SD-Trp-Leu-His plates and had no detectable LacZ 
activities (Fig. 2a), suggesting that the L532P mutation abol-
ished the interaction between CT130 and N463 of FgPrp31. 
Therefore, the R464* and L532P suppressor mutations may 
have similar effects on releasing the self-inhibitory binding 
of the CT130 with N463 of FgPrp31.

To confirm their interaction in vivo, we then gener-
ated the FgPRP31N463-3×FLAG and FgPRP31CT130-GFP 
constructs and transformed them into PH-1. The resulting 
transformant NC1-16 (Table 1) were confirmed by PCR and 
western blot analyses for the expression of transforming con-
structs. In co-immunoprecipitation (co-IP) assays, a 40-kDa 
band was detected with the anti-GFP antibody in both total 
proteins isolated from transformant NC1-16 and proteins 
eluted from anti-FLAG beads (Fig. 2b). These results con-
firmed the interaction between the CT130 and N463 regions 
of FgPrp31.

The R464* and L532P mutations in FgPrp31 increase 
its interaction with FgBrr2

In yeast and mammalian cells, Prp31 is known to interact 
with Brr2, Prp6, and other components of the U4/U6–U5 
tri-snRNP (Agafonov et al. 2016; Wan et al. 2016b). To 
determine the effects of R464* mutation, we first assayed 
the interaction of the full-length  FgPrp31WT or truncated 
FgPrp31 (N463) with FgBrr2. Due to its size, we generated 
two bait constructs of FgBrr2 that had the 1-872 aa frag-
ment (Brr2N) containing the N-terminal region and the Rec1 
domain and 1285–2206 aa fragment (Brr2C) containing the 
C-terminal helicase cassette. In yeast two-hybrid assays, nei-
ther of these two FgBrr2 fragments interacted with the prey 
construct of  FgPrp31WT (Fig. 3a; Fig S2). However, N463 of 
FgPrp31 interacted with Brr2N (Fig. 3a) but not with Brr2C 
(Fig S2). These results indicate that the nonsense mutation at 
R464 enables the interaction of FgPrp31 with the N-terminal 
region of FgBrr2.

To further verify the effect of R464* mutation, we gen-
erated the FgPRP31WT-YFPN, FgPRP31N463-YFPN, and 
FgBRR2-YFPC constructs and transformed them in pairs 
into PH-1. In the resulting transformants (Table 1), YFP 
signals were mainly observed in the nucleus. In comparison 
with the FgPRP31WT-YFPN FgBRR2-YFPC transformants, 
YFP signals were stronger in the FgPRP31N463-YFPN 
FgBRR2-YFPC transformants (Fig. 3b), confirming that 
the nonsense mutation at R464 increased the interaction 
between FgPrp31 and FgBrr2.

Fig. 2  Interaction between the CT130 and N463 of FgPrp31. a 
Yeast cells expressing the  FgPrp311–463 (N463) bait construct and 
 FgPrp31465–594 (CT130) prey constructs with or without the labelled 
point mutations were assayed for growth on SD-Trp-Leu-His plates 
(left) and LacZ activities (right). The positive and negative con-
trols are from the Matchmaker kit. The interaction between CT130 
and N463 was abolished by the G529D, L532P, or D534G muta-
tion. b Western blots of total proteins (total) and proteins eluted 
(elution) from anti-FLAG beads of transformants expressing the 
FgPRP31N463-3×FLAG and/or FgPRP31CT130-GFP constructs were 
detected with an anti-GFP or anti-FLAG antibody
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We also generated the prey construct of the full-length 
FgPrp31 carrying the L532P mutation. In yeast two-hybrid 
assays,  FgPrp31L532P failed to interact with Brr2N or Brr2C 
(Fig. 3a; Fig S2). Interestingly, the FgPRP31L532P-YFPN 
FgBRR2-YFPC transformants also had stronger YFP signals 
than the FgPRP31WT-YFPN FgBRR2-YFPC transformants 
(Fig. 3b). These results indicate that although it had no obvi-
ous effect in yeast two-hybrid assays, the L532P mutation in 
FgPrp31 also increased its interaction with FgBrr2 in vivo, 
possibly due to their enhanced associations with other tri-
snRNP components in F. graminearum.

Truncation of CT130 in FgPrp31 reduces its 
interaction with FgPrp6

Prp6 and Prp31 are two key components of the U4/U6–U5 
tri-snRNP that are known to interact with each other (Liu 
et al. 2006, 2007). To our surprise, we failed to observe 
the interaction between FgPrp6 and  FgPrp31WT, N463 of 
FgPrp31, or  FgPrp31L532P in yeast two-hybrid assays (Fig 

S2). To assay their interactions in vivo, we generated the 
FgPRP6-GFP and FgPRP31-3×FLAG fusion constructs 
and transformed them into the wild-type strain PH-1. In 
the resulting transformants expressing both FgPRP6-
GFP and FgPRP31WT-3×FLAG constructs (Table 1), the 
67-kDa FgPrp31-3×FLAG band was detectable in total 
proteins and proteins eluted from anti-GFP beads (Fig. 4a). 
To verify their interactions by BiFC assays, we also gen-
erated the FgPRP6-YFPC construct and co-transformed 
it with FgPRP31WT-YFPN into PH-1. In the resulting 
transformants (Table 1), YFP signals were observed in 
the nucleus (Fig. 4b), indicating the interaction of FgPrp6 
with FgPrp31 in F. graminearum.

To determine the effect of nonsense mutation at R464 
on their interaction, we generated the FgPRP31N463-
3×FLAG construct and co-transformed it with FgPRP6-
GFP into PH-1. In the resulting transformants, the 53-kDa 
 FgPrp31N463-3×FLAG band was detectable in total pro-
teins and proteins eluted from anti-GFP beads. However, 
in comparison with the FgPRP31WT transformants, the 
FgPRP31N463 transformants had a much weaker FLAG 
band in proteins eluted from anti-GFP beads (Fig. 4a). 
In BiFC assays, the FgPRP31N463-YFPN FgPRP6-YFPC 
and FgPRP31L532P-YFPN FgPRP6-YFPC transformants 

Fig. 3  Assays for the interaction of FgPrp31 with FgBrr2. a Yeast 
two-hybrid assays for the interaction of  FgPrp31WT,  FgPrp311–463 
(N463) or  FgPrp31L532P with the N-terminal (Brr2N) region of 
FgBrr2. Yeast cells expressing the marked bait and prey con-
structs were assayed for growth on SD-Trp-Leu-His plates (left) 
and LacZ activities (right). The truncation of C-terminal 130 aa of 
FgPrp31 enabled the interaction between these two key tri-snRNP 
components. Positive and negative controls are from the Match-
maker kit. b BiFC assays for the interaction between FgPrp31 and 
FgBrr2. Conidia of transformants expressing the FgBRR2-YFPC 
and FgPRP31WT-, FgPRP31N463-, or FgPRP31L532P-YFPN con-
structs were examined by DIC and epifluorescence microscopy. Both 
 FgPrp31N463 and  FgPrp31L532P had stronger interactions with FgBrr2 
than  FgPrp31WT. Bar 20 µm

Fig. 4  Co-IP and BiFC assays for the interaction between FgPrp31 
and FgPrp6. a Western blots of total proteins and proteins eluted from 
anti-GFP beads of transformants expressing the FgPRP6-GFP and 
FgPRP31WT-, FgPRP31N463-, FgPRP31D534G-, or FgPRP31G529D-
3×FLAG fusion constructs were detected with an anti-GFP or anti-
FLAG antibody. The nonsense mutation at R464 and G529D or 
D534G mutation reduced the interaction of FgPrp6 with FgPrp31. 
b Hyphae of transformants expressing the FgPrp6-YFPC and 
 FgPrp31WT-,  FgPrp31N463-, or  FgPrp31L532P-YFPN constructs were 
examined by DIC and epifluorescence microscopy. YFP signals were 
weaker in transformants expressing the mutant alleles of FgPRP31. 
Bar 20 µm
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also had weaker YFP signals than the FgPRP31WT-YFPN 
FgPRP6-YFPC transformants (Fig. 4b). These results sug-
gested that the truncation of CT130 by R464* mutation 
reduced the interaction of FgPrp31 with FgPrp6.

Identification of additional suppressor mutations 
in FgPRP31

To better understand suppressor mutations in FgFRP31, we 
isolated 260 additional type I suppressors of the Fgprp4 
mutant that were recovered in growth rate as described in an 
earlier study (Gao et al. 2016) (Table 1). After sequencing its 
coding region, a total of 33 additional suppressor strains with 
mutations in FgPRP31 were identified (Table 2). Whereas 
seven of them had suppressor mutations in the N-terminal 
region (7–64 aa) of FgPRP31, the other 26 suppressors had 
missense or nonsense mutations at nine different sites in the 
CT130 region (Fig. 5a), including one additional L532P and 
three additional R464* mutations. A total of 19 suppressor 
strains had either missense or nonsense mutations between 
L522 and Q538, including five suppressors with the Q528* 
and six with the D534G mutations (Table 2).

When six suppressor strains with the L522P, G529D, 
L532P, D534G, P535S, or Q538* mutation were assayed, 
they all had similar phenotypes as S2 and S17 in growth and 
sexual reproduction (Fig. 5b). In yeast two-hybrid assays, 
the G529D or D534G mutation had the same effects with 
L532P mutation in eliminating the interaction between 
CT130 and N463 of FgPrp31 (Fig. 2a), suggesting that 
these suppressor mutations likely affect the inhibitory 
binding of  FgPrp31CT130. In co-IP assays, the D534G and 

G529D mutations also reduced the interaction of FgPrp31 
with FgPrp6 (Fig. 4a). These results further indicate that the 
CT130 of FgPrp31 is involved in the negative regulation of 
its functions.

The N‑terminal 225 aa of FgPrp31 is important 
for interacting with CT130

Interestingly, the D7N, D11N, and Δ11–64 mutations identi-
fied in seven suppressor strains (Fig. 5a) occurred between 
residues 7 to 64 of FgPrp31. To determine whether this 7–64 
aa fragment functions as the interacting site with CT130 of 
FgPrp31, we generated the  FgPrp311–75,  FgPrp311–225, and 
 FgPrp3176–225 prey constructs. In yeast two-hybrid assays, 
both  FgPrp311–225 and  FgPrp3176–225, but not  FgPrp311–75, 
interacted with CT130 (Fig. 5c). Therefore, the 76–225 aa 
region of FgPrp31, but not the first 75 aa, likely plays a 
critical role in interacting with CT130. The D7N, D11N, or 
Δ11–64 mutation may affect the conformation or structure 
of the CT130-interacting region of FgPrp31.

FgPrp31 is phosphorylated by FgPrp4 in F. 
graminearum

To determine whether FgPrp31 is phosphorylated by FgPrp4 
kinase, we transformed the FgPRP31-GFP construct under 
the control of RP27 constitutive promoter into the wild-type 
PH-1 and suppressor S47 (Fgprp4 FgPRP6R230H). Suppres-
sor S47 was used instead of the original Fgprp4 mutant 
because of its slow growth rate and instability (Gao et al. 
2016). In western blot analysis with proteins eluted from anti-
GFP beads, similar expression levels of FgPrp31-GFP was 

Table 2  Mutations in FgPRP31 
identified in spontaneous 
suppressors of Fgprp4 

a *Refers to stop codon

Suppressor strain Nucleotide change Amino acid changes

S2 C1498GA to TGA R464*a (TGA)
S17 CT1703C to CCC L532P
S57 C1720AG to TAG Q538*a

S98 Δ33–192 Δ11–64
S109, S208, S224 C1498GA to TGA R464*a

S110 CT1703C to CCC L532P
S113, S169, S226
S233, S289

C1690AG to TAG Q528*a

S141 C1711CC to TCC P535S
S158, S175, S216, S229, S237, S306 GA1709T to GGT D534G
S182, S244, S254, S263
S282

TGG 1530 to TGA W474*a

S206, S214, S231, S305 G31AT to AAT D11N
S213, S223, S270 GG1694T to GAT G529D
S243, S299 G19AT to AAT D7N
S307 CT1673G to CCG L522P
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detected in transformants of PH-1 and S47 (Fig. 6a). How-
ever, when detected for phosphorylation with the pIMAGO 
reagent, the Prp31-GFP band was much stronger in the wild 
type than in S47 (Fig. 6a), indicating that phosphorylation 
of FgPrp31 was significantly reduced in the Fgprp4 mutant.

To confirm this observation, western blots of proteins 
eluted from anti-GFP beads were also detected with an anti-
phosphoserine antibody. In comparison with that of the wild 
type, the phosphorylation level of FgPrp31 at Ser residues was 
reduced in suppressor S47 (Fig. 6b), which also suggested that 
FgPrp31 is phosphorylated by FgPrp4 in F. graminearum.

S520A S521A T525A mutation may be lethal 
but S485A S486A mutation has no significant effects 
on FgPrp31 functions

Sequence alignment showed that the CT130 region of 
FgPrp31 is not well conserved among its orthologs from 
yeast, filamentous fungi, plants, and animals. Interestingly, 

Fig. 5  Additional suppressor mutations identified in FgPRP31. a 
Thirty-three additional suppressor strains had mutations in the N-ter-
minal region (upper) and C-terminal region (lower) of FgPRP31. The 
suppression mutations were labeled on the top of the boxed muta-

tion sites. b Mating plates of suppressor strains carrying the marked 
suppressor mutations in FgPRP31. c Yeast two-hybrid assays for the 
interaction between the C-terminal 130 aa of FgPrp31 (CT130) with 
its N-terminal 1–75, 1-225, or 76–225 aa regions

Fig. 6  Phosphorylation assays with FgPrp31-GFP fusion proteins. 
Total proteins were isolated from transformants of the wild-type 
strain PH-1 or suppressor S47 (Fgprp4 FgPRP6R230H) expressing the 
FgPRP31-GFP fusion construct. a Western blots of proteins eluted 
from anti-GFP beads were detected for the expression of FgPrp31-
GFP fusion with an anti-GFP antibody (false color green) and for its 
phosphorylation with pIMAGO (false color red). b Western blots of 
proteins eluted from anti-GFP beads were detected with an anti-GFP 
or anti-pSer antibody
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five of the Prp4-phosphorylation sites identified in human 
Prp31 are conserved in FgPrp31 (S485, S486, S520, S521, 
and T525) and its orthologs from other filamentous ascomy-
cetes. To determine their roles in FgPrp31 activation, we first 
generated the FgPRP31S485A S486A-GFP and FgPRP31S520A 

S521A T525A-GFP (GenR) alleles and co-transformed them 
individually with the FgPRP31 knockout construct (HygR) 
into PH-1. Mutants resistant to both geneticin and hygro-
mycin were screened by PCR for deletion of FgPRP31. The 
Fgprp31 deletion mutants were then examined for GFP sig-
nals. In total, five Fgprp31 FgPRP31S485A S486A-GFP trans-
formants (Table 1) were identified. They were similar to the 
wild type in growth rate (Fig. 7a) and conidiation (Fig. 7b) 
and had GFP signals in the nucleus (Fig. 7c). However, 
we failed to identify Fgprp31 FgPRP31S520A S521A T525A-
GFP transformants after screening over 100 transformants. 
Because FgPRP31 is likely an essential gene, these results 
indicated that the S485A S486A mutation had no significant 
effects on FgPRP31 functions but the S520A S521A T525A 
mutation may be lethal in F. graminearum. Therefore, resi-
dues S520, S521, and T525 may be important FgPrp4-phos-
phorylation sites in FgPrp31.

S520D and/or S521D are suppressive to the Fgprp4 
mutant

We also generated the FgPRP31S485D S486D-GFP and 
FgPRP31S520D S521D T525D-GFP alleles and co-transformed 
them with the PRP4 knockout construct (Wang et al. 2011) 
into PH-1. Transformants resistant to both hygromycin and 
geneticin were first screened for deletion of FgPRP4. The 

Fgprp4 deletion mutants were then examined for GFP sig-
nals in the nucleus. Seven prp4 FgPRP31S485D S486D-GFP 
transformants (Table 1) with similar colony morphology 
were identified. In comparison with the wild type, their 
growth rate was significantly reduced but they still grew 
slightly faster than Fgprp4 (Fig. 7a). Conidiation also was 
only slightly higher in prp4 FgPRP31S485D S486D-GFP trans-
formants than in Fgprp4 (Fig. 7b). In contrast, the prp4 
FgPRP31S520D S521D T525D-GFP transformants grew as fast 
as the wild type (Fig. 8a) and were normal in conidiation 
(Fig. 8b). These results suggest that the S485D S486D muta-
tions had only minor effects but S520D S521D T525D muta-
tions in FgPRP31 could suppress the defects of Fgprp4 in 
growth and conidiation, further indicating the importance 
of S520, S521, and T525 as Prp4-phosphorylation sites in 
F. graminearum.

To determine which residue is more critical, we intro-
duced the S520D, S521D, or T525D mutation into the 
FgPRP31-GFP construct. The resulting mutant alleles of 
FgPRP31 were co-transformed with the PRP4 knockout 
cassette (Wang et al. 2011) into PH-1. Whereas we failed 
to isolate Fgprp4 FgPRP31T525D-GFP transformants, four 
prp4 FgPRP31S520D-GFP and five prp4 FgPRP31S521D-
GFP transformants (Table 1) were identified by PCR and 
found to have GFP signals in the nucleus. They all grew 
slower than the wild type but much faster than the Fgprp4 
mutant (Fig. 8a). The prp4 FgPRP31S521D-GFP and prp4 
FgPRP31S520D-GFP transformants also produced more 
conidia than Fgprp4 but not to the wild-type level (Fig. 8b). 
These results suggested that the S520D or S521D mutation 
in FgPRP31 could partially suppress the Fgprp4 mutant. It 

Fig. 7  Site-directed mutagenesis of S485 and S486 in FgPRP31. 
a Three-day-old PDA cultures of the wild-type strain and the 
Fgprp31/FgPRP31S485AS486A-GFP and Fgprp4/FgPRP31S485D S486D 

-GFP transformants. b Conidiation in 5-day-old CMC cultures of the 
same set of strains. Bar 10 µm. c GFP signals were observed in the 
nucleus in the Fgprp31/FgPRP31S485A S486A-GFP transformant. Bar 
20 µm

Fig. 8  Site-directed mutagenesis of putative phosphorylation sties 
in FgPRP31. a Three-day-old PDA cultures of the Fgprp4 mutant 
and transformants of Fgprp4 mutant expressing the labelled mutant 
alleles of FgPRP31. b Conidiation in 5-day-old CMC cultures of the 
wild type, Fgprp4 mutant, and the same set of strains as in a 
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is likely that phosphorylation at multiple sites, particularly at 
S520 and S521, is necessary for normal FgPrp31 functions.

Discussion

Protein phosphorylation plays important roles in modulating 
the assembly and disassembly of snRNPs during the cata-
lytic cycle of the spliceosome (McKay and Johnson 2010). 
In humans, phosphorylation of Prp31 and Prp6 by Prp4 
kinase occurs concomitantly with the stable integration of 
tri-snRNP into A-complex (Schneider et al. 2010), possibly 
during pre-B to B-complex transition (Boesler et al. 2016). 
In S. pombe, phosphorylation of Prp1 (Prp6 in human) by 
Prp4 kinase controls the formation of a competent U4/
U6–U5 tri-snRNP for being integrated into spliceosome or 
B-complex activation (Kuhn and Kaufer 2003). However, the 
detailed molecular mechanism for the contribution of Prp4 
phosphorylation to snRNP remodeling is not fully under-
stood. Our previous work identified mutations in FgPRP31 
in two spontaneous suppressors of the Fgprp4 mutant in 
F. graminearum (Gao et al. 2016). In this study, we identi-
fied 33 additional spontaneous mutations in FgPRP31 that 
suppressed the Fgprp4 mutant. Majority of these suppres-
sor mutations occurred in the vicinity of the five putative 
Prp4-phosphorylation sites that are conserved in FgPrp31 
and its orthologs from human and other filamentous fungi. 
It is possible that these mutations may have similar effects 
on FgPrp31 proteins as phosphorylation by FgPrp4 during 
vegetative growth.

As one of the key components of the U4/U6–U5 tri-
snRNP, Prp31 is essential for spliceosome function and 
intron splicing (Makarova et  al. 2002; Weidenhammer 
et al. 1996). In comparison with Brr2 and Prp8, two other 
important tri-snRNP components, Prp31 is less conserved 
in filamentous fungi. In S. cerevisiae, the prp31-1ts allele is 
synthetic lethal with cold-sensitive U4-cs1 mutation, indi-
cating a positive function of Prp31 in spliceosome activation 
(Kuhn et al. 2002). In humans, Prp31 interacts with Prp6, 
another tri-snRNP protein, in its coiled-coil region (parts 
of the NOSIC and NOP domains) (Liu et al. 2007). Muta-
tions in this region affecting the interaction of Prp31 with 
Prp6 caused retinitis pigmentosa and pre-mRNA splicing 
defects (Vithana et al. 2001), suggesting the importance of 
the Prp6–Prp31 interaction. Consistently, none of the sup-
pressor mutations identified in FgPRP31 is in this impor-
tant Prp6-interacting region. In fact, 26 out of 33 suppressor 
mutations identified in this study are in the CT130 region 
of FgPrp31 that is not well conserved among its orthologs. 
Unfortunately, it is impossible to predict the effects of these 
suppressor mutations on FgPrp31 structure because crys-
tallography structure is only available for the N-terminal 
portion of Prp31 (Liu et al. 2007).

Our results showed that the CT130 of FgPrp31 had the 
inhibitory binding with its N-terminal 76–225 aa region. 
Among the 28 suppressor mutations identified in this 
CT130 region, 15 were nonsense mutations and the others 
were point mutations between L522 and Q538, including 
the G529D, L532P, and D534G mutations that were shown 
to eliminate the interaction of CT130 with  FgPrp31N463. It 
is possible that all these suppressor mutations in FgPrp31 
affected its intra-molecular interaction. Considering the 
location of the five putative Prp4-phosphorylation sites, it 
is tempting to hypothesize that phosphorylation by FgPrp4 
may result in structural changes of FgPrp31 and releasing 
its self-inhibitory binding between CT130 and  FgPrp31N463 
in F. graminearum. In fact, in human spliceosomal B-com-
plex, the phosphorylated form of Prp31 has an extended 
conformation and its C-terminal tail does not contact with 
the N-terminal coiled-coil and NOP domains (Bertram et al. 
2017; Boesler et al. 2016). In S. cerevisiae that lacks the 
Prp4 kinase, Prp31 likely lacks the self-inhibitory binding 
because it has a shorter C-terminal region, which is simi-
lar to truncated FgPrp31 in F. graminearum. The Prp31 
orthologs from other yeast species lacking Prp4 orthologs 
also have a shorter C-terminal region than FgPrp31.

Considering the importance of the CT130 of FgPrp31 in 
suppressing Fgprp4, it was surprising that deletion of this 
region alone had no obvious effects on vegetative growth, 
reproduction, and pathogenesis in F. graminearum. It is 
possible that the basic functions of FgPrp31 in the spliceo-
some and intron splicing depend on the region conserved 
between yeast and filamentous fungi and CT130 has no other 
function but the self-inhibitory binding with  FgPrp31N463. 
Recently, deletion of MoSFL1 was shown to suppress the 
growth defects of the cpk1cpk2 deletion mutant although 
the Mosfl1 deletion mutant was normal in growth in the 
rice blast fungus Magnaporthe oryzae (Li et al. 2017). The 
MoSfl1 functions as a repressor that requires phosphoryla-
tion by PKA to release its suppression of genes important 
for hyphal growth via the Cyc8-Tup1 co-repressor (Li et al. 
2017). Nevertheless, it remains possible that truncation of 
the CT130 of FgPRP31 has cost effects on the survival of 
F. graminearum in nature or other phenotypes that could not 
be assayed under laboratory conditions.

Interestingly, three suppressor mutations, D7N, D11N, 
and deletion of 11–64 aa, are in the N-terminal head region 
of FgPrp31 (D7–D64), which prompted us to hypothesize 
that this region of FgPrp31 directly interacts with the CT130. 
However, yeast two-hybrid assays showed that the 76–225 
aa region of FgPrp31, not the D7–D64 region, interacted 
with CT130. Interestingly, the D7–D64 region of FgPrp31 
is aspartic acid (D)-rich (29%). It is possible that the D7N 
and D11N mutations and deletion of D11-D64 affect the 
structure of the N-terminal region of FgPrp31, which may 
in turn affect the self-inhibitory binding between the 76–225 
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aa region and CT130. It is also possible that mutations in 
the 7–64 aa region of FgPrp31 may affect its association 
with U4/U6 in F. graminearum. Nevertheless, no suppressor 
mutations of Fgprp4 were identified in the 76–225 aa region 
of FgPrp31 that has the coiled-coil domain. In humans, 
the coiled-coil domain of Prp31 interacts with Sad1 in tri-
snRNP (Agafonov et al. 2016) and with the RT domain of 
Prp8 in the B-complex (Bertram et al. 2017). Considering 
its importance for interacting with other tri-snRNP compo-
nents, mutations in this region of FgPRP31 may be lethal 
or detrimental to growth in F. graminearum. The binding 
of CT130 to the 76–225 aa region of FgPrp31 likely func-
tions to compete or interfere with its interaction with other 
tri-snRNP proteins.

Due to its size, we broke FgBrr2 into two fragments for 
assaying its interaction with FgPrp31 by yeast two-hybrid 
assays. Whereas no interaction was observed between the 
C-terminal half of FgBrr2 and FgPrp31, its N-terminal frag-
ment  (FgBrr21–872) directly interacted with  FgPrp31N463 but 
not  FgPrp31WT. The self-inhibitory binding of full-length 
 FgPrp31WT may prevent its interaction with FgBrr2. Inter-
estingly, the R464* mutation in FgPrp31 enhanced its inter-
action with FgBrr2 in yeast two-hybrid assays. In yeast, the 
N-terminal region of Brr2 auto-inhibits its activity and pre-
vents the premature tri-snRNP dissociation (Absmeier et al. 
2015). In F. graminearum, the increased interaction between 
FgPrp31 (a U4/U6 protein) and FgBrr2 (a U5 protein) by 
these suppressor mutations may affect the auto-inhibition 
of FgBrr2 and stability of the U4/U6–U6 tri-snRNP. It is 
possible that phosphorylation by FgPrp4 releases the auto-
inhibition of FgPrp31, which in turn enhances its interac-
tion with FgBrr2 in the tri-snRNP during the activation of 
B-complex.

Although Prp6 is known to interact with Prp31 in other 
organisms, we failed to detect their interactions in yeast two-
hybrid assays. Nevertheless, the interaction between FgPrp6 
and FgPrp31 was confirmed by co-IP and BiFC assays in F. 
graminearum. The R464* truncation and L532P, G529D, 
and G534G point mutations all reduced the interaction of 
FgPrp31 with FgPrp6 in BiFC assays or co-IP assays. In 
human tri-snRNP, the interaction between Prp31 and Prp6 
mediates the formation of the U4/U6–U5 tri-snRNP (Aga-
fonov et al. 2016; Makarova et al. 2002). It is possible that 
reduced interaction between FgPrp6 and FgPrp31 may 
affect their interactions with FgBrr2 or FgPrp8 and facilitate 
B-complex activation.

Although protein phosphorylation assays showed 
that FgPrp31 is likely phosphorylated by FgPrp4, none 
of the suppressor strains we sequenced had mutations in 
the five putative FgPrp4-phosphorylation sites. It is pos-
sible that phosphorylation by FgPrp4 at multiple phos-
phorylation sites is necessary to activate FgPrp31, and 
a single mutation at any one of these phosphorylation 

sites is not sufficient to suppress or only partially sup-
press FgPRP4 deletion. Site-directed mutagenesis stud-
ies showed that the S520D S521D T525D but not S485D 
S486D mutations in FgPRP31 recovered the growth 
rate and conidiation of Fgprp4 to the wild-type level. 
Because Fgprp31/FgPRP31S485A S486A-GFP transfor-
mants had no obvious defects and we failed to isolate 
Fgprp31/FgPRP31S520A S521A T525A-GFP transformants, it 
is likely that S520, S521, and T525 are important FgPrp4-
phosphorylation sites in FgPRP31. Further characteriza-
tion showed the S520D or S521D, but not T525D, muta-
tion in FgPRP31 could partially recovered the growth 
and conidiation defects of Fgprp4, which is similar to the 
phenotypes of type II suppressors (Gao et al. 2016). There-
fore, S520 and S521 are likely the main FgPrp4-phospho-
rylation sites in FgPrp31. If additional type II suppressor 
strains were isolated and sequenced in the future, suppres-
sor mutations at some of these conserved phosphorylation 
sites may be identified in FgPRP31. Overall, our results 
showed that phosphorylation at multiple sites by FgPrp4 
kinase may release the self-inhibitory binding between the 
CT130 and N463 of FgPrp31, which may in turn affect 
the interaction of FgPrp31 with FgBrr2, FgPrp6, or other 
tri-snRNP components. Considering its importance for the 
protein–protein interactions in tri-snRNP, further charac-
terization of FgPrp31 phosphorylation by FgPrp4 and 
its effects on the tri-snRNP structure will be important 
for better understanding of B-complex activation and the 
regulatory role of FgPrp4 in pre-mRNA splicing.

Materials and methods

Culture conditions and plant infection assays

The wild-type strain PH-1, Fgprp4 mutant and its sup-
pressor strains, and all the transformants generated in this 
study were cultured on potato dextrose agar (PDA) or com-
plete medium (CM) at 25 °C and assayed for growth rate, 
conidiation, conidium morphology, and sexual reproduc-
tion as described (Hou et al. 2002; Yang et al. 2015). For 
protoplast preparation and PEG-mediated transformation 
(Kazi et al. 2017; Zhou et al. 2011a), 300 µg/ml Hygro-
mycin B (CalBiochem, La Jolla, CA, USA) or 400 µg/
ml geneticin (Sigma-Aldrich, St. Louis, MO, USA) were 
added to the regeneration medium for selection. Infection 
assays with wheat heads and coleoptiles were conducted 
as described (Liu et  al. 2015). Head blight symptoms 
were examined 14 days post-inoculation (dpi). Infectious 
hyphae developed in wheat coleoptiles were examined 9 
days post-inoculation (dpi).
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RNA‑seq analysis

Vegetative hyphae of suppressor S2 were harvested from 
5-day-old PDA cultures and used for RNA isolation with the 
TRIzol Reagent (Life technologies, US) as described (Gao 
et al. 2016). Library construction and sequencing with an 
Illumina HiseqTM2000 sequencer were performed at Shang-
hai Biotechnology Corporation (Shanghai, China). Over 
25 Mb high-quality RNA-seq reads (deposited at the NCBI 
Sequence Read Archive database under the accession code 
of SRP062439) were obtained for each sample and mapped 
onto the reference genome of F. graminearum with Tophat2 
(http://ccb.jhu.edu/softw are/topha t/index .shtml ). The intron 
retention level was calculated as the percentage of reads with 
the predicted intron sequence over its transcripts. Weakly 
expressed genes were filtered out by excluding transcripts 
with less than 1 count per million reads in the analysis. For 
each intron, changes in the intron retention level in suppres-
sor S2 were calculated in comparison with PH-1 and FP1 
(Gao et al. 2016).

Yeast two‑hybrid assays

Protein–protein interactions were assayed with the Match-
maker yeast two-hybrid system (Clontech, Mountain View, 
CA, USA). Fragments or entire ORF of FgPRP6, FgPRP31, 
and FgBRR2 were amplified from first-strand cDNA of PH-1 
with primers listed in Table S1 and cloned into the pGBKT7 
or pGADT7 vector. To generate bait or prey constructs of 
FgPRP6, FgPRP31, and FgBRR2 carrying various sup-
pressor mutations, first-strand cDNA of corresponding sup-
pressor strains were used for PCR amplification. The result-
ing bait and prey construct were confirmed by sequencing 
analysis and transformed in pairs into yeast strain AH109 
(Clontech). The  Leu+  Trp+ transformants were isolated and 
assayed for growth on SD-Trp-Leu-His medium and galac-
tosidase (LacZ) activities with filter lift assays as described 
(Zhou et al. 2011b) with the positive and negative con-
trols provided in the Matchmaker library construction kit 
(Clontech).

Co‑IP assays

The FgPRP31WT-, FgPRP31N463-, FgPRP31G529D-, and 
FgPRP31D534G-3×FLAG constructs were generated by 
transforming fragments of FgPRP31 amplified from PH-1 
or corresponding suppressors together with XhoI-digested 
pFL7 into yeast strain XK1-25 as described (Bourett et al. 
2002; Bruno et al. 2004). The FLAG-tag fusion constructs 
were rescued from the resulting  Trp+ yeast transformants 
and confirmed by sequencing analysis. The same yeast gap 

repair approach was used to generate the FgPRP31CT- and 
FgPRP6-GFP constructs with vector pFL2 (Zhou et al. 
2011a). The resulting GFP- and FLAG-fusion constructs 
were transformed in pairs into protoplasts of PH-1 as 
described (Hou et al. 2002). Transformants resistant to both 
hygromycin and geneticin were isolated and confirmed for 
the expression of transforming vectors by western blot analy-
sis. For co-IP assays, total proteins isolated from vegetative 
hyphae (Bruno et al. 2004) were mixed with anti-FLAG or 
anti-GFP beads (Sigma-Aldrich) and proteins bounds to the 
beads were eluted as described (Zhou et al. 2011b). West-
ern blots of proteins separated on 10% SDS PAGE gels and 
transferred to nitrocellulose membranes (Amersham, Pis-
cataway, NJ, USA) were detected with the anti-GFP (Sigma-
Aldrich) and anti-FLAG (Sigma-Aldrich) antibodies (Liu 
et al. 2011).

Phosphorylation assays

For phosphorylation assays, total proteins were isolated from 
FgPRP31-GFP transformants of PH-1 and Fgprp4 suppres-
sor strain S47 (Table 1) as described (Bruno et al. 2004) 
and incubated with anti-GFP beads (Sigma). Proteins eluted 
from anti-GFP beads were separated on 10% SDS PAGE 
gels and transferred to nitrocellulose membranes. Western 
blots of proteins eluted from anti-GFP beads was detected 
with the anti-GFP (Sigma-Aldrich) and anti-phosphoserine 
(anti-pSer) (Abcam Cambridge, MA, USA) antibodies 
as described (Xie et al. 2014). Detection with pIMAGO 
(Tymora Analytical Operations, West Lafayette, IN, USA) 
was performed as described (Iliuk et al. 2011).

BiFC assays

The FgPRP31-YFPN, FgPRP6-YFPC, and FgBRR2-YFPC 
fusion constructs were generated by cloning their cod-
ing regions amplified from PH-1 into the BiFC vectors 
pHZ65 and pHZ68 (Zhao and Xu 2007), respectively, by 
the yeast gap repair approach (Bourett et al. 2002; Bruno 
et al. 2004). Similar approaches were used to generate the 
FgPRP31N463-YFPN and FgPRP31L532P-YFPN constructs. 
The resulting YFP fusion constructs of different FgPRP31 
alleles were confirmed by sequencing analysis and trans-
formed in pairs into protoplasts of PH-1. Transformants 
resistant to both hygromycin and geneticin were screened 
by PCR and examined under a Nikon epifluorescence 
microscope for YFP signals.

http://ccb.jhu.edu/software/tophat/index.shtml
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Generation of transformants expressing 
constitutive negative mutant (S/T‑A) alleles 
of FgPRP31

To generate the FgPRP31S485A S486A-GFP construct by 
yeast gap repair (Chen et al. 2014), the N- and C-termi-
nal fragments of FgPRP31 were amplified with primer 
pairs PRP31F/SSAR and SSAF/PRP31R (Table  S1), 
respectively. SSAR and SSAF were overlapping prim-
ers to introduce the S485A S486A mutations. These two 
fragments were co-transformed with XhoI-digested vector 
pDL2 that carries the HygR hygromycin-resistance marker 
(Zhou et al. 2011a) into yeast strain XK1-25 (Bruno et al. 
2004). The resulting fusion construct rescued from  Trp+ 
yeast transformants was confirmed by sequencing analysis. 
The FgPRP31S485A S486A-GFP construct was then co-trans-
formed into PH-1 with the FgPRP31 gene replacement 
generated by split-marker with the geneticin-resistance 
marker amplified from pFL2 (Zhou et  al. 2011a). The 
FgPRP31S520A S521A T525A-GFP construct was generated 
with similar approaches and co-transformed into PH-1 
with the FgPRP31 gene replacement construct. The 
resulting transformants resistant to both geneticin and 
hygromycin were screened for FgPRP31 deletion and 
examined for the integration of FgPRP31S485A S486A-GFP 
or FgPRP31S520A S521A T525A-GFP constructs by PCR and 
GFP signals.

Generation of transformants expressing dominant 
active mutant (S/T‑D) alleles of FgPRP31

The same yeast gap repair approach (Bruno et al. 2004) 
was used to generate the FgPRP31S485D S486D-GFP and 
FgPRP31S520D S521D T525D-GFP constructs with XhoI-
digested plasmid pFL2 carrying the geneticin-resistance 
marker (Zhou et al. 2011a). Primers used to introduce the 
S485D S486D or S520D S521D T525D mutations were 
listed in Table S1. Similar strategies were used to generate 
the FgPRP31S520D-, FgPRP31S521D-, and FgPRP31T525D-
GFP fusion constructs. All the mutant alleles of FgPRP31 
were confirmed by sequencing analysis and co-trans-
formed into protoplasts of PH-1 with the FgPRP4 knock-
out construct (Wang et al. 2011). Transformants resistant 
to both geneticin and hygromycin were screened by PCR 
for deletion of FgPRP4 and examined for GFP signals for 
the expression of FgPRP31 mutant alleles.
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