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ABSTRACT
Bimolecular fluorescence complementation (BiFC) is based on the complementation between two non-
fluorescent fragments of the yellow fluorescent protein (YFP) when they are united by interactions between
proteins covalently linked to them. We have successfully applied BiFC in Neurospora crassa using two genes
involved in meiotic silencing by unpaired DNA (MSUD) and observed macromolecular complex formation
involving only SAD-1 proteins, only SAD-2 proteins, and mixtures of SAD-1 and SAD-2 proteins.

HARACTERIZATION of protein—protein interac-
tions is important for deciphering gene functions
and cellular processes. Several methods are used to
detect interactions between proteins, with co-immuno-
precipitation and the yeast two- and three-hybrid sys-
tems being among the most popular (PHizicky and
FieLps 1995). Recently, other techniques have been
developed to visualize protein complexes in living cells.
These include fluorescence resonance energy transfer
(FRET; Mi1YAWAKI et al. 1997) and bimolecular fluores-
cence complementation (BiFC; Hu et al. 2002). BiFC is
based on the principle that two split fragments of the
yellow fluorescent protein (YFP) do not emit fluorescent
light by themselves. However, if two interacting proteins
are individually tagged with different split YFP fragments,
the protein interaction can reconstitute the fluorophore.
This method allows the assessment of protein—protein
interactions ¢n vivo in the homologous host, as has been
recently demonstrated in Acremonium chrysogenum, a fila-
mentous fungus (Horr and Kuck 2005).

In this study, we asked whether BiFC could be applied
to the model fungal organism Neurospora crassa. Several
phenomena were first characterized in N. c¢rassa, includ-
ing meiotic silencing by unpaired DNA (MSUD) (SH1u
et al. 2001). In MSUD, genes that are not paired during
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meiotic prophase I, as well as all homologous copies, are
silenced during the sexual phase. MSUD is likely to
involve the production of double-stranded (ds)RNA,
which is mediated by the sad-I-encoded RNA-directed
RNA polymerase (RARP) (SH1U and METZENBERG 2002).
Mutations in sad-1 allow the expression of unpaired
genes, which would otherwise be silenced during mei-
osis and the subsequent mitosis. SAD-1 is localized in the
perinuclear region, where small interfering (si)RNAs
are shown to reside in mammalian cells (SHIU et al.
2006). The proper localization of SAD-1, which requires
the SAD-2 protein, is important for its function. With
the use of green and red fluorescent proteins (GFP and
RFP) as visualization tools, we discovered previously that
SAD-1-GFP and SAD-2-RFP colocalize in the perinuclear
region during sexual development (SHIU et al. 2006).
Since the perinuclear region can represent the center of
RNAI activity, we used BiFC to investigate interactions
among SAD-1 molecules, SAD-2 molecules, and be-
tween SAD-1 and SAD-2 molecules.

SAD-2-YFP localizes in the perinuclear region: As a
prerequisite for using the BiFC approach, we tested
whether the YFP is suitable for localization studies in
N. crassa. The YFP used in this study is a yellow-green
variant of the Aequorea victoria GFP (OrRMO et al. 1996).
Using the pYFP plasmid (Figure 1), we fused the sad-2
open reading frame (ORF) to the 5" end of the YFP
gene. The resulting plasmid, as well as other chimeric
constructs used in the study, can complement the
barren phenotype of a corresponding Sad-x X Sad-x
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cross (both SAD-1 and SAD-2 are required for meiosis),
suggesting that the chimeric proteins are functional
in vivo. Our result demonstrates that, similar to SAD-2-
GFP and SAD-2-RFP (SHIu et al. 2006), SAD-2-YFP
localizes in the perinuclear region throughout meiotic
prophase (Figure 2A), suggesting that the pYFP plasmid
we constructed can be used as a visualization tool for
N. crassa.

Interaction among SAD-1 molecules: In preparation
for the BiFC assay, we made Neurospora expression
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FiGure 1.—Construction of YFP
Pad and split-YFP plasmids for the BiFC

assay in N. crassa. To construct YFP

oy and split-YFP plasmids suitable for

| padiis expression in N. crassa, we began
saa-.

with pMF272, a Neurospora GFP
vector (FREITAG et al. 2004). Using
the Pacl and Apal sites, we replaced
the GFP gene with the yfp, yfpn (aa
1-155), or yfpc (aa 156-239) PCR
fragments (Table 1); fragments were
amplified from pYHN2 (Horr and
Kuck 2005), a derivative of pEYFP-1
(Clontech, Palo Alto, CA). The
resulting plasmids are pYFP (Gen-
Bank accession no. EF661030),
pYFPN (EF661031), and pYFPC
(EF661032), respectively. Restric-
tion sites suitable for the lineariza-
tion of the above YFP plasmids
include Apalll, Asel, Dral, Ndel,
and Sspl. Linearized plasmids
were targeted to the his-3 locus
by gene replacement (Table 2;
MARGOLIN et al. 1997). sad-1 and
sad-2were inserted respectively in-
to the Xbal/ Pacl and BamHI1/ Pacl
sites of various YFP plasmids.

- pMF272 (8479 bp)

pYFP (8452 bp)

PYFPN (8200 bp)

pYFPC (7993 bp)

vectors containing defined fragments of the yfp gene.
The pYFPN plasmid contains the first 465 bp of the yfp
OREF (hereafter yfpn), which encodes amino acids 1-155
(Figure 1). The pYFPC plasmid contains the last 255 bp
of the yfp ORF (hereafter yfpc), which encodes amino
acids 156-239. When coexpressed in N. crassa, the yfpn
and yfpc constructs do not emit detectable fluorescence
(Figure 2B), suggesting that these split YFP fragments
have a limited intrinsic ability to associate and form a
functional fluorophore. To determine whether SAD-1

TABLE 1

Primers used in the amplification of yfp fragments

Primer Sequence (5'-3") Uses
YFPI7F EcoRI Pacl RSIAT linker M1 5" priming for
yfpn and yfp
CG-GAATTC-TTAATTAA-C-CGCTCCATCGCCACG-ATGGTGAGCAAGGGCGAGGAGCTGTTCACCG
YFP561R Apal  Stop C155 3’ priming
for yfpn
TCTT-GGGCCC-TTAGGCCATGATATAGACGTTGTGGCTG
YFP562F EcoR1 Pac KQKVMNH linker D156 5" priming
for yfpe
CCG-GAATTC-TTAATTAA-C-AAACAGAAGGTCATGAACCAC-GACAAGCAGAAGAACGGCATCAAGGTG
YFP816R Apal  Stop K239 3’ priming for

yfpe and yfp

CGCG-GGGCCC-TTACTTGTACAGCTCGTCCATGCCGAG

DNA amplification by polymerase chain reaction (PCR) was performed in a model PTC-100 Peltier thermal cycler (M] Research,
Waltham, MA), using the Expand long template PCR kit (Roche Applied Science, Indianapolis). When necessary, PCR products were
cloned into the pCRII-TOPO vector (Invitrogen, Carlsbad, CA). Bacterial plasmid DNA was purified with the HiSpeed Plasmid Midi
kit (QIAGEN, Valencia, CA). All DNA sequencing was performed by the University of Missouri DNA core (Columbia, MO).



TABLE 2

Neurospora strains used in this study

Strain Genotype

5921 Sad-1* rid his-3":: sad-1-yfpn A
59-22 Sad-1* rid his-3":: sad-1-yfpc a

59-24 rid his-3" 1t sad-2-yfpn; inv Sad-2" A
59-25 rid his-3"::sad-2-yfpc; inv Sad-2"" a
59-26 rid his-3*::sad-2%fp; inv Sad-2"" a
5927 Sad-1* rid his-3"::yfpn A

59-28 rid his-3*::yfpe; inv Sad-2"" a

81-01 flA

Auxotrophic markers used in this study were obtained via
the Fungal Genetics Stock Center (FGSC; McCLUSKEY
2003). Descriptions of the genetic loci used in this study
can be found in PERKINS ef al. (2001). Culturing and crossing
media were prepared as previously described (WESTERGAARD
and MrTcHELL 1947; VoGeL 1964). Growth, genetic techni-
ques, and other routine manipulations were performed ac-
cording to Davis and DE SErres (1970). Homokaryons
were isolated with the method of EBBOLE and SacHs (1990).

interacts with other SAD-1 molecules, we covalently
linked the sad-1 gene to yfpn and to yfpc. The rationale
was that the formation of SAD-1 macromolecular com-
plexes involving both YFPN and YFPC fragments would
result in fluorescence. Our results indicate that SAD-1-
YFPN and SAD-1-YFPC in fact interact and that asci
containing both proteins exhibit yellow fluorescence
(Figure 2C). The SAD-1-SAD-1 interaction appears to
localize in ~10 cytoplasmic spots per ascus. We have
previously shown that while the majority of SAD-1-GFP
proteins localize in the perinuclear region, they can also
be found in several cytoplasmic spots (SHIU et al. 2006).

Interaction between SAD-2 molecules: We asked
whether SAD-2 interacts with other SAD-2 molecules.
In asci containing both SAD-2-YFPN and SAD-2-YFPC,
yellow fluorescence can be seen in the perinuclear
region and in ~10 cytoplasmic spots per ascus (Figure
2D). This result suggests that SAD-2 proteins also form
macromolecular complexes in Neurospora.

Interaction between SAD-1 and SAD-2 in the
perinuclear region: We examined asci expressing both
SAD-2-YFPN and SAD-1-YFPC and asci expressing both
SAD-1-YFPN and SAD-2-YFPC; we observed yellow fluo-
rescence in the perinuclear region and in several cyto-
plasmic spots, as illustrated in Figure 2E. These data
suggest that SAD-1 and SAD-2 likely interact physically
in vivo. Although SAD-2-YFPN can reconstitute a func-
tional fluorophore with SAD-2-YFPC (Figure 2D) and
with SAD-1-YFPC (Figure 2E), it cannot do so with YFPC
alone (Figure 2F), suggesting that intrinsic interactions
between YFPN and YFPC are not contributing to the
perinuclear fluorescence.

Concluding remarks: SAD-2 is properly localized in
the perinuclear region, even in the absence of SAD-1
(SH1U et al. 2006). However, in the absence of SAD-2,
SAD-1 is no longer localized in the perinuclear region,
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FIGURE 2.—Visualization of interactions between SAD pro-
teins using BiFC. Micrographs illustrate asci in meiotic pro-
phase expressing (A) sad-2-yfp (59-26 X 81-01), (B) yfpn and
yfpe (5927 X 59-28), (C) sad-I-yfpn and sad-1-yfpc (59-21 X
59-22), (D) sad-24fpn and sad-2-yfpc (59-24 X 59-25), (E)
sad-1-yfpc and sad-2-yfpn (59-22 X 59-24), and (F) sad-2-yfpn
and yfpc (5924 X 59-28). Bar, 5 wm. Perithecia were fixed
in freshly prepared 4% paraformaldehyde, 90 mm PIPES
pH 6.9, 10 mm EGTA, 5 mm MgSOy, for 20 min at room tem-
perature. They were rinsed briefly in PBS, and the perithecial
contents were teased out into a drop of 90% glycerol, 10% 100
mM potassium phosphate (pH 8.7), 10 wg/ml DAPI, and 100
mg/ml 1,4-diazabicyclo[2,2,2]octane. Contents of 3-5 perithe-
cia were dispersed under a cover slip by gentle tapping, slides
were sealed using clear nail polish, and viewed either imme-
diately or after storage at —20°. Samples were imaged using a
Zeiss LSM510 confocal laser scanning microscope. All images
were collected using a PlanNeofluar 40X (NAI.3) oil immer-
sion objective. Visualization of the YFP was achieved by use of
a 514 nm Argon laser line for excitation and a BP530-600
emission filter. DAPI visualization was achieved by use of a
364 nm Argon laser excitation and a BP385-470 emission fil-
ter. All images were collected using standard Zeiss software.
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suggesting that SAD-2 may function to recruit SAD-1 to
this region, and that the proper localization of SAD-1
may be important for its activity. Here we have seen that
SAD-1 complexes including only SAD-1-YFPN and SAD-
1-YFPC are mainly localized in the cytosol, while com-
plexes including SAD-2-YFPN and SAD-1-YFPC are
found in the perinuclear region. We conclude that
either SAD-1 does not form complexes involving other
SAD-1 molecules at perinuclear sites or such complexes
fell below our limits of detection. RNAi-related proteins
have been shown to colocalize in the perinuclear region
of Drosophila and mouse germ cells (KoTaja and
SAssONE-Corst 2007; Lim and Kar 2007; PANE et al.
2007). Our results support the notion that the perinu-
clear region is the center of RNAI activity for meiotic
silencing and that interactions among different SAD
proteins could be important for their functions.

The YFP and split YFP plasmids we report here are
based on the popular GFP plasmid (FREITAG et al. 2004),
thus facilitating swaps between different fluorescent vec-
tors. Although other approaches, such as co-immunopre-
cipitation, could be used to demonstrate protein—protein
interactions in the homologous Neurospora host, the
BiFC assay we describe here provides a straightforward and
sensitive alternative to such methods.
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