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The ability to tag proteins has boosted the emergence of generic molecular methods for protein functional analysis. Fluorescent
protein tags are used to visualize protein localization, and affinity tags enable the mapping of molecular interactions by, for
example, tandem affinity purification or chromatin immunoprecipitation. To apply these widely used molecular techniques on
a single transgenic plant line, we developed a multifunctional tandem affinity purification tag, named GS*"**, which combines
the streptavidin-binding peptide tag with citrine yellow fluorescent protein. We demonstrated the versatility of the GS**!°" tag in
the dicot Arabidopsis (Arabidopsis thaliana) using a set of benchmark proteins. For proof of concept in monocots, we assessed the
localization and dynamic interaction profile of the leaf growth regulator ANGUSTIFOLIA3 (AN3), fused to the GS¥*¥ tag, along
the growth zone of the maize (Zea mays) leaf. To further explore the function of ZmAN3, we mapped its DNA-binding landscape
in the growth zone of the maize leaf through chromatin immunoprecipitation sequencing. Comparison with AN3 target genes
mapped in the developing maize tassel or in Arabidopsis cell cultures revealed strong conservation of AN3 target genes between
different maize tissues and across monocots and dicots, respectively. In conclusion, the GS¥*** tag offers a powerful molecular
tool for distinct types of protein functional analyses in dicots and monocots. As this approach involves transforming a single

construct, it is likely to accelerate both basic and translational plant research.

The field of functional genomics attempts to visual-
ize and describe complex biological processes as molec-
ular interaction networks, using system-wide analysis
of gene expression, protein function, and metabolite
dynamics (Bunnik and Le Roch, 2013). Since whole-
genome sequences have become available, functional
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genomics has been driven by advancements in omics
technologies and bioinformatics. Because proteins are
among the key players in these networks, their interac-
tions with other proteins, DNA, RNA, and metabolites
are studied extensively.

To circumvent the need for specific antibodies for
protein interactome mapping, an affinity tag can be
fused to the protein of interest. A variety of affinity tags
have been developed, each with specific characteristics
and functional applications (Dedecker et al., 2015).
Some, like the HA- or FLAG-epitope tags, are applied
in coimmunoprecipitation experiments to detect bi-
nary interactions among protein pairs. However, by
combining affinity purification with mass spectrome-
try (AP-MS), complexes rather than binary interactions
can be identified. Two different AP-MS approaches are
generally employed to study protein-protein interac-
tions, using either a single purification step or tandem
affinity purification (TAP). The TAP protocol, origi-
nally established in yeast (Rigaut et al., 1999), is based
on the addition of a dual affinity tag (the TAP tag) to
the bait of interest, allowing two subsequent rounds of
protein complex purification.

In plants, the TAP-MS protocol has been optimized
recurrently, resolving protein complexes from cell
cultures (Van Leene et al., 2007), seedlings and whole
plants (Rubio et al., 2005; Rohila et al., 2006; Van Leene
et al., 2015), and across species such as Arabidopsis
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(Arabidopsis thaliana), Medicago truncatula, maize (Zea
mays), and rice (Oryza sativa; Rubio et al., 2005; Rohila
et al., 2006; Nelissen et al., 2015; Goossens et al., 2016).
The development of the GS™™ tag, an optimization
of the widely used GS TAP tag for mammalian cells
(Biirckstiimmer et al., 2006), further enhanced the
power of the TAP protocol in plants. The GS™ tag,
consisting of two IgG-binding domains of protein G
and a streptavidin-binding peptide (SBP), which are
separated by two human rhinovirus 3C protease cleav-
age sites, was shown to outperform other TAP tags in
plants, mainly because of its higher specificity (Van
Leene et al., 2008, 2015). The emergence of label-free
quantification (LFQ) methods for quantitative pro-
tein analysis, together with the increased sensitivity
of MS detectors, made it possible to use TAP-MS for
the determination of protein complex dynamics in
a developmental context, as was shown recently for
the leaf growth regulator ANGUSTIFOLIA3 in maize
(ZmAN3; Nelissen et al., 2015).

In the TAP approach, very pure complexes are ob-
tained with a high signal-to-noise ratio, which is often
beneficial for downstream analyses (Van Leene et al.,
2008). Moreover, the high specificity of TAP increases
the ability to discover substoichiometric complex
members, which can get lost among the high back-
ground noise when applying single-step purifications.
Conversely, single-step purification might be superior
for the discovery of low-affinity interactions, which
might be lost during the tedious TAP protocol. As a
consequence, both approaches reveal complementary
subspaces of the protein interactome, and ideally, both
should be assessed in parallel to reach the full potential
of AP-MS.

Tagging and affinity purification methods also are
used intensively in the chromatin immunoprecipita-
tion sequencing (ChIP-seq) method for genome-wide
identification of the DNA-binding landscape of tran-
scription factors (TFs) and other DNA-binding pro-
teins. This method starts with the reversible in vivo
cross-linking of the bait to its bound DNA regions.
Next, chromatin is extracted and fragmented from iso-
lated nuclei, and specific protein-DNA complexes are
isolated by a single purification step. Finally, the en-
riched genomic DNA is released by reverse cross-linking
and identified through next generation sequencing.

To minimize the production of transgenic lines for
functional protein analysis, multifunctional tags that
allow for both visualization of the bait and differ-
ent immunoprecipitation- or TAP-based interaction
studies have been constructed across several species
(Paramban et al., 2004; Cheeseman and Desai, 2005;
Kobayashi et al., 2008; Schiffer et al., 2010; Ma et al.,
2012; De Souza et al., 2014). Since such multifunc-
tional tags have not been implemented in plants, we
designed the multifunctional TAP tag GS**¥, which
combines elements from the highly efficient GS™ tag
with the fluorescent citrine yellow fluorescent protein
(cYFP) tag, broadening its functionality toward visu-
alization of the protein of interest in living cells via
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microscopy-based techniques. Using a set of well-
studied bait proteins involved in growth regulation
as a benchmark, the performance of the GS¥* tag for
protein visualization, TAP-MS, and ChIP was demon-
strated in the dicot Arabidopsis, both in cell cultures
and in seedlings. In addition, the GS'*!** toolbox was
transferred toward the monocot maize, validating
subcellular localization patterns and dynamic protein
interactions of ZmAN3 along the maize leaf growth
zone. Moreover, the GS¥'** tag was used for ChIP-seq
to identify target genes of ZmANS3 in the maize leaf
growth zone, showing a high preference for binding
to genes encoding TFs, genes involved in hormone re-
sponses and in leaf growth and development, as well
as the existence of complex feedback mechanisms. Fi-
nally, the ChIP-seq analysis revealed a high degree of
conservation of AN3 target genes between different
maize tissues and across monocots and dicots. Taken
together, this new multifunctional tag provides a ge-
neric tool for the functional analysis of proteins and
their interaction partners in plants.

RESULTS
A Portfolio of Multifunctional GSY*"*¥ Tags

To broaden the functionality of the GS™ TAP tag
in plants (Van Leene et al., 2015), we designed the
GSrelew TAP tag, not only to explore protein-protein
interactions but also to identify protein-DNA inter-
actions by ChIP-seq and to determine the subcellular
localization of the bait protein (Fig. 1). In this TAP tag,
the two protein G IgG-binding domains of the GSire
tag were replaced by cYFP, an improved version of the
eYFP that is commonly used as a fluorescent protein in
maize (Wu et al., 2013), whereas the SBP and the Gly-
4-Ser linker, which bridges the bait protein and the tag,
were retained (Supplemental Fig. 51). Besides a shift in
the GFP excitation and emission peaks to 514 and 527
nm, respectively, cYFP shows an increase in brightness
and resistance against photobleaching, acidic pH, and
other environmental factors in comparison with eYFP
(Griesbeck et al., 2001), favoring localization analyses
in monocots. Given the high protein sequence simi-
larity between GFP and cYFP, the epitopes targeted
by anti-GFP antibodies are expected to be conserved.
Consequently, the cYFP moiety of the GS*!°¥ tag not
only enables anti-GFP-based ChIP analyses or protein
complex analysis by anti-GFP immunoprecipitation
but, in addition, can be used during the first purifica-
tion step of an alternative TAP procedure (Fig. 1). Two
copies of the tobacco etch virus and the human rhino-
virus 3C protease cleavage sites were integrated in the
GSrelew tag for soft and flexible elution after the first
GFP-based affinity step during TAP. Finally, protein
complexes can be further purified at high specificity
through the SBP tag in a second streptavidin-based
purification step.
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Figure 1. Overview of the multifunctional GS*"** TAP tag molecular toolbox. Both C- and N-terminal fusions of the tag to the
bait of interest are shown (middle). The GS*** tag combines the cYFP with the SBP. Both tags are separated by tandem repeats
of tobacco etch virus (TEV) and 3C rhinovirus (Rhino) protease cleavage sites, enabling gentle elution during TAP. The GSyellew
tag allows protein complex analysis by AP-MS, either by TAP for highly specific isolation of clean protein complexes or by
one-step anti-GFP-based immunoprecipitation (IP; top left). During TAP, complexes are isolated using anti-GFP immunopre-
cipitation, eluted with TEV or Rhino protease, and further purified using streptavidin beads. FN, False negatives reflecting bona
fide interactions lost during AP-MS; FP, false positives isolated based on nonspecific interactions; TP, true positives representing
bona fine bait interactions. Purified proteins are identified by MS. For analysis of protein-DNA interactions by ChIP-seq, anti-
GFP-based ChIP protocols can be applied on a GS** transgenic line (top right). Purified DNA is analyzed by next generation
sequencing to identify bound DNA fragments. Finally, the cYFP moiety of the GS¥'** tag also enables subcellular localization
analysis, both in Arabidopsis and maize (bottom left; bars = 50 pm). For targeting of TAP fusion proteins to specific organelles
(bottom right), targeting peptide variants of both the N-terminal GS*** and GS™i" TAP tags were developed, specifically tar-
geting the nucleus, mitochondria, chloroplasts, or endoplasmic reticulum (ER), as shown by the organelle-targeting peptide
variants of the GS™™ tag fused to GFP, transiently expressed in tobacco leaves (bars = 100, 50, 100, and 10 pm, respectively).

Because N-terminal tagging can lead to aberrant
subcellular localization of the bait protein by interfer-
ence with signal peptides present at the native N ter-
minus, an expansion of the GS™r* and GS'!°* toolbox
for N-terminal tagging was created. Peptides targeting

Plant Physiol. Vol. 177, 2018

proteins individually to the nucleus (NLS), ER, chlo-
roplasts (Chl), or mitochondria (Mito) were added in
front of the N-terminal GS™" and GS¥'** TAP tags. To
examine the localization of these peptide sequences,
a GFP protein was fused at its N terminus with the
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GShire targeting peptide TAP tag variants, and sub-
cellular localization was analyzed upon transient ex-
pression in tobacco (Nicotiana tabacum) leaves. This
analysis confirmed the correct localization of all
tested organelle-targeting peptide TAP fusions (Fig. 1;
Supplemental Fig. S2; NLS_GS™ir-GFP, ER_GS™hire-GFP,
Chl_GS™in-GFP, and Mito_GS™"-GFP). Although the
implemented ER signal encodes the 252 apoplast-
targeting sequence, it can be used to target proteins to
the ER, because apoplastic proteins first pass through
the ER. In case the protein has to be retained at the ER,
a C-terminal KDEL sequence can be added to the bait
protein (Yun and Eipper, 1995).

For efficient and flexible cloning of the GS*"** con-
structs and the targeting peptide TAP tag variants,
multisite Gateway-compatible entry vectors were de-
veloped that can be used either for N- or C-terminal
cloning to the gene of interest. To evaluate the mul-
tifunctionality of the GS'!* tag, Arabidopsis AN3
(Vercruyssen et al., 2014), TPLATE (Van Damme et al.,
2006; Gadeyne et al., 2014), and PEAPOD2 (PPD2;
Gongzalez et al., 2015) were selected as benchmark bait
proteins in Arabidopsis, and ZmAN3 (Nelissen et al.,
2015) was selected in maize.

Protein Functionality Is Maintained upon Fusion to
Gsyellow

Interference of a tag with the full functionality of the
bait protein and/or its correct localization is a well-
known potential problem associated with protein tag-
ging. An elegant way to test the functionality of the
fusion protein is to express the tagged bait protein in
the corresponding mutant background and, subse-
quently, assess complementation of the mutant pheno-
type. Another way to check for possible interference is
overexpression (OE) of the tagged protein in a wild-
type background and assessing if the OE phenotype
is similar to that of its nontagged counterpart. To ad-
dress the functionality of GS**!**-tagged proteins and
their correct subcellular localization in planta, AN3
and TPLATE were selected for analysis in Arabidopsis.
AN3 is a known plant growth regulator that functions
as a transcriptional coactivator, linking the SWI/SNF
chromatin-remodeling complex to TFs in both Arabi-
dopsis and maize (Vercruyssen et al., 2014; Nelissen
et al.,, 2015). Previous experiments have shown that
ANS3 localizes to the cell nucleus (Kim and Kende,
2004; Vercruyssen et al., 2014) and that overexpression
of AN3 in Arabidopsis enhances leaf growth as a result
of a delay in exit from the mitotic cell cycle, leading to
extended cell proliferation before the transition to cell
expansion. The function of AN3 in the leaf, however, is
broader, because AN3 also is implicated in adaxial /ab-
axial patterning during leaf morphogenesis (Horiguchi
etal., 2011). For functional analysis, AN3 was tagged at
the C terminus with the GS¥*"** tag and expressed from
the 35S promoter (p35S) in the wild-type Columbia-0
(Col-0) background. At 21 d after stratification, over-
expression of AN3-GS*°" resulted in an increased leaf
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size and longer petiole phenotype of leaves 3 and 4
compared with wild-type plants (Fig. 2, A and B). This
enhanced leaf size agrees with observations following
ectopic expression of a nontagged AN3 (Horiguchi
et al., 2005; Vercruyssen et al., 2014). In addition to the
phenotypes, the reported nuclear localization of AN3
was confirmed in dividing root cells of the AN3-GSyellow
line (Fig. 2C). In a previous study, an AN3-GFP fu-
sion protein showed intercellular movement between
mesophyll and epidermal cells in Arabidopsis leaves,
whereas fusion to the much larger triple GFP fusion
prevented this movement (Kawade et al., 2013). Al-
though the movement of AN3-GS¥** across different
cell layers was not empirically tested, we expect the
GSyelow tag (37 kD) to behave similarly to GFP (27 kD)
due to the small difference in molecular mass.

The second benchmark protein that we tested was
TPLATE, the founding member of the endocytic
TPLATE adaptor complex, which is essential for
clathrin-mediated endocytosis at the plasma mem-
brane in plants (Van Damme et al., 2006; Gadeyne et al.,
2014). A functional TPLATE gene is required for pollen
development and the mutation cannot be transferred
via the male gametophytes, as it causes fully penetrant
male sterility. Reversal of this gametophyte-lethal
phenotype can be achieved through the expression of
TPLATE from a pollen-specific promoter, pLat52 (Van
Damme et al., 2006). To investigate the functionality
of TPLATE fused to the GS*'** tag, we transformed a
construct expressing TPLATE from the Lat52 promoter,
tagged at its C terminus with the GS'** tag, into a het-
erozygous TPLATE mutant background. A transgenic
line heterozygous for the TPLATE mutation and ho-
mozygous for the transgene was isolated. After selfing
of this line, complementation of the TPLATE mutation
by the TPLATE-GS*!** fusion protein was confirmed
through a segregation analysis, in which the progeny
ratios shifted from the typical gametophyte-lethal 1:1
ratio in the heterozygous TPLATE mutant to a normal
Mendelian inheritance pattern of 1:2:1 in the comple-
mented plant line (Fig. 2D). Scanning electron micros-
copy analysis of the pollen grains obtained from this
complemented line confirmed full complementation,
as demonstrated by the complete restoration of pol-
len viability (Fig. 2E). In addition to the pollen-specific
expression pattern in flowers, combining the pLat52
promoter with the TPLATE open reading frame leads
to basal transcriptional activity in somatic tissues of
Arabidopsis seedlings (Van Damme et al., 2006). This
extended expression pattern permitted us to study the
dynamic subcellular localization of TPLATE-GSyeov
in the hypocotyls using spinning disc confocal mi-
croscopy. In agreement with the results obtained with
pLat52: TPLATE-GFP in the homozygous tplate mutant
(Gadeyne et al., 2014), we show dynamic recruitment
of the TPLATE-GS**¥ fusion protein at the plasma
membrane with an average dwell time of 20 s (n = 964;
Fig. 2F). The above results clearly show that the G5
tag can be used for localization analysis and that
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Figure 2. Functional analysis of GS***-tagged AN3 and TPLATE. A, Leaf areas of 21-d-old wild-type (WT) or AN3-GS¥***-over-
expressing plants grown on control medium. The areas of cotyledons (cot) and leaves 1 to 9 (L1-L9) were measured from leaf
series. Error bars represent se (n = 3), and asterisks indicate significant differences from the wild type (Col-0; P < 0.05, Student’s
t test). B, Representative rosettes of 21-d-old plants used for leaf series. Bars = 1 cm. C, Confocal microscopy images of the root
tip from a 6-d-old seedling expressing 35S:AN3-GS*¥, showing nuclear localization of AN3. Bar = 20 pm. D, Segregation
analysis of the endogenous TPLATE locus in the offspring produced by selfing the heterozygous TPLATE mutant or the hetero-
zygous TPLATE mutant complemented homozygously with pLat52:TPLATE-GS*'Y. TT = TPLATE +/+, Tt = TPLATE +/—, tt =
TPLATE —/—. x* values for the observed segregation ratios are indicated. The observed values do not differ significantly from the
expected values for the indicated ratios (x> = 3.84 at P < 0.05). E, Scanning electron microscopy images of pollen grains derived
from heterozygous TPLATE mutant plants, wild-type plants, and a complemented mutant heterozygous for the TPLATE mutation
and homozygous for pLat52:TPLATE-GS**¥, Ratios of wild-type versus mutant (mut) pollen are indicated. Bars = 10 pm. F, Left,
Representative spinning disc confocal microscope image of a hypocotyl epidermal cell belonging to a TPLATE mutant plant
complemented with pLat52:TPLATE-GS*"*¥, taken from the corresponding movies. Bar = 5 pm. Middle, Discrete, dynamic
foci represent the recruitment of TPLATE, which can be measured over time through a kymograph (arrowheads indicate the
beginning and end of the signal). Right, TPLATE-GS**'** has an average dwell time of 20 s at the plasma membrane (n = 964).

fusion to the tag does not interfere with the functions
of AN3 or TPLATE.

The GSY*"°¥ Tag Performs Equally Efficiently as the GS™ir
Tag for the Isolation of Protein Complexes through TAP
in Arabidopsis

Next, we examined the performance of the multi-
functional GS¥'°* tag for the identification of protein
interaction partners through TAP by comparison with
the GS™~ TAP tag. AN3, TPLATE, and PPD2 were se-
lected as benchmark bait proteins for comparative TAP
in cell cultures. In addition, AN3 and TPLATE were se-
lected for TAP in seedlings because of prior knowledge
of their complex composition in seedlings (Gadeyne

Plant Physiol. Vol. 177, 2018
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et al., 2014; Vercruyssen et al., 2014). Transgenic cell
cultures with both GS*ire- and GS¥el*-tagged ver-
sions of each bait protein were generated in parallel.
Duplicate TAP experiments were performed using
equal total protein inputs for each GSow-GS™i bait
pair, and purified proteins were detected by MS (Sup-
plemental Table S1A). To correct for false-positive
interactors, a list of 936 nonspecific proteins (Supple-
mental Table S1B) was used to filter the proteins de-
tected by MS. This list represents an updated list of
nonspecific proteins determined as described previ-
ously (Van Leene et al., 2015), now covering 803 TAP
experiments in cell culture or seedlings, among 163
bait proteins tagged with the GS, GS™hir, or GSYl°* tag.
After removal of these false positives, a list of specific
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Table I. Evaluation of GS*'** performance for TAP in Arabidopsis by comparison with the GS*" TAP tag and with previously reported TAP results
of AN3 (Vercruyssen et al., 2014), TPLATE (Gadeyne et al., 2014), and PPD2 (Gonzalez et al., 2015)

Constructs in cell cultures were expressed through the constitutive 35S promotor. For in planta TAPs (seedlings), pLat52:TPLATE-GS*"*" was
transformed into the heterozygous TPLATE mutant, whereas 355:AN3-GS**¥ was transformed in wild-type Col-0. All TAPs were performed as two
technical repeats, except for the TPLATE seedlings TAPs, which represent biological repeats. The numbers indicate how often a protein was detected
over the two repeat experiments. Only specific interactors were retained. The SWI/SNF core subunits in the AN3 TAPs are indicated with asterisks.

PPD2 seedling TAPs were not tested (NT).

Bait Protein Identifier Protein Name Cell Cultures Seedlings
Previously Reported
GSyellow GSrhino GSyellow

AN3 AT5G28640 AN3 2 2 2 X
AT1G18450 ARP4* 2 1 2 X
AT3G60830 ARP7* 2 2 X
AT4G22320 BCL7B-1* 1 X
AT5G55210 BCL7B-2* 2 2 X
AT1G20670 BRD1* 2 2 X
AT5G55040 BRD13* 2 1 X
AT1G76380 BRD2* 2 X
AT2G46020 BRM* 2 2 2 X
AT4G18480 CHLI1 2
AT5G07940 Dentin sialophosphoprotein 2 2 X
AT5G07980 Dentin sialophosphoprotein 2 X
AT4G17330 G2484-1* 2 2 2 X
AT5G17510 GLTSCR* 2 2 X
AT2G36400 GRF3 1 X
AT3G22990 LFR* 2 X
AT1G21700 SWI3C* 2 1 2 X
AT4G34430 SWI3D* 2 1 2 X
AT3G01890 SWP73A* 2 X
AT5G14170 SWP73B* 2 1 2 X
AT2G28290 SYD* 2 2 2 X
AT4G35550 WOX13 1 1 2 X

TPLATE AT3G01780 TPLATE 2 2 2 X
AT3G50590 TWD40-1 2 2 2 X
AT5G24710 TWD40-2 2 2 2 X
AT5G57460 TML 2 2 2 X
AT2G07360 TASH3 2 2 2 X
AT1G20760 AtEHT 2 2 2 X
AT1G21630 AtEH2 2 2 2 X
AT1G15370 LOLITA 2 1 2 X

PPD2 AT4G14720 PPD2 2 2 NT X
AT4G28910 NINJA 2 2 NT X
AT4G32295 KIX8 2 2 NT X
AT3G17860 JAZ3 2 2 NT X
AT4G32570 TIFY8 2 1 NT X
AT3G24150 KIX9 1 NT X

interactors found per tag was obtained for each bait
protein (Table I).

Previously, TAP experiments revealed conservation
of the interaction of AN3 with the SWI/SNF chroma-
tin-remodeling complex in Arabidopsis and maize
(Vercruyssen et al., 2014; Nelissen et al., 2015). More-
over, multiple interactions were identified with TFs
such as with growth regulatory factors (GRFs) and with
WUSCHEL-related homeobox13 (WOX13; Nelissen
et al., 2015). TAP on AN3-GS*°v Arabidopsis cell
cultures detected 13 subunits of the SWI/SNF chro-
matin-remodeling complex (Table I), together with
three additional proteins (WOX13 and two dentin si-
alophosphoprotein-related proteins, AT5G07940 and
AT5G07980), which are thought to associate either
with the core SWI/SNF complex or with AN3
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(Vercruyssen et al., 2014; Nelissen et al., 2015). For the
GShire-tagged version of AN3, only seven SWI/SNF
core subunits were retrieved, together with WOX13.
When the TAPs with AN3-GS'el*v were performed on
seedling extracts, 15 out of the 16 reported interacting
proteins found with TAP in planta were confirmed
(Table I; Supplemental Table S1C; Vercruyssen et al.,
2014). In contrast to the previous seedling TAPs, two
additional core SWI/SNF complex subunits were iden-
tified, BCL7B-1 and dentin sialophosphoprotein-related
AT5G07940 (Nelissen et al., 2015; Sarnowska et al.,
2016). Besides these 17 core proteins, the seedling ex-
periments also confirmed the association with WOX13
as well as the interaction with GRF3 (Debernardi et al.,
2014), although the latter was found only once over the
two TAP duplicates (Table I).
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To further assess the functionality of the GS¥*¥ tag
for TAP-MS in cell culture and seedlings, we analyzed
TPLATE interactors, as the endocytosis-related TPLATE
complex has been reported to consist of eight subunits
(Gadeyne et al., 2014). For the TPLATE cell culture
TAPs, both the GS*°v and GS™ir TAPs purified the
complete octameric complex (Table I). Subsequent TAPs
on seedlings of the complemented pLat52:TPLATE-
GSyelow transgenic line confirmed the capacity of the
GSvellow tag to identify all components of the octameric
TPLATE complex from plants (Table I).

Finally, the performance of the G5°* tag in TAP
was analyzed on PPD2, a class II TIFY protein (Cuéllar
Pérez et al., 2014) that regulates leaf development
through the repression of asymmetric meristemoid di-
vision (Gonzalez et al., 2015). Cell culture TAP analy-
ses have shown that PPD2 interacts with other proteins
belonging to TIFY class II, with NINJA, and with mem-
bers of the KIX protein family (Gonzalez et al., 2015).
In our analysis, NINJA and two class II TIFY proteins
(jasmonate-zim-domain protein3 and TIFY8) were val-
idated as PPD2 interactors using both TAP-tagged ver-
sions of the bait (Table I). Moreover, interactions with
the KIX protein family members KIX8 and KIX9 were
confirmed with the GS¥* tag, whereas the GS™ tag
only copurified KIX8.

Given the high overlap of the GS¥*" interaction
data for three independent bait proteins with previ-
ously published data and with the new GS™in® TAP re-
sults, it is clear that the performance of the GS*°¥ tag
is comparable to that of the GS™™ tag, enabling protein
complex analysis in both Arabidopsis cell cultures and
seedlings.

Extension of the GS¥"* Tag for ChIP-seq Analysis in
Arabidopsis

Besides implementing the GS**"* TAP tag for the dis-
covery of protein-protein interactions, its performance
was evaluated for the identification of protein-DNA in-
teractions through ChIP-seq in Arabidopsis. For proof
of concept, the genome-wide DNA-binding landscape
of the PPD2 repressor was analyzed by ChIP-seq in
cell culture. In the benchmark study (Gonzalez et al.,
2015), genes bound by PPD2 were identified by tan-
dem chromatin affinity purification (TChAP)-seq
analysis (Verkest et al., 2014) on a PPD2-His-Bio-His
(HBH) transgenic cell culture. This analysis showed
that PPD2 mainly targets promoter regions, which
were enriched with a G-box motif (CACGTG) as a
cis-regulatory element. Gene Ontology (GO) enrich-
ment analysis showed a preference for binding genes
involved in transcriptional regulation and in hormone
metabolism. Integration of the TChAP-seq data with
transcriptome data from Arabidopsis ppd2 knockdown
plants revealed a set of 13 repressed direct target genes,
including two D3-type cyclins, providing insight into
how PPD2 restricts meristemoid division. In the PPD2
benchmark study (Gonzalez et al., 2015), the GSvelew
tag was used for ChlP-quantitative PCR confirmation
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of five PPD2 direct target genes (CYCD3;2, CYCD3;3,
ALCATRAZ, SCHLAFMUTZE, and PPD2). For this
ChIP-quantitative PCR confirmation analysis, an exist-
ing GFP-based ChIP protocol (Morohashi et al., 2012)
was adapted for ChIP with the GS¥*** tag.

To obtain a more comprehensive view of the per-
formance of the GS''*v tag in ChIP, we performed a
genome-wide ChIP-seq analysis on PPD2-GS!ov cell
cultures and compared this with the PPD2-HBH
TChAP-seq results. To increase the stringency of the
obtained data, two technical ChIP-seq repeats were
performed. For normalization, a negative control
ChIP-seq was done on a nucleus-localized version of
the GS* tag (NLS-GS**"). After read mapping and
peak calling, the identified targets were compared with
data derived from two PPD2-HBH TChAP-seq exper-
iments, which were normalized to a mock wild-type
TChAP control. Because the previously reported
data set of the first PPD2-HBH TChAP-seq analysis
(Gonzalez et al., 2015) was created using an older
version of the peak calling tool MACS, it was here re-
analyzed along with a new PPD2-HBH TChAP-seq ex-
periment. Upon merging the output of the two HBH
TChAP experiments, 1,096 peaks corresponding to
1,034 genes were identified in the intersection of both
experiments, retaining 11 of the 13 previously reported
transcriptionally regulated direct target genes (Supple-
mental Table S2A).

For PPD2-GS¥*v, 1,562 peaks corresponding to
1,336 genes were found in the intersection between the
two replicates (Supplemental Table S2B). Comparison
of the GS**!** and HBH results showed that 45% of the
PPD2-HBH target genes were confirmed by PPD2-
GSvellew (Fig. 3A). Of the 11 transcriptionally regulated
target genes found in both HBH TChAP replicates (see
above), 10 were confirmed in both GS**¥ replicates.
When zooming in at the peak level, nine peaks cov-
ering eight of the transcriptionally regulated targets
showed a similar peak localization pattern in both
the HBH and GS**'** data sets (Table II; Supplemental
Table S2C). Although the TChAP-seq experiments vali-
dated one additional transcriptionally regulated direct
target, these targets were ranked higher in order in the
GSrelow data set when the lists were sorted according to
their fold enrichment (Table II). For the GS°v ChIPs,
four out of the eight transcriptionally regulated direct
targets were present among the 100 most enriched
genes, compared with only one for the HBH tag, in-
dicating more specific enrichment of true regulated
targets with the GS™* tag. In addition, a significant
overlap was found for both the GS¥*"* (13.4%, P =
3.02E-10) and HBH (14%, P = 7.43E-10) data sets when
compared with genes recently reported to be differen-
tially expressed in a ppd deletion mutant (White, 2017).

Analysis of the localization of the mapped peaks
retained by each tag demonstrated that most binding
events occurred in the 5" untranslated region and the
1-kb upstream region (Fig. 3, A-C), validating the bind-
ing of PPD2 to gene promoter regions. Furthermore, a
de novo motif analysis identified overrepresentation of
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Figure 3. Genome-wide ChIP-seq analysis of PPD2-GS*"*". ChIP was performed with an anti-GFP antibody on cell suspension
cultures (PSB-D) transformed with 35S:PPD2-GS***. The data were normalized to a 355:NLS-GS'*'**-expressing PSB-D culture
and compared with TChAP on PSB-D cultures transformed with 35S:PPD2-HBH (Gonzalez et al., 2015). A, Venn diagram of
genes shared in each retrieved gene list after normalization. B, Genome-wide distribution of PPD2 DNA-binding sites in rela-
tion to the gene structure. Only peaks present in the intersects of both replicates were considered. UTR, Untranslated region. C,
Distribution of the distance of peak summits to the nearest annotated translation start site (TLS) in bp. D, Graphic representation
of the enriched G-box motif bound by PPD2, as determined through de novo motif analysis on the GS¥¢*¥ ChlIP data.

the reported G-box in both PPD2-GS**" samples (Fig.
3D). A GO enrichment analysis of the GS¥*¥ data set
confirmed the TChAP data, showing that PPD2 has a
preference for binding to genes involved in transcrip-
tional regulation (P < 1.38E-30) and hormone response
(P < 2.86E-34; Supplemental Table S3, A and B). In-
terestingly, when we analyzed the 250 most strongly

enriched genes of the subsets that were unique for ei-
ther the GS¥v or the HBH tag intersects, these two
GO terms were much more significantly enriched with
the GS'!°* tag (Supplemental Table S3, C and D). In the
end, by combining the PPD2-GS¥!** and PPD2-HBH
data sets, a stringent data set covering 468 genes was
obtained (Supplemental Table S2C), offering a reliable

Table II. Overview of genes transcriptionally regulated by PPD2 that are present in both the PPD2-

GSellov and PPD2-HBH ChlP intersects

Published direct target genes of PPD2 (Gonzalez et al., 2015) are shown, together with their fold en-
richments (FE) and significance [-Log(q)] in both the PPD2-GS¥*"*¥ and PPD2-HBH intersects. Boldface
numbers indicate ranking of the FE value in the top 100 of highest enriched targets. Ranking is based on

the first replicate.

454

Closest Gene Gene Symbol PPD2-GSyellow PPD2-HBH

Rank FE —Log(q) Rank FE -Log(q)
AT5G67260 CYCD3;2 32 7.56 49.40 149 6.27 37.22
AT3G50070 CYCD3;3 47 7.02 43.29 179 5.57 31.47
AT3G54990 SMZ 79 6.28 35.01 252 4.81 26.55
AT2G37630 AS1 92 6.08 32.62 154 6.18 29.08
AT5G67110 ALC 109 5.87 31.06 114 6.84 38.20
AT5G54510 DFL 197 5.13 23.60 20 11.87 97.01
AT1G14900 HMGA 262 4.82 37.74 511 3.61 24.06
AT1G23870 TPS9 466 4.26 32.38 1055 2.05 7.07
AT5G54510 DFL 645 3.78 19.45 570 3.41 12.76
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Figure 4. Functional analysis of ZmAN3-GS*** along the maize leaf growth zone. A, Confocal microscopy image of the di-
vision zone of leaf 4 at 2 d after emerging, showing nuclear localization of ZmAN3. Bar = 20 pm. B, Relative intensity-based
label-free quantification of copurified proteins identified with TAP on ZmAN3-GS*'** shown in a volcano plot. Comparison
between the division zone and the expansion zone delineates significant changes of interaction partners between the zones.
GRFs and AN3 core complex members are indicated in red and blue, respectively.

source to the community for further functional analy-
sis of PPD2. Taken together, these data show that the
multifunctional GS¥*"* tag can be used for ChIP anal-
ysis in Arabidopsis applying a standard GFP-based
ChIP protocol.

Dynamic Protein-Protein Interaction Mapping in Maize
with the GS¥* Tag

To assess the performance of the GS**!°¥ tag in other
plant species, the multifunctionality of the tag was
tested in the monocot maize. The leaf growth regula-
tor ZmANS3, which is the ortholog of Arabidopsis AN3
(Nelissen et al., 2015), was selected as the benchmark
protein. The maize leaf is an excellent system in which
to investigate leaf development because of its linear
organization, spatially separating the leaf growth zone
into zones of cell division and cell expansion. Previ-
ously, the dynamics of the ZmANB3 protein complex
along the different growth zones of the maize leaf were
mapped by GS TAP experiments (Nelissen et al., 2015),
revealing the stable interaction of ZmAN3 with the
SWI/SNF complex along the leaf growth zone, whereas
dynamic interactions were observed with GRFs
(Nelissen et al., 2015). Using these results as a bench-
mark, the performance of the multifunctional GSyelov
tag in maize was assessed by fusion of the tag to the
C-terminal end of ZmANS3. A transgenic maize line,
called ZmAN3-GS¥*, was generated containing a sin-
gle T-DNAlocus. Similar to the benchmark maize study,
expression was driven by a mild constitutive ubiquitin
promoter (pUBIL; Coussens et al., 2012), enhancing
the competition for interaction partners with the en-
dogenous ZmAN3. After detection of the transgene-
derived fusion protein by western blotting, this
ZmANBS-GS*v line was used for all further analyses.
In agreement with the previous study where the
pUBIL:ZmANS3-GS line was analyzed (Nelissen et al.,
2015), the overall final leaf size of the resulting
pUBIL:ZmAN3-GS¥* line was not significantly dif-
ferent from that of the nontransgenic siblings (Student’s

Plant Physiol. Vol. 177, 2018

t test, P = 0.24; n > 15; Supplemental Fig. S3), but the
pUBIL:ZmANB3-GS** plants developed slower than
the nontransgenic siblings. The lack of a growth phe-
notype is in contrast to the phenotype observed in
Arabidopsis, where overexpression of AN3 leads to
an increase in final leaf size (Vercruyssen et al., 2014).
In Arabidopsis, however, the strong 35S promoter was
used, whereas in maize, we used the milder ubiquitin
promoter. One possible explanation for this discrep-
ancy is that the strength of the phenotypes correlates
with the overexpression levels obtained in leaves. To
confirm that the GS¥* fusion protein was functional,
its localization pattern was examined at the subcel-
lular level. Confocal microscopy analysis of the basal
part of leaf 4, reflecting the division zone, showed ac-
cumulation of the YFP signal in the nucleus (Fig. 4A),
in agreement with the localization pattern observed in
Arabidopsis (Vercruyssen et al., 2014).

For dynamic protein interactome mapping with the
GSyelov tag along the maize leaf growth zone, separate
protein extracts were prepared from either the divi-
sion or expansion zone of the emerging leaf 4, and five
TAP experiments were performed for each zone. After
MS-based identification of copurifying proteins (Sup-
plemental Table S4A), background and nonspecific
proteins (Supplemental Table S4, B and C) were fil-
tered out. The resulting ZmAN3-GS¥*¥ TAP network
(Table III) mainly reiterated known ZmAN3 interac-
tions, next to some additional copurified proteins (Sup-
plemental Table S4D). Comparison with the known
GS TAP network shows that we were able to copurify
the complete SWI/SNF core complex in both growth
zones, even further expanding the complex with addi-
tional homologs for several complex members (BCL?,
BRD1, and SWI3D). Also, the interaction pattern of the
GRF family in the leaf growth zone was in agreement
with the GS TAP network. Interestingly, GRF11, previ-
ously identified as a ZmANS3 interactor that is specific
for the ear, was now also found in the leaf. To further
analyze the dynamic nature of the GRF interactors in
more detail, the label-free quantitative MS data were
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Table III. Evaluation of GS¥"** performance in TAP experiments on ZmAN3 in maize

The data were compared with previously published results in maize (Nelissen et al., 2015). The numbers of experiments are indicated in

parentheses.

Protein Identifier Protein Name

GSyellow Previously Reported

Division Zone (5)

Expansion Zone (5) Division Zone (4) Expansion Zone (4)

Core subunits

GRMZM2G180246 ZmAN3
GRMZM2G015384 ARP4
GRMZM2G015861 ARP7
GRMZM2G018955 BCL7
GRMZM2G005646 BCL7
GRMZM2(G020548 BRD1
GRMZM2(G044044 BRD1
GRMZM2G336962 BRD1
GRMZM2G353779/ BRD1
GRMZM2G312501
GRMZM2(G163849 BRM
GRMZM2G103079 Dentin sialophosphoprotein
GRMZM5G816791 Dentin sialophosphoprotein
GRMZM2G473310 G2484-1
GRMZM2G033478 G2484-1
AC198518.3_ GLTSCR
FGP003
GRMZM2G476652 LFR
GRMZM2G139760 SWI3C (SWIRM)
GRMZM2G340756 SWI3C (SWIRM)
GRMZM2G119261 SWI3D (CHB3)
GRMZM2G047038 SWI3D (CHB3)
GRMZM2G052416 SWP73B (CHC1)
GRMZM2G467799 SYD
GRMZM2G387890 SYD

GRFs
GRMZM2G034876 GRF1
GRMZM2G096709/ GRF4/GRF10
GRMZM2G004619
GRMZM2G067743 GRF11
GRMZM2G119359 GRF12
GRMZM2G178261 GRF15
GRMZM2G124566 GRF17
GRMZM2G105335 GRF3
GRMZM2G129147 GRF5
GRMZM2G041223 GRF6
GRMZM5G850129 GRF7

[S2NC, BNG, BE, BRC, NGy | [S2 BN©, RIS, BRE; BT, BT, BRE, BE, B, |

[S2] [S2RNC; BNC, RRC, RRE; RO, BRC, INE, |

~

(GG I N B N, IS

5 4 4
5 4 4
5 4 4
5 4 2
5
5 4 2
5 2 1
3
5 3 3
5 4 4
5 4 4
5 4 4
5 4 4
5 4 4
5 4 4
5 3 3
5 4 2
5 4 4
4
5 4 4
5 4 4
5 4 4
5 4 4
3 4 2
5 4 4
4
4 40
4
1 4 1
2
1 2
1 3
4 4

“ldentified with one significant peptide.

statistically compared over the two growth zones.
This analysis identified seven interactors that were
enriched significantly in the division zone, including
six GRFs and an auxin response factor, while the bait
and the core SWI/SNF subunits were stable between
the two zones (Fig. 4B; Supplemental Table S4E). The
division zone-specific GRFs show a high overlap with
the ones reported previously (Nelissen et al., 2015),
confirming four dynamic GRFs (GRF1, GRF6, GRF15,
and GRF17). Moreover, although both proteins could
not be discriminated on the MS level, the quantitative
analysis validated that GRF4 and /or GRF10, which are
both insensitive to the microRNA miR396b that targets
GRF transcripts, interact(s) with ZmANS3 in both the
division as well as the expansion zone. Taken together,
these data show that the GS**!*" TAP tag can be used
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to isolate and map dynamic protein complexes in the
maize leaf.

Identification of ZmAN3 Target Genes through GSy'°*-
Based ChIP-seq in Maize

Finally, we assessed whether a GFP-based ChIP pro-
tocol using GS**'** also can be applied to maize. Here,
genome-wide target genes of ZmAN3-GS™*" were
identified through ChIP-seq on the growth zone of the
maize leaf. As benchmarks, two different studies were
used. In the first study, ZmANQ3 target genes were iden-
tified in developing tassels of maize through a com-
parison of genes differentially expressed in a ZmAN3
mutant with genes bound by ZmANB3-GFP (Zhang
et al., 2018), whereas in the second study, Arabidopsis
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Figure 5. Identification of genome-wide ZmAN3-GS¥** binding sites through ChIP-seq on the growth zone of leaf 4 in maize.
ChIP experiments were carried out in parallel on the full growth zone (cm 1-4) of leaf 4 at 2 d after emerging. A, Overview of
the strategy used to identify genome-wide target genes of ZmAN3 through ChlIP-seq. Normalization against two negative con-
trols (NOAB and ZmNLS-GS'**¥) was carried out on two ZmANS3 replicates. For each normalization method, peaks in common
between the two replicates were identified if 50% or more of the peaks overlapped. To identify high-confidence peaks, only
peaks were retained in the overlap of both normalization methods, and peaks locating in greater than 5-kb intergenic regions
were removed. B, Distance distribution per negative control in bp of ZmAN3 peak summits to the closest translation start or stop
site. C, Schematic representation of genome-wide ZmAN3-binding sites in relation to the gene structure. UTR, Untranslated

region.

ANB3 target genes were mapped by HBH-based
TChAP-seq experiments in Arabidopsis cell culture
(Vercruyssen et al.,, 2014). For the ZmANB3-GSyelow
experiments in maize, two replicate ChIP samples
were generated from the growth zone encompassing
the division, transition, and expansion zones of the
ZmAN3-GS*v transgenic line (Fig. 5A). Each rep-
licate was normalized against two different negative
controls: (1) extracts derived from a maize transgenic
line expressing a nucleus-localized version of the GSyelow
tag (pUBIL:ZmNLS-GS¥*%), and (2) a no-antibody
control (NoAB) on extracts derived from ZmAN3-
GSrelow in which the anti-GFP antibody used during
ChlIP to enrich the AN3-GS*"**-bound chromatin frag-
ments was omitted. To increase the stringency of the
obtained data, only peaks found in common (peak in-
tersect, 50% or greater) between both ZmAN3-GSyellow
replicates were considered. Normalization against the
ZmNLS-GS"*" control rendered 2,132 common peaks
mapping to 1,828 genes (Supplemental Table S5A),
whereas with normalization against the NoAB control,
3,091 common peaks mapping to 2,526 genes were
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identified (Fig. 5A; Supplemental Table S5B). Both nor-
malization methods generated a similar peak distribu-
tion, covering mainly binding events located in close
proximity of genes (Fig. 5B). Although the binding of
ZmANS3 was located in a variety of genomic contexts,
the highest fraction of peak summits was found in the
2-kb upstream region, reflecting binding events mainly
in promoter regions (Fig. 5C). This preference for bind-
ing in promoter regions is in agreement with the maize
and Arabidopsis ChlIP-seq data and corroborates the
molecular function of AN3 as a coactivator of gene ex-
pression (Vercruyssen et al., 2014; Zhang et al., 2018).
To further increase the stringency of the obtained data,
two additional filters were applied (Fig. 5A). First,
only peaks found in the overlap of both normalization
methods were taken into account (Supplemental Table
S5C). Second, in agreement with a previous maize ChIP
study (Morohashi et al., 2012), peaks were removed
that were located in intergenic regions more than 5 kb
upstream of the translation start or 5 kb downstream
of the translation stop. These filtering steps resulted in
a final list of 1,217 high-confidence peaks located near
1,106 genes (Supplemental Table S5D).
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To obtain a broad view of the function of the ZmAN3
target genes, a GO enrichment analysis was performed
on the 1,106 genes bound by ZmAN3 (Supplemental
Table S5E), clearly supporting its role in leaf growth
and development. The most significantly enriched bi-
ological process, however, was regulation of transcrip-
tion (hypergeometric test, P = 9.59E-16), an observation
that was strengthened by the significant overlap with
two maize TF databases (Yilmaz et al., 2009; Jin et al.,
2017) showing that almost one-fifth of the peaks (237
out of 1,217) mapped to a gene encoding a TF (hyper-
geometric test, P = 1.37E-47; Supplemental Table S5D).
This is in agreement with observations made in the two
ANB3 benchmark studies. Several enriched GO terms
further validate the observation made in the maize tas-
sel study that ZmAN3 also has a preference to regulate
hormone-related genes (Zhang et al., 2018).

To investigate the functional conservation of ZmAN3
across different maize tissues, the maize leaf ChIP-seq
data were compared with the ZmANB3 target genes
that were identified recently in developing tassels by
ChIP-seq and transcriptome analyses (Zhang et al.,
2018). Whereas a small but significant overlap was de-
tected between the leaf and tassel ChIP-seq data sets
(hypergeometric test, P = 4.66E-02), 14.5% of the leaf
ChIP targets were differentially expressed in the tassel
of the ZmAN3 mutant line, representing a highly sig-
nificant overlap (hypergeometric test, P = 1.23E-50; Fig.
6A; Supplemental Table S5D). This not only pinpoints
the high quality of the leaf ChIP data but, in addition,
indicates that ZmANS3 regulates similar genes in the
leaf growth zone and in developing tassels. Many in-
teresting genes were present in this overlap, such as
GRMZM2G399072, an ortholog of AINTEGUMENTA,
encoding a key regulator of final leaf and flower size
in Arabidopsis (Mizukami and Fischer, 2000; Krizek,
2009). This gene was one of the most strongly enriched
genes (rank 8) when the ChIP data set was sorted ac-
cording to the average fold enrichment over the four
experiments (Supplemental Table S5D). Another com-
mon gene was GRMZM2G445169, encoding an expan-
sin (EXPA4) involved in cell expansion. This indicates
that ZmAN3 might directly regulate cell expansion,
as further demonstrated by the presence of five ad-
ditional expansin genes specifically found in the leaf
ChIP data, of which two were among the most highly
enriched genes (EXPAS, rank 4, and EXPB4, rank 17;
Supplemental Table S5D). The leaf ChIP data also sup-
port the tassel transcriptome data set in that ZmAN3
regulates genes involved in cell proliferation, as wit-
nessed by the strong binding in the promoter region of
the D-type cyclin cell cycle regulator ZmCycD7;1 (rank
92; Fig. 6B). Finally, the presence of two GRFs (ZmGRF3
and ZmGRF17) in the overlap reinforces the existence
of transcriptional feedback mechanisms, which were
reported previously in both Arabidopsis and maize
(Vercruyssen et al., 2014; Zhang et al., 2018). Intrigu-
ingly, the expression of ZmGRF17 was down-regulated
in the ZmAN3 tassel mutant, whereas the expres-
sion of ZmGRF3 was up-regulated. In addition, we
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also identified binding to two other GRFs (ZmGRF1
and ZmGRF9), which might reflect specific targets of
ZmANS3 in the leaf. The underlying feedback mecha-
nisms might be even more complex, as demonstrated
by the presence of several TEOSINTE BRANCHED1/
CYCLOIDEA /PCF (TCP) TF members in the leaf ChIP
data (Fig. 6B; Supplemental Table S5D), which are
known to activate the expression of the microRNA
miR396b that targets GRF transcripts (Schommer et al.,
2014; Omidbakhshfard et al., 2015).

To shed light on the overall conservation of the AN3
DNA-binding landscape across dicots and monocots,
Arabidopsis orthologs of the maize ZmANS3 targets
were stringently identified and compared with the Ara-
bidopsis TChAP targets (Vercruyssen et al., 2014). This
analysis revealed that more than one-third (36%) of the
maize AN3 targets for which an Arabidopsis ortholog
could be determined were present in the Arabidopsis
TChAP-seq data (Fig. 6A; Supplemental Table S5F).
This reflects a highly significant overlap (hypergeo-
metric test, P = 1.53E-73) and illustrates the functional
conservation of AN3 target genes between monocots
and dicots. A GO enrichment analysis (Supplemen-
tal Table S5G) of these conserved target genes con-
firmed the role of AN3 as an upstream regulator of TFs
(GO:0003700, P = 9.91E-08) and as a regulator of leaf
growth and development (e.g. GO:0040007, growth,
P =7.18E-06; GO:0048367, shoot system development,
P = 1.00E-03; Supplemental Table S5H). However, one
of the most strongly enriched GO terms among the con-
served targets was response to hormone (GO:0009725,
P =2.55E-19), supporting observations reported earlier
in the ZmANS3 tassel study (Zhang et al., 2018). This
shows the functional conservation of ZmAN3 across
different plant species as a master regulator of an ex-
tended downstream transcriptional network as well
as a regulator of hormonal responses and of genes in-
volved in leaf growth and development.

In summary, the conserved features of the AN3
DNA-binding landscape between different maize tis-
sues and across monocots and dicots reflect the high
quality of the maize leaf ChIP data, demonstrating that
the GS™°" tag can be used for ChIP analyses on spe-
cific tissues of maize.

DISCUSSION

In this study, a multifunctional GS**"** tag was de-
veloped to identify protein-protein and protein-DNA
interactions while simultaneously allowing the gather-
ing of information on the subcellular localization pat-
tern of the bait of interest from a single transformed
line. This Swiss-knife approach of performing multiple
types of experiments on a single transgenic line is ad-
vantageous because it avoids extra cloning and trans-
formation work, which is particularly interesting for
plant species for which the throughput of transforma-
tion is limited. Moreover, because variation in the posi-
tional effects of transgene insertion is eliminated when
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Figure 6. Analysis of ZmAN3-GS**v |eaf ChIP targets. A, The first Venn diagram represents the significant overlap of the
ZmAN3-GS*'* maize leaf ChIP data with genes differentially expressed (DEG) in the tassel of the ZmAN3 mutant (hyper-
geometric test, P = 1.23E-50) or with genes identified by ChIP in the tassel using ZmAN3-GFP. In the second Venn diagram,
the significant overlap (hypergeometric test, P = 1.53E-73) is shown between the leaf ZmAN3-GS¥e'> ChlIP targets and the
Arabidopsis cell culture TChAP targets, taking only genes into account for which an ortholog could be determined. ** = highly
significant overlap. B, Sashimi plot obtained from the Integrative Genomics Viewer, demonstrating the binding of ZmAN3
to the promoter regions of ZmCycD7;1 (GRMZM2G058410) and TCP TF (GRMZM2G003944). The sequence reads of both
ZmANS3 replicates and of the two control samples (ZmNLS and NoAB) are shown. The ZmCycD7;1 and TCP gene regions are

represented by blue bars.

working on a single transgenic line, it enables a more
accurate comparison of data obtained from different
types of experiments.

For protein complex analysis, the main advantage of
the GS'*l°v tag compared with a single GFP tag resides
in its flexibility to explore protein-protein interactions
through TAP, delivering protein complexes of high pu-
rity, which is advantageous for the detection of strong
substoichiometric interactions and for further down-
stream analysis (Van Leene et al., 2015). Moreover, be-
cause of the presence of the cYFP moiety, the GSyellow
tag also can be used for single-step GFP-based affinity
purification methods (Smaczniak et al., 2012; Wendrich
et al., 2017), increasing the chance of detecting weak
interactions in case these would be lost during TAP. As
such, the GS™°* tag offers a versatile tool for protein
complex analysis by applying either a single affinity
purification or a TAP protocol, while maintaining the
possibility to perform subcellular localization and an-
ti-GFP-based ChIP-seq analyses.

To analyze the efficiency of the GS*!*" tag, several
benchmark proteins were selected in Arabidopsis and
maize. Through complementation analysis, we show
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that the G5 tag does not cause sterical hindrance
or impede the functionality of the tested bait proteins.
Moreover, the confirmation of known interaction part-
ners or known target genes indicates that the GS¥ellow
tag performs comparable to the available alternatives.
For TAP using AN3 and PPD2 as bait proteins in Ara-
bidopsis cell cultures, the GS¥!°* tag even slightly out-
performed the GS™™ TAP results.

The performance of the GS¥*"** tag for ChIP in plants
was demonstrated by the extensive overlap of PPD2-
or ZmANB3-GS®*" target genes with previously re-
ported target genes (Vercruyssen et al., 2014; Zhang
et al., 2018). Interestingly, the maize ZmAN3 ChIP-seq
results revealed that not only the association of AN3
with the SWI/SNF complex and GRFs is conserved
across dicots and monocots (Nelissen et al., 2015) but
also its target genes. Moreover, it appeared that these
conserved target genes are highly enriched for TFs,
shedding light on how AN3 acts as a conserved mas-
ter regulator of downstream transcriptional networks.
Although the binding of ZmAN3 to genes encoding
GRFs and TCPs shows the existence of complex regu-
latory feedback loops, follow-up research is required to
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clarify the exact nature of these regulatory mecha-
nisms. In addition to the identification of conserved
targets, many novel maize-specific targets were found.
These might have been missed in the Arabidopsis
TChAP-seq data because of the cell culture context,
whereas in this study, binding was assessed in the en-
dogenous context of ZmANS3 in the leaf growth zone.
Conversely, comparison of the ZmAN3 leaf ChIP data
with genes that are differentially expressed in the de-
veloping tassel of a ZmAN3 mutant (Zhang et al., 2018)
showed a high degree of conservation among ZmAN3
target genes across different tissues. In future research,
it will be interesting to exploit the ZmAN3-GSelov
fusion for dynamic mapping of the gene regulatory
networks acting in the different growth zones of the
developing maize leaf. This will provide more insight
into how ZmANS3 targets different genes through its
dynamic interaction with GRFs or other TFs and, ul-
timately, should contribute to our understanding of
how ANS3 regulates leaf growth and development
in plants.

In conclusion, we demonstrated that the GSyelew
molecular toolbox provides added value for func-
tional studies of proteins in plant model species and
crops and should further boost the output of plant
research.

MATERIALS AND METHODS
Construction of Entry Clones

Primer sequences used for cloning are listed in Supplemental Table S6. The
production of the following entry clones through the Gateway recombination
method (Invitrogen) is described elsewhere: pEN-LI1L2_AN3 (Vercruyssen
etal., 2014), pEN-L4R1_proLat52 and pEN-L1L2_TPLATE (Van Damme et al.,
2006), pEN-L1L2_PPD2 (Gonzalez et al., 2015), pEN-L1L2_NLS and pEN-
L4R1_proUBIL (Karimi et al., 2007), and pEN-L1L2_ZmAN3 (Nelissen et al.,
2015). For ZmNLS (Varagona et al., 1992), pEN-L1L2_ZmNLS was constructed
through overlap PCR with attB1_ZmNLS_Fwd and attB2_ZmNLS_Rev prim-
ers and cloned into pDONR221 via a BP reaction.

The GS¥*** tags were constructed as follows. For the C-terminal GS**'* tag,
we first isolated cYFP DNA from DR5:PIN-cYFP maize plants (Mohanty et al.,
2009) and amplified it using SBP+cYFP_Fwd and attB3_GFP/cYFP_Rev primers.
In parallel, we amplified the SBP-TEV2-Rh3C2 fragment from pEN-L1L2-
GSeeen (Blomme et al., 2017) using attB2R_Gly4Ser_linker_Fwd and SBP+cYFP_
Rev primers. Both PCR products were then combined using extension overlap
PCR and cloned into pDONRP2RP3 to produce pEN-R2L3-GS*"**. The
N-terminal GS¥'*" tag was synthesized in pUC57 as attBl-Qleader-cYFP-
Rh3C,-TEV,-SBP-G4S-attB2 and cloned directly into pDONR221 using a BP
reaction to produce pEN-L1L2_NGS¥*"**. The pUC57 vector also was used as
a template for an adaptor PCR with attB4/attB1R Gateway sites. The resulting
PCR product was cloned into pPDONRP4P1R to produce pEN-L4L1R-NGSyeev,

Construction of the organelle-targeting peptide variants was carried out
as follows. NLS (for nuclear targeting), mitochondrial, chloroplast, and 252
(for ER targeting) N-terminal GS™ and GS** targeting peptide TAP tag
sequences were synthesized with minor codon adaptations and flanked by
attBl/attB2 Gateway recombination sites. The sequences for the organelle-
targeting peptides were respectively obtained from pEN-L1L2-NF (Karimi
et al., 2007), Arabidopsis 252 albumin (Krebbers et al., 1988), the E1 a-subunit
of plastid pyruvate dehydrogenase (Lee et al., 2009), and the cytochrome ¢
oxidase subunit 4 of Saccharomyces cerevisiae (Nelson et al., 2007). Synthesized
fragments were used in standard Gateway BP reactions with pDONR221 to
obtain attL1/attL2 entry vectors. The resulting vectors were used as templates
for adaptor PCR and transfer of the tags to pPDONRP4P1IR. All generated Gate-
way entry vectors are listed in Supplemental Table S7.
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Construction of Expression Vectors

35S:0ORF-tag or 35S:tag-ORF constructs were generated as described previ-
ously (Van Leene et al., 2011). The organelle-targeting NGS™i" expression vec-
tors were produced through multisite Gateway LR reaction with pEN-L4R1-2
(p35S) and pEN-R2L3-F (GFP) entry vectors into the pK7m34GW destination
vector (Karimi et al., 2007). pLat52:TPLATE-GS*"* was produced through
multisite Gateway LR reaction with the corresponding entry vectors and the
pB7m34GW destination vector. pUBIL:ZmAN3-GS¥!** was constructed using
the pBb7m34GW destination vector (Karimi et al., 2013). All obtained Gateway
expression vectors are listed in Supplemental Table S7.

Plant Materials, Growth Conditions, and Growth
Measurements

PSB-D Arabidopsis (Arabidopsis thaliana ecotype Landsberg erecta) cell sus-
pension cultures were transformed with 35S5:ORF-tag constructs as described
previously (Van Leene et al., 2011). Transformation of Arabidopsis (ecotype
Columbia-0) plants was carried out through standard floral dip. 355:AN3-
GSyellow was transformed into the wild-type background, and transgenic offspring
were selected on one-half-strength Murashige and Skoog medium supple-
mented with kanamycin. Arabidopsis seedlings that expressed 35S5:AN3-
GSyellow were grown in vitro for 6 d on one-half-strength Murashige and Skoog
medium supplemented with 1% (w/v) Suc. pLat52:TPLATE-GS*** was
transformed into the SALK_0030086 heterozygous mutant background, and
transformants were selected on one-half-strength Murashige and Skoog me-
dium supplemented with Basta. For TAP, Arabidopsis seedlings were grown
as described previously (Van Leene et al., 2015). Analysis of the overexpres-
sor phenotype of the AN3 lines was carried out as described previously
(Vercruyssen et al., 2014). Briefly, plants were grown for 21 d in vitro on one-
half-strength Murashige and Skoog medium supplemented with 1% (w/v)
Suc at 21°C under a 16-h-day/8-h-night regime. Leaf areas were measured with
Image] (https:/ /imagej.net/Welcome) after dissection of individual leaves.

For maize (Zea mays) experiments, a B104 inbred line was transformed with
pUBIL:ZmAN3-GS¥l*™ via Agrobacterium tumefaciens-mediated transforma-
tion of immature embryos (Coussens et al., 2012). Fifteen transgenic lines were
backcrossed to B104, from which one line, named ZmAN3-GS¥***, containing
a single T-DNA locus and showing protein expression on western blot, was
retained for all further analyses. Segregating offspring were identified using
either the PAT assay (AgraStrip LL), which tests for bar marker gene activity, or
through scoring of the fluorescent GS**** signal in the root tip (Supplemental
Fig. S4). Plants were grown and harvested as described previously (Nelissen
et al., 2015). Detection of GS¥!**-tagged proteins was performed with ab290
anti-GFP (Abcam). Growth analyses were performed as described (Nelissen
etal., 2013).

Analysis of TPLATE Complementation through
Genotyping and Scanning Electron Microscopy

Genotyping PCR to analyze the TPLATE T-DNA insertion locus (SALK_
0030086) was carried out as described previously (Van Damme et al., 2006).
Segregation analysis of heterozygous TPLATE mutants and heterozygous
TPLATE mutants homozygous for pLat52:TPLATE-GS*"* was checked via
PCR. To study pollen viability by scanning electron microscopy, air-dried
pollen from wild-type (Col-0), heterozygous TPLATE mutants, and heterozy-
gous TPLATE mutants homozygous for pLat52:TPLATE-GS"*"** were taped on
stubs and examined with a Hitachi table-top microscope (TM-1000; Hitachi
High-Technologies Europe) under a 15-kV acceleration voltage. Quantifi-
cation of pollen morphology (ratios of shriveled versus normal pollen) was
performed via visual scoring of the phenotype based on the scanning electron
microscopy images acquired.

TAP

Arabidopsis cell culture and seedling TAP experiments were carried out as
described previously (Van Leene et al., 2015), applying minor adaptations for
the GSY*o~ TAPs. Briefly, protein extracts were derived from 2.5 g of harvested
cells or 50 g of 6-d-old seedlings grown in liquid one-half-strength Murashige
and Skoog medium. For TAP, 25 mg (cell culture) or maximum (seedlings, us-
ing equal input for duplicates) total protein was used as input, and complexes
were purified using 25 uL of IgG-Sepharose (GS™™) or anti-GFP agarose beads
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(GSyelew; GFP-Trap-A; Chromotek). After binding, complexes were eluted us-
ing 10 units of rhinovirus 3C protease and further isolated on 25-uL streptavi-
din beads as described (Van Leene et al., 2015). For cell culture TAPs, purified
proteins were eluted with 30 pL of 1x NuPAGE sample buffer (Invitrogen),
supplemented with 20 mm desthiobiotin. For seedling TAPs, proteins were
eluted in 1 mL of streptavidin elution buffer and concentrated by TCA precip-
itation. The protein pellet was resolved in 30 uL of 1x NuPAGE sample buffer.
Proteins were separated on NuPAGE Bis-Tris gels (Invitrogen). TAPs on maize
were executed as described previously (Nelissen et al., 2015); however, the
amount and type of the beads used follow the GS*®* Arabidopsis cell culture
TAP protocol, starting from 5 g of maize leaf tissue (leaf 4, growth zone from
cm 1 to 4).

Liquid Chromatography-Tandem MS Analysis

After separation, proteins were Coomassie blue stained and in-gel digested
with trypsin as described previously (Van Leene et al., 2015). The digested
peptide mixtures were injected into a liquid chromatography-tandem MS sys-
tem using an Ultimate 3000 RSLCnano LC (Thermo Fisher Scientific) in-line
connected to either an LTQ Orbitrap Velos (Thermo Fisher Scientific; for the
Arabidopsis samples) or a Q Exactive mass spectrometer (Thermo Fisher Sci-
entific; for the maize samples), as described previously (Nelissen et al., 2015).
Briefly, peptides were separated through a 30-min linear gradient from 98%
solvent A9 (0.1%[v/v] formic acid in water) to 40% solvent B9 (0.1% [v/V]
formic acid in water:acetonitrile, 20:80 [v/v]), and for each MS1 scan, the 10
most abundant ions were chosen for fragmentation.

MS Data Analysis

For the Arabidopsis samples, a Mascot generic file was created using Mas-
cot Distiller (version 2.4.3.1 for the AN3 and TPLATE cell culture samples,
and version 2.5 for the PPD2 cell culture samples and the seedling samples).
Spectra with a maximum intermediate retention time of 30 s and a maximum
intermediate scan count of five were grouped, if possible, using a 0.005-D pre-
cursor tolerance. Deisotoping was deactivated, and a relative signal-to-noise
limit was set at 2. A peak list was generated only when the MS/MS spectrum
contained more than 10 peaks. The peak list was then searched against the
TAIRplus database (accessible at http:/ /www.psb.ugent.be/tapdata), which
is an extended version of the TAIR10 database that also contains sequences of
all types of non-TAIR contaminants in TAP or other proteomics experiments.
Included in these contaminants are the cRAP protein sequences that originate
from proteins that were copurified by accident or from contaminating proteins
that are unavoidably present in protein samples (The Global Proteome Ma-
chine; http:/ /www.thegpm.org/crap/). The searches were carried out using
the Mascot search engine (version 2.4.1 for the AN3 and TPLATE cell culture
samples, and version 2.5.1 for the PPD2 cell culture samples and the seedling
samples) with the following parameters: variable modifications, oxidation
(Met) and methyl (Asp); fixed modification, carbamidomethyl (Cys); enzyme,
trypsin/Pro; maximum missed cleavages, 1; charge, 2* and 3*; peptide toler-
ance, 10 ppm; # °C, 1; MS/MS tolerance, 0.5 D; instrument, ESI-TRAP. The
Mascot data were then selected using a significance threshold of P < 0.01, with
the maximum number of hits set to AUTO. Results were filtered in Excel for
rank 1 peptides. Only identifications from Arabidopsis (TAIR10; this is the im-
plemented database for all Arabidopsis searches) with at least two matched
high-confidence rank 1 peptides, of which at least one is unique to the protein,
were retained.

For the maize samples, the raw files were processed in two sets (leaf di-
vision zone versus leaf expansion zone) using MaxQuant software (version
1.5.3.28; Cox and Mann, 2008). The data were searched against the Z.mays.
AGPv3.27.pep.all database (downloaded from ftp.ensemblgenomes.org) us-
ing the built-in Andromeda search engine. A complete list of the MaxQuant
search parameters is provided in Supplemental Table S8. A target-decoy ap-
proach with a false discovery rate of 1% was used to filter protein identifi-
cations and Peptide-Spectra Matches. Supplemental Table S4A contains the
proteingroups output file from MaxQuant.

Correcting for False Positives and Nonspecific Protein
Interactors

Besides specific, bona fide interactors, TAP experiments also copurify non-
specific interactors that interact with many unrelated bait proteins as well as
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false positive interactors that bind the resin instead of the bait protein. Dis-
criminating between such specific and nonspecific or false positive interactors
is generally carried out by performing a large series of TAP experiments with
a wide variety of baits to determine bait-independent recurring copurifying
proteins (Keilhauer et al., 2015; Van Leene et al., 2015). For the Arabidopsis
TAPs, we used an updated version of the previously published Arabidopsis
background list (Van Leene et al., 2015). This list was constructed by perform-
ing 802 TAP experiments on 163 different baits that were tagged with the GS
tag and expressed in Arabidopsis cell cultures or seedlings. These baits were
further subdivided into 87 groups, based on their co-occurrence in the same
protein complex (if this information was available) or on their involvement in
the same biological process as assessed by their gene ontology. Proteins pres-
ent in three or more bait groups were considered nonspecific and were used to
create the updated nonspecific list containing 936 entries (Supplemental Table
S1B). For each TAP experiment, possible interactors of the bait of interest were
identified by filtering out proteins present in this background list. To avoid
the loss of bona fide interactors in TAP experiments, semiquantitative analysis
based on normalized spectral abundance factor (NSAF) was used. For each
identification, an NSAF value was calculated by normalizing the total number
of spectra that matched the protein by its length and by the total number of
matched spectra in the sample. Identifications with an NSAF ratio > 10 versus
the average NSAF of the same protein in the data set of 802 TAP experiments
used for construction of the background list were retained as bona fide inter-
actors, despite their presence in the background list.

For the maize TAPs, first, identifications in columns only identified by site,
reverse, and contaminant, in the protein groups list (Supplemental Table S4A),
were filtered away. Background filtering was done in two steps as described
before (Nelissen et al., 2015). Therefore, the previously published maize back-
ground list was updated with two mock GS*" purifications on wild-type
B104 protein extracts obtained from the ear. From these mock purifications, all
proteins that were identified with at least one high-confidence peptide with Q
Exactive were used to build the extended maize background list (Supplemen-
tal Table S4B). This list was then used to filter nonspecific proteins from the
TAP experiments on ZmAN3-GS***. In addition, the Arabidopsis orthologs
of all proteins that were identified in the maize TAP experiments were deter-
mined via PLAZA 3.0 dicots (Proost et al., 2015). If the Arabidopsis ortholog
was known to be in the background of Arabidopsis, the maize protein also was
considered as a nonspecific interactor and filtered out of the maize TAP data.
All proteins that were filtered out in this manner are listed in Supplemental
Table S4C. Finally, only proteins that were identified with at least two pep-
tides, of which at least one was unique, were retained (Table III; Supplemental
Table S4D).

MaxLFQ of Leaf ZmAN3 TAP Samples

For all ZmAN3-GS¥<!* TAP samples, proteins were quantified in a relative
manner using the MaxLFQ algorithm (Cox et al., 2014) that is integrated in the
MaxQuant software. Here, only proteins identified with at least one unique
peptide were used, and MaxLFQ values were determined only with unique
peptides. Minimum LFQ ratio counts were set to 1, and the data were ana-
lyzed with the Perseus software (version 1.5.1.6). The proteingroups file (Sup-
plemental Table S4A) obtained from MaxQuant was loaded into Perseus, and
all LFQ intensity values were log, transformed. Reverse database hits, proteins
identified only by site and contaminants, were filtered out. The ZmAN3 TAP
samples were grouped into division zone (five TAPs) and expansion zone (five
TAPs). To improve confidence levels, proteins that did not show four valid
values in at least one of the groups were removed. For missing values, a value
was imputed based on a normal distribution around the detection limit of the
mass spectrometer. We then performed Student’s t test to assess statistical out-
liers between the expansion and division zone groups. To correct for the mul-
tiple hypothesis problem, a permutation-based false discovery rate correction
was used. The division zone-specific, significantly enriched proteins identified
with Student’s  test can be found in Supplemental Table S4E.

Microscopy

For pLat52:TPLATE-GS*, spinning disc confocal microscopy (Perkin El-
mer Ultraview system on an inverted Nikon Ti microscope) of endocytic foci
and kymograph processing were carried out on hypocotyl cells as described
previously (Gadeyne et al., 2014). Time series were acquired for 3 min, with
one time point per second. Excitation was done at 514 nm, exposure was set
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to 500 ms, and emission was detected between 525 and 575 nm [Ultraview
Emission wheel set to 550(W49)]. Image] (Fiji) was used for image processing.
Background subtraction was achieved with a five-pixel rolling ball radius, and
walking averages of two subsequent frames were applied. Kymographs with
a line width of three pixels were made using the Kymograph2 plugin, and the
lifetime of individual endocytic foci was measured manually from the gener-
ated kymographs (n = 964).

Proteins tagged with different organelle-targeting peptide variants were
transiently transformed in tobacco (Nicotiana tabacum) leaf cells and expressed
from a 35S promoter. Localization was analyzed using an LSM 710 inverted
confocal microscope (Zeiss) equipped with one of the following objectives:
C-Apochromat 40x/1.2 W Corr M27 objective for Mito_GS™"-GFP, EC
Plan-Neofluar 10x/0.3 objective for NLS_GS™"-GFP, C-Apochromat 63x/
1.2 W Corr M27 objective for ER_GS™"-GFP, and EC Plan-Neofluar 20x/0.5
objective for Chl_GS™"-GFP. Excitation was carried out at 488 nm for GFP
and 543 nm for RFP signals. Emission was detected between 505 and 530 nm
for GFP and between 560 and 615 nm for RFP. For the detection of Mito_
GShine-GFP, tobacco leaf samples were analyzed 30 min after infiltration
with infiltration buffer containing MitoTracker Red CM-H2XRos (Molecular
Probes, Life Technologies) 4 d after agroinfiltration of the constructs.

Transgenic pUBIL:ZmAN3-GS¥*'** maize offspring were identified through
the YFP signal in the root tip of germinating seedlings 1 week after sowing
in a Jiffy-7 pellet (Supplemental Fig. S4). Screening for YFP fluorescence was
carried out with a 1x lens on an MZ16 fluorescence stereomicroscope (Leica
Microsystems) equipped with a blue light source and a Leica GFP Plus filter
set. Images were obtained through an AxioCam HRc from Zeiss.

Confocal microscopy of 35:AN3-GS*"* in Arabidopsis seedlings and of
pUBIL:ZmAN3-GS¥*I** in maize was carried out with a FluoView1000 invert-
ed confocal microscope (Olympus) equipped with a water-corrected 60x ob-
jective (numerical aperture 1.2). cYFP was excited at 515 nm, and its emission
was detected between 530 and 560 nm.

ChIP-Seq

ChIP-seq on PPD2-GS**"* and ZmAN3-GS'** was performed using 5 pL
of ab290 anti-GFP antibody (Abcam), with minor adaptations of a published
protocol (Morohashi et al., 2012). For each maize sample, 1.2 g of leaf tissue
(cm 1-4 of leaf 4) was fixed in buffer A for 15 min under vacuum conditions.
For quenching, Gly was added to a final concentration of 0.1 M and incubated
for 10 min. Fixed leaf tissue was washed with distilled water and frozen in
liquid N,. Cross-linking of Arabidopsis cell culture material was carried out as
described previously (Verkest et al., 2014), and 1 g of fixed material was used
per ChIP. All subsequent steps were carried out as described by Morohashi
et al. (2012). ChIP-seq library preparation and Illumina sequencing (HiSeq2500;
http:/ /www.illumina.com/applications/sequencing.html) were performed
by GATC Biotech. In total, 20 million reads were carried out per sample, with
50-bp-long single-end and 125-bp-long paired-end reads for Arabidopsis cell
culture or maize samples, respectively, generating the ChIP-seq data as rep-
resented in Supplemental Table S9. The Arabidopsis ChIP-seq data were pro-
cessed as described previously (Van Leene et al., 2016). Briefly, for peak calling,
MACS version 2.1.1 was used with an effective genome size of 100 Mb, MFold
parameters [10, 30], and g value of 0.05 (Zhang et al., 2008). PPD2-GSvellow
was normalized against an NLS-GS**"* control and the new or published
(Gonzalez et al., 2015) PPD-HBH samples against a mock wild-type control.
Peaks in common between two repeats were identified using intersectBed
from the BEDTools utility with at least 25% overlap (-f 0.25; Quinlan and
Hall, 2010). To determine the overlap of the intersects, peaks that shared their
summits within a distance of 250 bp (approximately half of the medium peak
length) were retained, based on the coordinates of the first sample. For de novo
motif finding among PPD2 peaks, peak-motifs from RSATools was used with
oligos, positions, and local_words as the discovery algorithms (http://rsat01.
biologie.ens.fr/rsat/tutorials/tut_peak-motifs.html). For the maize ChIPs,
data were analyzed in Galaxy according to the pipeline shown in Supplemen-
tal Figure S5. The quality of raw reads was checked using FASTQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc) version 0.51. The reads
were mapped using BWA version 1.2.3 using setting pre_set (Li and Durbin,
2009). Only reads that were uniquely mapped were used for further analyses.
Peak calling was done using MACS version 2.1.1 with an effective genome
size of 1,920 Mb, MFold parameters [10, 30], and g value of 0.05 (Zhang et al.,
2008). Both ZmAN3 samples were normalized against the NLS-GS*** and
NoAB controls separately. Peaks were annotated to the closest genes in the
ZmB73_5b.60 version of the genome. Peaks in common between two repeats
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were identified with at least 50% overlap (-f 0.5). GO enrichments were ana-
lyzed through the PLAZA 3.0 Monocots platform (Proost et al., 2015). To de-
termine the overlap of the intersects against the two negative controls, peaks
that shared their summits within a distance of half the medium peak length
were retained, based on the coordinates of the first sample. To analyze the
overlap between the maize ZmAN3 ChIP data and the Arabidopsis AN3-
related TChAP and transcriptome data, Arabidopsis orthologs of the ZmAN3
targets were identified through the PLAZA integrative method (PLAZA 3.0,
Monocots) using all possible orthologous relations M=N=1,M=1,N>1,M
>1,N=1;M>1, N> 1). For stringent identification of orthologs (Supplemen-
tal Table S5E), two rules were applied: (1) used evidence = TROG, required
number of evidences = 1 or more; (2) used evidence = TROG, BHIF, ORTHO,
required number of evidences = 2 or more. To analyze the statistical signifi-
cance of overlaps, a hypergeometric function was used.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AT5G28640 (AN3), AT4G14720 (PPD2),
AT3G01780 (TPLATE), and NM_001112560 (ZmANS3). The PPD2 and ZmAN3
ChIP-seq data have been deposited in the ArrayExpress database (http://
www.ebi.ac.uk/arrayexpress) under accession numbers E-MTAB-6513 and
E-MTAB-6527, respectively.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Annotated DNA and amino acid sequence over-
view of the N-terminal GS*I* tag.

Supplemental Figure S2. Organelle-targeting peptide GS™™ TAP tag vari-
ants, fused to GFP.

Supplemental Figure S3. Phenotypical analysis comparing the final leaf
length (leaf 4) of the transgenic pUBIL:ZmAN3-GS¥** maize plants

with that of their nontransgenic counterparts.

Supplemental Figure S4. Screening of transgenic maize root tips express-
ing pUBIL:ZmAN3-GS¥!** through fluorescence microscopy of the

emerging root tips of maize, 3 d after sowing.

Supplemental Figure S5. Schematic representation of the ZmAN3-GSy<lov
ChIP-seq data-processing pipeline in Galaxy.

Supplemental Table S1. Results of Arabidopsis TAP analyses.
Supplemental Table S2. Results of PPD2 ChIP-seq analysis.
Supplemental Table S3. PPD2 ChIP data GO analysis.
Supplemental Table S4. TAP results for ZmAN3-GSY<ov.

Supplemental Table S5. ZmAN3-GS''* ChIP-seq analysis results in

maize.
Supplemental Table S6. List of primers used for cloning.

Supplemental Table S7. Summary of used Gateway entry and expression

vectors.

Supplemental Table S8. MaxQuant search parameters.

Supplemental Table S9. Summary of read, peak, and gene number of
PPD2 and ZmAN3 ChIP-seq experiments.
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