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Nitrogen fixation in legumes requires the development of root organs called nodules and their infection by symbiotic rhizobia.
Over the last decade, Medicago truncatula has emerged as a major model plant for the analysis of plant-microbe symbioses and
for addressing questions pertaining to legume biology. While the initiation of symbiosis and the development of nitrogen-
fixing root nodules depend on the activation of a protein phosphorylation-mediated signal transduction cascade in response to
symbiotic signals produced by the rhizobia, few sites of in vivo phosphorylation have previously been identified in M.
truncatula. We have characterized sites of phosphorylation on proteins from M. truncatula roots, from both whole cell lysates
and membrane-enriched fractions, using immobilized metal affinity chromatography and tandem mass spectrometry. Here, we
report 3,457 unique phosphopeptides spanning 3,404 nonredundant sites of in vivo phosphorylation on 829 proteins in M.
truncatula Jemalong A17 roots, identified using the complementary tandem mass spectrometry fragmentation methods electron
transfer dissociation and collision-activated dissociation. With this being, to our knowledge, the first large-scale plant
phosphoproteomic study to utilize electron transfer dissociation, analysis of the identified phosphorylation sites revealed
phosphorylation motifs not previously observed in plants. Furthermore, several of the phosphorylation motifs, including
LxKxxs and RxxSxxxs, have yet to be reported as kinase specificities for in vivo substrates in any species, to our knowledge.
Multiple sites of phosphorylation were identified on several key proteins involved in initiating rhizobial symbiosis, including
SICKLE, NUCLEOPORIN133, and INTERACTING PROTEIN OF DMI3. Finally, we used these data to create an open-access

online database for M. truncatula phosphoproteomic data.

Medicago truncatula has become a model for study-
ing the biology of leguminous plants such as soybean
(Glycine max), alfalfa (Medicago sativa), and clover
(Trifolium spp.; Singh et al., 2007). Most members of
this vast family have the ability to fix atmospheric
nitrogen by virtue of an endosymbiotic association
with rhizobial bacteria, through which legumes un-
dergo nodulation, the process of forming root nodules
(Jones et al., 2007). Legumes are central to modern
agriculture and civilization because of their ability to
grow in nitrogen-depleted soils and replenish nitrogen
through crop rotation. Consequently, there is great
interest in understanding the molecular events that
allow legumes to recognize their symbionts, develop
root nodules, and fix nitrogen. Nod factors are lipo-
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chitooligosaccharidic signals secreted by the rhizobia
and are required, in most legumes, for intracellular
infection and nodule development. In recent decades,
an elegant combination of genetics, biochemistry, and
cell biology has shown that Nod factors activate intri-
cate signaling events within cells of legume roots,
including protein phosphorylation cascades and in-
tracellular ion fluxes (Oldroyd and Downie, 2008).
Protein phosphorylation is a central mechanism of
signal transfer in cells (Laugesen et al., 2006; Peck,
2006; Huber, 2007). Several characterized protein ki-
nases are required for symbiosis signal transduction in
M. truncatula roots (Lévy et al.,, 2004; Yoshida and
Parniske, 2005; Smit et al., 2007). A recent antibody-
based study of cultured M. truncatula cells observed
protein phosphorylation changes at the proteomic
level in response to fungal infection (Trapphoff et al.,
2009); however, the target residues of the phosphory-
lation events were not determined. A variety of studies
have determined in vitro phosphorylation sites on
legume proteins and demonstrated the biological im-
portance of the target residues by mutagenesis (Yoshida
and Parniske, 2005; Arrighi et al.,, 2006; Lima et al.,
2006; Miyahara et al., 2008; Yano et al., 2008). To our
knowledge, only six sites of in vivo protein phosphor-
ylation have been detected for M. truncatula (Laugesen
et al., 2006; Lima et al., 2006; Wienkoop et al., 2008),
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demonstrating the need for the identification of en-
dogenous protein phosphorylation sites in legume
model organisms on a proteome-wide scale.

While considerable advancements have been made
in the global analysis of protein phosphorylation
(Nita-Lazar et al.,, 2008, Macek et al., 2009; Piggee,
2009; Thingholm et al., 2009), phosphoproteomics in
plants has lagged years behind that of the mammalian
systems (Kersten et al., 2006, 2009; Peck, 2006), which
have more fully sequenced genomes and better anno-
tated protein predictions. Arabidopsis (Arabidopsis
thaliana), the first plant genome sequenced (Arabidop-
sis Genome Initiative, 2000), is now predicted to have
over 1,000 protein kinases (Finn et al., 2008), approx-
imately twice as many as in human (Manning et al.,
2002). Because many of the kinases in the commonly
studied mammalian systems are not conserved in the
plant kingdom, there is significant need for large-scale
phosphoproteomic technologies to discern the intrica-
cies of phosphorylation-mediated cell signaling in
plants. With the high mass accuracy afforded by the
linear ion trap-orbitrap hybrid mass spectrometer
(Makarov et al., 2006; Yates et al., 2006), recent studies
in Arabidopsis have reported 2,597 phosphopeptides
from suspension cell culture (Sugiyama et al., 2008)
and 3,029 phosphopeptides from seedlings (Reiland
et al., 2009).

All previous large-scale plant phosphoproteomic
studies have relied solely on collision-activated disso-
ciation (CAD) during tandem mass spectrometry
(MS/MS) and have not taken advantage of the more
recently developed methods (Kersten et al., 2009)
electron capture dissociation (Kelleher et al., 1999) or
electron transfer dissociation (ETD; Coon et al., 2004;
Syka et al., 2004). Mapping sites of posttranslational
modifications, such as phosphorylation, is often more
straightforward using electron-based fragmentation
methods, as they frequently produce a full spectrum
of sequence-informative ions without causing neutral
loss of the modifying functional groups (Meng et al.,
2005; Chi et al., 2007; Khidekel et al., 2007, Molina
et al., 2007; Wiesner et al., 2008; Chalkley et al., 2009;
Swaney et al.,, 2009). With an ETD-enabled hybrid
orbitrap mass spectrometer (McAlister et al., 2007,
2008), we previously compared the performance of
CAD and ETD tandem MS for large-scale identifica-
tion of phosphopeptides (Swaney et al., 2009). ETD
identified a greater percentage of unique phosphopep-
tides and more frequently localized phosphorylation
sites. Still, the low overlap of identified phosphopep-
tides indicates that the two methods are highly com-
plementary. With this in mind, we recently developed
a decision tree-driven tandem MS algorithm to select
the optimal fragmentation method for each precursor
(Swaney et al., 2008).

Here, we utilize this technology to map sites of in
vivo protein phosphorylation in roots of M. truncatula
Jemalong A17 plants. Phosphoproteins, from both
whole-cell lysate and membrane-enriched fractions,
were analyzed after digestion with a variety of differ-
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ent enzymes individually. Utilizing the complemen-
tary fragmentation methods of ETD and CAD, we
report 3,404 nonredundant phosphorylation sites at an
estimated false discovery rate (FDR) of 1%. Analysis of
these data revealed several phosphorylation motifs
not previously observed in plants. The phosphoryla-
tion sites identified provide insight into the potential
regulation of key proteins involved in rhizobial symbi-
osis, potential consensus sequences by which kinases
recognize their substrates, and critical phosphoryla-
tion events that are conserved between plant species.

RESULTS
Phosphopeptide Identifications

Proteins from M. truncatula Jemalong Al7 roots
were isolated and analyzed as depicted in Figure 1A,
resulting in the identification of 3,457 unique phos-
phopeptides spanning 829 proteins with 3,404 nonre-
dundant sites of phosphorylation. Proteins, either
from whole-cell lysate or membrane-enriched frac-
tions, were isolated from the roots of plants grown in
aeroponic conditions and digested using a variety of
enzymes individually. Peptides were generated from
limited tryptic digestion for 45 min or digestion with
ArgC, AspN, GluC, or LysC as indicated. The trypsin-
digested peptides were separated by strong cation-
exchange chromatography (SCX). For each experiment,
the peptides were subjected to immobilized metal
affinity chromatography (IMAC) for phosphopeptide
enrichment (Ficarro et al., 2002; Ndassa et al., 2006),
followed by nanoflow reverse-phase liquid chroma-
tography (LC)-MS/MS using an ETD-enabled hybrid
linear ion trap-orbitrap mass spectrometer (McAlister
et al., 2007, 2008). After obtaining MS' survey scans in
the orbltrap, data-dependent MS/MS scans utilizing
either ETD or CAD, in a decision tree-driven fashion
(Swaney et al., 2008) for most analyses, were per-
formed in the ion trap (several analyses of LysC-
generated peptides used ETD only). The tandem MS
spectra were searched using the Open Mass Spectrom-
etry Search Algorithm (OMSSA; Geer et al., 2004)
against a concatenated target-decoy database consist-
ing of M. truncatula protein sequences. The results
were filtered to a 1% FDR at the unique peptide level
(Elias and Gygi, 2007), with 93% of all identified
peptides containing one or more phosphoryl modifi-
cations. The phosphorylation sites were validated
using custom software (Swaney et al, 2009), the
phosphopeptides were grouped to parsimonious pro-
tein groups, and the resulting protein list was filtered
to 1% FDR. Confident phosphopeptide identifications
were produced from 15,007 MS/MS spectra generated
by both ETD and CAD (Fig. 1B).

A representative chromatogram with correspond-
ing spectra from one MS' scan and one MS? scan, is
displayed in Figure 2. The complexity of the IMAC—
eluted peptide mixture is evident from the MS' chro-
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Figure 1. M. truncatula phosphoproteomic analysis work flow and summary of identified phosphopeptides. A, Root proteins
isolated from plants grown under aeroponic conditions were subjected to limited digestion (45 min) with trypsin, and the
resulting peptides were separated by SCX. Additional aliquots of protein were digested with ArgC, AspN, GluC, or LysC (and not
subjected to SCX). The samples were enriched for phosphopeptides via IMAC and subjected to reverse-phase nano-LC-MS/MS
using both ETD and CAD on an ETD-enabled orbitrap mass spectrometer. OMSSA was used to search the data against a
concatenated target-decoy M. truncatula database, and the unique peptide identifications were filtered to 1% FDR, resulting in
the indicated identifications. B, The Venn diagram indicates the distribution of unique phosphopeptides sequenced by ETD and

CAD, with the overlap shown.

matogram indicated (Fig. 2A). An example peptide
having an observed mass-to-charge ratio (1m/z) value of
487.7686 is indicated in the MS" spectrum (Fig. 2B),
which is within 0.6 ppm of the theoretical m/z value for
the peptide that was ultimately identified from the
ETD-tandem MS scan. The corresponding MS* spec-
trum (Fig. 2C) contains 31 out of 32 theoretical frag-
ment ions, enabling localization of the phosphoryl
group to the indicated Ser. The number of unique
phosphopeptides identified from all the MS/MS data
collected was maximized by searching against a pro-
tein database containing M. truncatula sequences from
a variety of sources (Fig. 3A). Including other legume
species besides M. truncatula did not significantly
increase the number of confident identifications (data
not shown). Of the 3,457 unique phosphopeptides
identified to 1% FDR, the majority (66.4%) contained a
single phosphoryl group (Fig. 3B). Some multiply
phosphorylated peptides, however, were also identi-
fied: 27.0% contained two, 5.4% contained three, and
1.1% contained four or more phosphoryl groups. Con-
sistent with previous reports of increased localization
efficiency with ETD, 87.4% of the phosphopeptides
identified following ETD had all their phosphoryl
groups localized, compared with 79.1% for CAD and
86.1% overall (Swaney et al., 2009). The phosphoryl
groups on all the identified peptides span 3,404 non-
redundant sites in the M. truncatula proteome, with
the localization of 2,572 (75.5%) of these sites con-
firmed (Fig. 3C). Of all the residues observed as
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nonredundant sites of localized in vivo phosphory-
lation, 86.0% were Ser, 12.7% were Thr, and 1.3%
were Tyr.

Species-Specific Phosphorylation Site Motif Analysis

To determine potential consensus sequences for M.
truncatula kinases, motif analysis of the identified
phosphopeptides was performed using a prerelease
of version 2.0 of motif-x (Schwartz and Gygi, 2005). The
analysis was run at a high significance threshold (P <
0.0005 following Bonferroni correction) and restricted
to the phosphorylation sites for which localization was
confirmed, resulting in the identification of 38 phos-
phorylation motifs containing at least one fixed posi-
tion aside from the central phosphorylated residue. A
probability log-based logo (pLOGo), representing the
statistical significance of one identified motif, is shown
in Figure 4A (for pLOGos for all M. truncatula phos-
phorylation motifs, see Supplemental Fig. S1). All 38 of
the phosphorylation motifs identified in M. truncatula
are presented in Figure 4B. Since an occurrence thresh-
old of 20 was used in the analysis, each motif is
represented by a minimum of 20 unique localized
phosphorylation sites in the large-scale M. truncatula
phosphopeptide data set.

To investigate the specificity of the identified motifs
to legumes, parallel analysis was performed for a
nonlegume plant species with data obtained from the
PhosPhAt 2.2 database of published Arabidopsis
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Figure 2. Representative nano-LC-MS/MS data utilized for identifying M. truncatula phosphopeptides. A, The chromatogram
shown represents MS' base-peak signal intensities throughout a decision tree-driven nano-LC-MS/MS analysis of SCX/IMAC-
enriched phosphopeptides (partial tryptic digest of proteins from whole cell lysate). B, The MS' spectrum is from a high-
resolution Fourier transform MS (FTMS) scan of peptides eluting at approximately 43 min. The peptide of m/z value 487.7686
(charge state +4) was selected for fragmentation by ETD. C, The MS? spectrum was produced from a subsequent ion-trap MS/MS
scan. Database searching and FDR analysis identified the peptide sequence shown, with a theoretical mass that is within 0.6 ppm
of the precursor selected for MS/MS. Using in-house-written software, the site of phosphorylation was localized to the Ser
indicated by the lowercase s. Manual validation of fragment ions shown is in agreement with the automated analysis (for
Microsoft Excel spreadsheet, see Supplemental Table S1), matching 31 out of 32 possible fragment ions observed.

phosphopeptides (Heazlewood et al., 2008). Of the 38
phosphorylation motifs in the M. truncatula data set
described herein, 26 were not present in the Arabi-
dopsis data. In addition to the biological differences
between M. truncatula and Arabidopsis, some of the
discrepancy in the motifs observed could be because
the Arabidopsis phosphopeptides are from studies
that did not use ETD. For instance, in our previous
study using both ETD and CAD for MS/MS phospho-
proteomic analysis of human cells, we found that ETD
identified novel phosphorylation motifs that were
basophilic in nature and not detected by CAD (Swaney
et al., 2009), consistent with the compatibility of ETD
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with peptides of high charge density (Swaney et al.,
2007). With that in mind, we also compared the over-
lap in motifs with those present in our previously
published human phosphopeptide data set generated
using both ETD and CAD (Swaney et al., 2009).
Interestingly, all of the M. truncatula motifs that were
not found in Arabidopsis but were found in human
contained a basic residue, consistent with the notion
that these motifs are missing from the Arabidopsis
data sets because ETD was not used in these previous
plant studies (and not necessarily due to biological
differences between M. truncatula and Arabidopsis).
Twenty of the M. truncatula motifs were not present in
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the human data set, and 16 were completely unique to
M. truncatula.

Phosphoprotein Assessment

Phosphopeptide identifications were sorted into 829
parsimonious protein groups (Supplemental Table S1)
or sets of proteins identified by the exact same collec-
tion of phosphopeptides. Interestingly, multiple phos-
phorylation sites were identified on several proteins
with key roles in legume/rhizobia symbiosis. Figure 5A
displays the sites of phosphorylation on the symbiotic
proteins SICKLE (SKL), INTERACTING PROTEIN
OF DMI3 (IPD3), and NUCLEOPORIN133 (NUP133).
The role of the identified phosphoproteins in nodu-
lation signal transduction is depicted. Phosphoryla-
tion sites are indicated by a lowercase s, t, or y, with
localized sites of phosphorylation shown in under-
lined green lettering and nonlocalized sites from am-
biguous positional isomers indicated by red lettering
without underlining. A phosphorylation site is con-
sidered localized if a potential positional isomer with a
phosphoryl group in the corresponding position has
the greatest number of theoretical fragments that
match to ions observed in a given tandem MS spec-
trum when compared with all other possible posi-
tional isomers. Several of the M. truncatula protein
phosphorylation motifs (Fig. 5) are present on the
nodulation signaling proteins highlighted in Figure
5A. IPD3 contains localized phosphorylation sites
fitting the motifs RSxs, Rxxs, sE, and sxxxxxR;
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NUP133 contains LxRxxs, RSxs, RxxSxxxs, and Rxxs;
and RSxs, Rxxs, sD, RxxSxxs, sxD, sxxxxxxR, and sxxR
are present on SKL.

Membrane phosphoproteins identified included two
aquaporins (gil17025878 and gil14538013), members
of the plasma membrane proton-efflux P-type ATPase
family (gil124360090 and IMGA | Medtr8g129390.1),
and an Rh-like protein/ammonium transporter
(IMGA | Medtr1g065600.1), all of which play central
roles in the biology of plants (legumes and nonlegumes;
Ludewig et al., 2007; Uehlein et al., 2007; Duby and
Boutry, 2009) as well as species in other kingdoms.
Figure 5B illustrates the identified sites of phosphor-
ylation on one of each of these classes of membrane
proteins and shows their alignment with sequences
from homologous phosphoproteins in other plant
species. The P-type ATPase indicated (gil124360090)
was phosphorylated on its penultimate Thr of the C
terminus, phosphorylation of which is required for
activation of enzymatic activity in Arabidopsis ortho-
logs (Robertson et al.,, 2004). For the M. truncatula
aquaporin shown (gil17025878), phosphorylation of
one identified Ser near the C terminus (Ser-285) con-
trols water transport activity in spinach (Spinacia
oleracea; Johansson et al., 1998) and targeting to the
plasma membrane in Arabidopsis (Prak et al., 2008).
Another phosphoryl group was localized to Ser-282, a
conserved site previously reported in Arabidopsis
(Prak et al., 2008). The Rh-like ammonium transporter
(IMGA | Medtr1g065600.1) was multiply phosphory-
lated on its cytosolic C-terminal region, a domain that
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Figure 4. M. truncatula phosphorylation motif analysis. A, A pLOGo,
representing the statistical significance of one motif identified by
performing phosphorylation motif analysis using version 2.0 of motif-x
(for pLOGos for all motifs identified, see Supplemental Fig. S1). The
taller a residue is, the more statistically significant it is. Residues over
the midline are overrepresented, while those below the midline are
underrepresented. The residues closest to the midline are the most
significant. The inner horizontal line represents the 0.01 statistical
significance threshold (following Bonferroni correction), and the outer
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regulates ammonium transport in response to phos-
phorylation in Arabidopsis (Loque et al., 2007).

All unique phosphopeptides and phosphoproteins,
identified at 1% FDR, are listed in Supplemental Table
S1. With these data, we have created an online data-
base for depositing and viewing M. truncatula phos-
phoproteomic data (http://www.phospho.medicago.
wisc.edu). Search functions allow users to find specific
proteins of interest or all proteins within certain phos-
phorylation motifs. The online database utilizes the
same scheme for localized (green, underlined) and
nonlocalized (red, no underlining) sites of phosphor-
ylation demonstrated in Figure 5. In addition, a sum-
mary of the pertinent MS data leading to the
identification of each specific phosphorylation site
can be directly accessed by selecting the residue of
interest.

DISCUSSION

Recent advancements in proteomic technologies
provide the ability to discern sites of in vivo protein
phosphorylation events in plant tissue in a high-
throughput manner. By utilizing decision tree-driven
tandem MS (Swaney et al, 2008), employing the
complementary dissociation methods ETD and CAD,
we have identified 3,457 unique phosphopeptides (at
1% FDR) in M. truncatula Jemalong A17 roots (Fig. 1).
The phosphopeptides identified map to 3,404 nonre-
dundant sites of in vivo phosphorylation on 829 par-
simonious protein groups at 1% FDR. Localization was
confirmed for 75.5% of the phosphorylation sites
identified using custom software (Fig. 3C), in agree-
ment with manual validation (Fig. 2). The distribution
of Ser, Thr, and Tyr phosphorylation observed for
localized phosphorylation sites (Fig. 3C) is generally
consistent with a previous large-scale analysis of
Arabidopsis (Sugiyama et al., 2008). Of note, however,
our data indicate the relative abundance of Tyr phos-
phorylation as 1.3% in Medicago compared with 4.3%
in the Arabidopsis study (Sugiyama et al., 2008).
Regardless of whether this discrepancy is from differ-
ences in biology or methodology, both studies support
the notion that Tyr phosphorylation in plants is more
abundant than once thought (de la Fuente van Bentem
and Hirt, 2009).

Three of the phosphoproteins identified have roles
in nodulation (Fig. 5A). Two localized phosphoryla-
tion sites and four nonlocalized (potential) phosphor-
ylation sites were identified on IPD3, a protein that
interacts with the calcium/calmodulin-dependent

line represents the significance threshold used to fix positions within
the motif. B, All phosphorylation motifs identified in M. truncatula and
their overlap with those present in data sets from previous studies are
shown (Heazlewood et al., 2008; Swaney et al., 2009). The localized
phosphorylated residue is indicated in lowercase underlined letters
(s ort), and x indicates any amino acid.
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Figure 5. Phosphorylation sites on key proteins for symbiosis in legumes and conserved functions in plants. Localized (green,
underlined) and nonlocalized (red) phosphorylation sites are shown in lowercase letters on proteins whose cellular functions are
depicted. A, Phosphorylation sites are indicated for the nodulation signaling proteins NUP133, IPD3, and SKL. B, A plasma-
membrane proton-efflux P-type ATPase (accession no. gi|124360090), an aquaporin (accession no. gi|17025878), and an Rh-
like ammonium transporter (accession no. IMGA|Medtr1g065600.1), which were identified as membrane phosphoproteins in
M. truncatula (Mt), were aligned with homologous phosphoproteins reported in the PhosPhAt 2.2 database of published
Arabidopsis (At_) phosphopeptides (Heazlewood et al., 2008) and a previous spinach (So_) study (Johansson et al., 1998). A
phosphorylation site detected by non-MS methods is shown in blue.

protein kinase (CCaMK) DMI3 (for DOESN'T MAKE
INFECTIONS3) of M. truncatula. The Lotus japonicus
ortholog of IPD3, named CYCLOPS, is required for
intracellular infection and phosphorylated by the L.
japonicus CCaMK (Messinese et al., 2007; Yano et al.,
2008); however, the exact phosphorylation sites of
CYCLOPS by CCaMK are still unknown. The non-
localized (potential) phosphorylation sites at Ser-43
and the localized phosphorylation site at Ser-50 on
IPD3 are conserved in CYCLOPS. While the exact
residues on CYCLOPS that are targeted by CCaMK are
unknown, Ser-43 and Ser-50 reside in the domain of
CYCLOPS that is phosphorylated by CCaMK. Thus,
these sites are strong candidate targets of DMI3/
CCaMK (Yano et al., 2008). The phosphoryl group
localized to Ser-155 of IPD3 may represent a phosphor-
ylation event by another, yet-to-be characterized pro-
tein kinase, as the corresponding position of this
residue on CYCLOPS is outside the domain targeted
by CCaMK. Two localized sites of phosphorylation
were identified on NUP133, a protein required for
nodule development and perinuclear calcium spiking
in L. japonicus (Kanamori et al., 2006). Six localized
phosphorylation sites and one nonlocalized (potential)
site of phosphorylation were identified on the protein
SKL, an ortholog of Arabidopsis EIN2, which is re-
quired for ethylene signaling and is a negative reg-
ulator of nodule formation (Prayitno et al.,, 2006;
Penmetsa et al., 2008). Phosphorylation of NUP133
and SKL has not been reported in legumes.

Motif analysis revealed 26 phosphorylation motifs
not extracted from sequences contained in the Phos-
PhAt 2.2 database of published Arabidopsis phospho-
peptides under identical motif-x parameters (Fig. 4;
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Heazlewood et al., 2008). Since 10 of these motifs were
extracted from the human data set of our previous
study using both ETD and CAD (Swaney et al., 2009),
the absence of enrichment of these motifs in the
Arabidopsis data set is likely due to differences in
the phosphoproteomic methodology rather than dif-
ferences in biology between the two plants. However,
16 of the extracted motifs were completely unique to
the M. truncatula data set, suggesting that they may
potentially represent phosphorylation events between
evolutionarily distinct kinase-substrate pairs. Aside
from the relatively nonspecific acidophilic and baso-
philic motifs extracted (e.g. sD, sE, sxxK, sxxR), anal-
ysis of the motifs unique to M. truncatula revealed
several interesting motif classes, including two motifs
bearing “RS” signatures (RsPxxxxxR and RxxsRS).
While inspection of the M. truncatula proteins with
phosphorylation sites fitting these motifs indicated a
wide variety of proteins involved in splicing and
RNA binding, consistent with the characterized
role of phosphorylated RS domain-containing proteins
in both metazoans and plants (de la Fuente van
Bentem et al., 2006; Nikolakaki et al., 2008), the motifs
extracted here may provide insight into the yet unde-
termined specificity of the kinase(s) responsible for
phosphorylating these factors. Furthermore, a large
number of DNA-binding proteins were also detected
among the RS motif-containing proteins, raising the
possibility that these motifs are regulators of nucleo-
tide binding more generally. Another class of motifs
that were uniquely enriched in the M. truncatula data
set contained hydrophobic residues at the -5 position
and basic residues at the -3 position, including LxKxxs,
(L)xRxxt, (LM)xKxxt, and (L)xKSxs (where residues in
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parentheses are readily observable from the pLOGos in
Supplemental Fig. S1). Although the general motif
core, LxRxxs, has been associated with several protein
kinases, including PKD, MAPKAPK2, and Chk2 (Stokoe
et al., 1993; Nishikawa et al., 1997; O’Neill et al., 2002),
to our knowledge the importance of Lys as a conser-
vative amino acid substitution at the -3 position has
yet to be reported in in vivo substrates. Thus, the
motif, Yyx[KR]xx[st] (where ¢ denotes any hydropho-
bic residue) likely represents the specificity of a kinase
(or kinases) with significant activity in M. truncatula
root cells. Finally, in addition to not being present in
the list of motifs extracted from the PhosPhAt database
and our previous human study, the motifs RxxSxxxs
and (R)xxSxsP(MV)R (Supplemental Fig. S1) bear
unique specificity determinants not previously ob-
served in any large-scale study of plants, fungi, or
animals (Reiland et al., 2009; Schwartz et al., 2009).

CONCLUSION

We have used IMAC-phosphopeptide enrichment
and decision tree-driven MS/MS to identify 3,404
nonredundant sites of in vivo phosphorylation in M.
truncatula Jemalong A17 roots. As this is, to our
knowledge, the first large-scale plant phosphoproteo-
mic study to utilize ETD, comparison of this data set
and previously published work from other species has
revealed phosphorylation motifs not previously ob-
served in plants. Furthermore, multiple sites of phos-
phorylation were identified on several key proteins
involved in initiating rhizobial symbiosis, including
SKL, NUP133, and IPD3. We have created an open-
access database (http://www.phospho.medicago.wisc.
edu) to help make this, and future large-scale M.
truncatula proteomic data sets, easily accessible. The
protein phosphorylation sites identified provide insight
into cell signaling in M. truncatula roots as well as plants
in general. In addition, the novel plant phosphorylation
motifs could lead to future discovery of novel kinase-
substrate pairs. For any kinase (from M. truncatula or
other plant species) found to phosphorylate a substrate
protein on one of the identified motifs, other proteins
with sequences containing the same motifs could be
considered candidate substrates.

MATERIALS AND METHODS

Plant Growth, Protein Isolation, Digestion, Peptide
Fractionation, and Phosphopeptide Enrichment

Seeds of Medicago truncatula Jemalong A17 were harvested, scarified, and
germinated (Garcia et al., 2006). The seedlings were placed on an aeroponic
system (Barker et al., 2006) and grown in nitrogen-free modified Fahraeus
medium (Catoira et al., 2000) for 14 to 15 d at 22°C and 24 h of 130 to 200 umol
m2gs7! light. The roots, however, grew in the dark. Proteins were isolated
from whole-cell lysate of root tissue or membrane-enriched fractions by
previously described procedures (Gallardo et al., 2006; Lefebvre et al., 2007)
modified for phosphoproteomics with the addition of a variety of phosphatase
inhibitors. A 10-mg protein sample was subjected to limited digestion with
trypsin for 45 min, and the resulting peptides were desalted and separated by
SCX (Swaney et al., 2009). In separate experiments, 2.5-mg protein samples
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were digested with LysC, AspN, GluC, or ArgC, and the resulting peptides
were desalted. The peptides were enriched for phosphopeptides by IMAC
(Swaney et al., 2009). Further details are provided in Supplemental Materials
and Methods S1.

Nano-HPLC, MS, Phosphosite Localization, Motif
Analysis, and Sequence Alignment

Nano-LC-MS/MS analysis was performed on an ETD-enabled LTQ Orbi-
trap (Thermo Fisher Scientific; McAlister et al., 2007). While a phosphopeptide-
optimized decision tree algorithm employing both ETD and CAD was
utilized for most of the runs (Swaney et al., 2008), several nano-LC-MS/MS
analyses for the LysC-generated peptides utilized only ETD. OMSSA was used
to search the tandem MS data against a concatenated target-decoy database
(Elias and Gygi, 2007) consisting of M. truncatula protein sequences from a
variety of sources (Fig. 3A). FDR was determined using software written in
house, which determined an optimal precursor mass accuracy threshold of +2
ppm after correcting for systematic mass error (i.e. drift; Elias and Gygi, 2007;
Swaney et al., 2009). The localization software, termed Phosphinator, com-
pared each OMSSA-identified phosphopeptide sequence with the corre-
sponding tandem MS spectrum in the Thermo Scientific LC-MS/MS raw
data file. Phosphinator then determined whether the phosphoryl group could
be localized. Motif analysis for data sets from M. truncatula, human (Swaney
et al., 2009), and all Arabidopsis (Arabidopsis thaliana) peptides from the
PhosPhAt 2.2 database (Heazlewood et al., 2008) was performed using version
2.0 of motif-x (Schwartz and Gygi, 2005). Sequence alignments were performed
using version 5.05 of T-COFFEE (Poirot et al., 2003). Further details are
provided in Supplemental Materials and Methods S1.

Database Development

All phosphopeptides identified at 1% FDR (Supplemental Table S1) were
deposited into a newly created open-access M. truncatula phosphoproteomic
database that can be accessed at http://www.phospho.medicago.wisc.edu.
The phosphopeptides are organized by the proteins to which they map, with
accession numbers indicated. Localized phosphorylation sites are indicated
by underlined green lowercase letters (s, t, or y), whereas nonlocalized sites
from ambiguous positional isomers are indicated with red lowercase letters
without underlining (s, t, or y).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. All pLOGos of motifs extracted using motif-x
version 2.0.

Supplemental Table S1. All phosphopeptides identified in M. truncatula
roots.

Supplemental Materials and Methods S1. Sample preparation, data
collection, and data analysis.
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