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SI Methods
Strains. Standard procedures for culture and genetic manipula-
tion of Caenorhabditis elegans strains were followed, with growth
at 20 °C (1). The following mutations were used: LGI: rrf-
1(pk1417), W02A11.3 as toe-4(tm1580), rskn-1(ok159), gsk-
3(nr2047), drsh-1(ok369), ozIs5[unc-119 (ed3); GLD-1::GFP,
unc-119(�)]; LGII: ddx-19(ok783), cdc-48.2(tm659), cdc-
48.1(tm544); LGIII: mpk-1(ga111), cgh-1(ok492), C04D8.1 as
pac-1(ok1988), R10E11.3 as toe-3(ok2232), dcr-1(ok247); LGIV:
let-60(ga89gf), zim-2(tm574), dis-3(ok357); LGV: hrd-1(tm1743),
rop-1(pk93), bcIs39 [plim-7::CED-1::GFP] (integrated strain
kindly provided by Barbara Conradt, Dartmouth Medical
School, Hanover, NH). Some strains used in this study were
provided by the Caenorhabditis Genetics Center, which is funded
by the National Institutes of Health National Center for Re-
search Resources.

Antibodies and Reagents. Activated MPK-1 (dpMPK-1) was de-
tected with MAPKYT antibody (Sigma) used at 1:400, germ cell
membrane morphology was visualized with combined anti-
SYN-4 and anti-PTC-1 antibodies (gifts from Michael Glotzer,
University of Chicago, Chicago; and Patty Kuwabara, University
of Bristol, Bristol, UK) and used at 1:400 and 1:50, respectively
(2). Anti-DDX-19 antibody was obtained from Bethyl Labora-
tories, and anti-GSK-3 was obtained from AbCAm. Secondary
antibodies were donkey anti-mouse Alexa Fluor 594, goat anti-
rabbit Alexa Fluor 488, and goat anti-rabbit Alexa Fluor 594,
obtained from Molecular Probes.

Bioinformatic Approach. An initial scan on C. elegans proteome at
SCAN PROSITE at http://ca.expasy.org/tools/scanprosite/was
conducted on Wormpep version WS109 for proteins containing
ERK-docking sites (WormBase.org; however, Dataset S1 and
Table S1 reflect gene names from WS188) and yielded 2,058
proteins. Transmembrane predictions were identified with ww-
w.cbs.dtu.dk/services/TMHMM-2.0/ and www.ch.embnet.org/
software/TMPRED�form.html, and the results were assessed
based on the combination of these two algorithms. Eliminating
all proteins with the docking site motifs in predicted transmem-
brane or extracellular domains yielded 1,382 candidates. For 623
proteins that contain more than one ERK-docking site, or-
thologs were identified by reciprocal best BLAST analysis by
using www.ncbi.nlm.nih.gov/blast/Blast.cgi at National Center
for Biotechnology Information and confirmed by Neighbor
Joining methods. Conservation of docking sites was determined
by manual inspection of alignments between the worm and the
human sequences (Fig. 2 A–D and Fig. S4) in Megalign (DNAS-
TAR) by using ClustalW; 258 proteins had at least one con-
served docking site (Dataset S1). Of these, 161 showed germ-line
expression when analyzed by using an available worm in situ
hybridization database at www.netxdb.org and available microar-
ray data. Characterized ERK substrates have been identified
with one or more docking sites. The filter for proteins containing
multiple docking sites increases the likelihood that, for each
candidate, at least one functions as a docking site. The filter for
at least one docking site being conserved in the human ortholog
is based on the assumption that evolutionarily conserved motifs
are more likely to be functional. Protein domains were identified
by a combination of PFAM, now at http://pfam.janelia.org, and
Conserved Domain Architecture Retrieval tool www.ncbi.nlm-
.nih.gov/Structure/lexington/lexington.cgi.

RNAi Screen for Enhancement of let-60–mpk-1 Pathway Mutants.
cDNA regions (1 kb) from the 161 genes were cloned into the
pPD128.36 double-T7 promoter vector, sequenced to verify
identity, and transformed into the Escherichia coli host
HT115(DE3). F1 feeding RNAi was performed as described in
ref. 2, in the control rrf-1, rrf-1;mpk-1(ga111ts) and rrf-1;let-
60(ga89ts) backgrounds at the permissive temperature (20 °C).
F1 L4 hermaphrodites were transferred onto fresh RNAi plates
and scored quantitatively for mpk-1 loss-of-function and let-60
gain-of-function phenotypes 24 h later by differential interfer-
ence contrast microscopy and dissected gonads that were stained
with antibodies to visualize germ cell membranes and dpMPK-1.
In each case n �100 germ lines were scored to deduce the
penetrance of the phenotype. All positives were then retested at
least three times. For a subset of genes, double-blind analysis was
conducted during the retesting phase to rule out bias. The F1
analysis yielded 18 of 161 candidate genes that specifically
enhanced either sensitized genetic background. Seventy genes
did not show phenotypes in any background.

Attenuation of Feeding RNAi. RNAi of 73 genes produced strong
phenotypes in the control rrf-1 background, distinct from char-
acterized mpk-1 phenotypes (Dataset S1) (2). Such pleiotropic
phenotypes might obscure their function in MPK-1-dependent
processes. Therefore, we attenuated the RNAi knockdown by
limiting the exposure of worms to dsRNA until no phenotype
was observed in the control background, and then we retested
them in the rrf-1;mpk-1(ga111ts) and rrf-1;let-60(ga89ts) back-
grounds. RNAi was attenuated by placing embryos on RNAi
plates (100–200 per plate) and analyzing adults at 24 h past L4
developmental stage (P0). If strong mutant phenotypes per-
sisted, then L4 worms that had received RNAi feeding treatment
for only 24 h were examined. For 47 genes, this method allowed
wild-type germ-line development in rrf-1 worms and led to the
identification 19 genes that specifically enhanced either mpk-
1(ga111ts) (10 genes) or let-60(ga89ts) (9 genes) (Dataset S1 and
Table S1).

RNAi Controls and Limitations. Baseline phenotypic information
for the seven MPK-1-dependent processes (Fig. S1, Fig. 1B) was
obtained contemporaneously for all experiments by using gfp
RNAi in the three strains. We observed minimal or no mpk-1
phenotypes in these assays.

Because a large proportion of candidate substrates genes
(�23%) showed genetic interactions, there was a concern that
the mpk-1(ga111ts) and let-60(ga89ts) backgrounds were hyper-
sensitized, generating interactions that were unrelated to let-60–
mpk-1 pathway function. Therefore, we conducted the RNAi
screen for a set of 22 genes with the same in silico characteristics,
having a human ortholog and C. elegans germ line expressed,
except that they lack known ERK-docking sites. Enhancement
was observed for only 1 of 22 (Dataset S3), indicating that the
presence of ERK-docking sites in conserved germ line expressed
proteins substantially increases the likelihood of observing a
genetic interaction. ERK2 kinase assays for the one positive
(C18A3.1) indicates that it is not an in vitro substrate (Fig. S5).

The RNAi screen may have failed to detect a genetic inter-
action for some of the 124 of 161 because: (i) the RNAi
knockdown was incomplete; (ii) the mpk-1(ga111) or let-
60(ga89) background was not sufficiently sensitized for the gene
under test; (iii) we were unable to attenuate the RNAi suffi-
ciently to achieve a wild-type phenotype in the control back-
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ground; and (iv) the gene product may be a substrate in somatic
cells and therefore not produce a phenotype in our genetic test,
which was limited to the germ line by using the rrf-1-null
background. Thus, it is likely that other proteins on the list of 161
are physiological substrates. Nevertheless, the RNAi screen in
sensitized backgrounds allowed us to identify genes encoding
germ-line substrates even though they have a wild-type null
phenotype (e.g., hrd-1; Dataset S2) or have very pleiotropic loss
of function phenotypes (e.g., rab-5).

Phenotypic Analysis. High-content phenotypic analysis was per-
formed by using the compound microscope to allow identifica-
tion of quantitative changes in the seven different MPK-1-
controlled germ-line processes (Fig. 1B) (2). Morphology and
development were examined by Nomarksi and fluorescence
microscopy. The plim-7::CED-1::GFP marker was used to score
for germ cell apoptosis (3) whereas gonad dissection and staining
were used to examine chromosome morphology (DAPI) and
membranes (SYN-4 and PTC-1) (4) (Fig. S1). For some of the
37 candidates (Fig. 2C and Dataset S1), sterile animals were
observed in one or the other sensitized background. However,
for others, quantitative analysis using the compound microscope
allowed detection of significant germ-line phenotypes even
though there was no major effect on fertility.

Substrate Gene Deletion Mutant Analysis. Deletion alleles were
obtained from the C. elegans Knockout Consortium or the
National Bioresource Center (Japan) and outcrossed to wild-
type Bristol N2 at least 3 times before phenotypic analysis
(Dataset S2). For genes where the molecular lesion had not been
described, the nucleotides deleted was determined by sequence
analysis, and the presence or absence of mRNA from the locus
was determined by RT-PCR.

Examination of probable null alleles of 12 substrate genes
confirmed the specificity of the genetic interaction observed in
the RNAi screen (Fig. 3A, Dataset S2, and Table S1). For 10
genes, each single mutant showed an essentially wild-type phe-
notype whereas the double mutant, with either mpk-1(ga111) or
let-60(ga89), recapitulated the enhancement phenotypes for each
germ-line process observed by RNAi [also compare ddx-19
RNAi in mpk-1(ga111) (Fig. 2D) with the ddx-19(ok783);mpk-
1(ga111) double mutant (Fig. S2 D and E); phenotypes associ-
ated with additional MPK-1-dependent germ-line processes
were not detected. The single mutant for one gene displayed a
subset of phenotypes observed in mpk-1(ga111) at the restricted
temperature (cgh-1), consistent with it acting in mpk-1 control of
germ-line development. Finally, for one gene, a larval arrest
phenotype was observed in the single mutant, precluding anal-
ysis of adult germ-line phenotypes.

Altered dpMPK-1 Accumulation Through Feedback Regulation by
Substrates. For the 37 genes (Fig. 2C and Dataset S1) that
displayed a specific enhancement phenotype with either let-
60(ga89) or mpk-1(ga111), RNAi was performed in the rrf-1
control background, and dissected gonads were stained for
activated dpMPK-1 (2). For the 10 genes that showed altered
dpMPK-1 accumulation (Fig. 5A), we verified the result by (i)
retesting each gene for the altered accumulation at least three
times and (ii) comparing dpMPK-1 accumulation with wild-type
(gfp RNAi in rrf-1) and mpk-1(ga117), which were stained and
processed together en batch and mounted on the same slide, and
images were captured and processed identically, as described in
ref. 2.

From the genetic interactions observed after substrate RNAi
in sensitized backgrounds, we infer the likely regulatory conse-
quence of substrate phosphorylation: enhancement of mpk-1 loss
of function indicates that the substrate promotes MPK-1 pro-
cesses and that phosphorylation may genetically activate the

substrate for this function; enhancement of let-60 gain-of-
function indicates that the substrate inhibits MPK-1 processes
and that phosphorylation may genetically inactivate the sub-
strate for this function. However, RNAi is ultimately knocking
down both the phosphorylated and unphosphorylated targets.
Because enhancement is tested in let-60–mpk-1-sensitized back-
grounds that affect the phosphorylation state of substrates, we
are assuming that the knockdown-induced interaction is more
likely related to the phosphorylated form of the substrate.
However, in cases where a substrate functions in feedback
regulation, either the phosphorylated or unphosphorylated
form could have this role. Thus, future studies aimed at
assessing substrate function with phosphomimetic and non-
phophorylatable mutant versions expressed from transgenes
will be important.

Image Capture and Processing. All images were taken on a Zeiss
compound microscope by using AxioPlan 2.0 imaging software
and a Hamamatsu camera. Each dissected and stained gonad was
captured as a montage, with overlapping cell boundaries. The
montages were then assembled in Adobe Photoshop CS3 and
processed identically. The boundary of each montage was pro-
cessed by using a feather tool of 25 pixels for each image. Shown
are regions of the germ line containing nuclei and cell mem-
branes, with a surface view distal to the loop and an interior view
proximal to the loop.

Candidate Substrate Protein Production. For 28 of 37 candidates,
recombinant fusion proteins were made by cloning full-length
cDNAs for each gene. For the remaining (MTR-4, DDX-19,
CDC-48.2, TOE-1, PAC-1, DCR-1, DRSH-1, as well as HEL-1
and MRS-1), where the full-length proteins were large and thus
not easily soluble, truncated proteins containing conserved
domains including the docking sites and phosphoacceptors were
used for analysis. However, soluble HEL-1 and MRS-1 were not
obtained. For all candidate substrates that are predicted proteins
kinases (e.g., GSK-3) the kinase domain HKRLD was mutated
to AAAAA to eliminate possible autophosphorylation. LIN-1
substrate positive control constructs were a gift from Kerry
Kornfeld (Washington University School of Medicine, St.
Louis).

pTrcHis Topo (catalog nos. K4410-01 and K4410-40) and
pGEX5-A bacterial expression vectors (Invitrogen) were used
for making the His6 and GST recombinant proteins, respectively.
If the docking domain and phosphoacceptors were on the
N-terminal half of the protein, then the C terminus was tagged
with His6 or GST, and vice versa. All clones were verified by
sequencing for orientation and sequence integrity. Proteins were
expressed in BL21(DE3) (Sigma) cells at 20 °C by using 1 mM
isopropyl �-D-1-thiogalactopyranoside (dioxane-free) for 16 h.
Proteins were then purified by using Ni–nitrilotriacetic acid–
agarose or glutathione–Sepharose (5). To estimate the amount
of purified protein, we conducted BCA-based protein assays as
well as ran 10% SDS/PAGE, with BSA dilution series standards,
and compared the intensity of bands on a Coomassie-stained gel.
The expression of proteins was confirmed by Western blot
analysis with either anti-His (27-4710-01; GE Healthcare) or
anti-GST antibodies (27-4577-01; GE Healthcare).

In Vitro Kinase Analysis by Using Activated Murine ERK2. Purified
proteins were dialyzed into the kinase assay buffer for 2–4 h (50
mM Tris�HCl, 10 mM MgCl2, 2 mM DTT, 1 mM EGTA, 0.01%
Brij 35 at pH 7.5). Purified ERK2 kinase was purchased from
NEB (catalog no. P6080L), and reactions were carried out as
described (6–9). Briefly, a standard 50-�L reaction contained 50
ng of purified protein, 100 �M cold ATP (Sigma), 1 �M
[�-32P]ATP (6,000 Ci/mmol; PerkinElmer), 1� kinase buffer,
and 1 unit of active ERK2 enzyme. The reaction was terminated
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after 15 min at 30 °C, at that time 32P incorporation was linear
with respect to time. The specific activity of 32P was calculated
as counts per min per picomole of ATP stock and was usually
�3,000. SDS/PAGE and autoradiography were used to establish
that the intact fusion protein contained most of the incorporated
32P. To quantify phosphorylation, we stopped the reaction with
10% ice-cold trichloroacetic acid and collected the precipitated
protein by centrifugation at 10,000 � g. Proteins were then
spotted onto P81 phosphocellulose paper and washed three
times with ice-cold 50% phosphoric acid. The amount of bound
radioactivity was measured with a scintillation counter. Purified
myelin basic protein was obtained from Sigma. Kinetic analysis
was performed by using seven concentrations of protein ranging
from 0.2 to 2 �M, with results an average from 5 separate
experiments. Km and Vmax were calculated from the intercepts of
the Lineweaver–Burk plot (Fig. S2 D–E), and in each case the
data closely approximated a straight line. To calculate Vmax, we
defined 1 unit of ERK2 activity as the ability to transfer 200 pmol
of phosphate per minute to myelin basic protein; the activity for
ERK2 was calibrated by the manufacturer. Vmax was determined
by assaying the amount of total phosphate incorporation per unit
of time/enzyme amount (usually calculated to �0.03 pmol).
Total phosphate incorporation was calculated by using the
measured cpm, the specific activity of 32P, and the reaction
volume. The relative acceptor ratio (RAR) is Vmax/Km and was
normalized by setting value for myelin basic protein to 1.0.

Docking Sites Are Required for DDX-19 to Be an in Vitro Substrate of
ERK2. To confirm the importance of the docking sites for
DDX-19 being an ERK2 substrate, we replaced residues in the
two conserved docking sites with alanine and performed in vitro
kinase assays (Fig. S2E). Altering either docking site reduced the
RAR at least 8-fold and increased the Km at least 7-fold.
Mutating both docking sites reduced the RAR 30-fold and
increased the Km 19-fold (Fig. S2E). Thus, the docking sites are
important for a high-affinity DDX-19–ERK2 interaction, as
expected from previous work, supporting our use of docking site
signatures in the in silico screen for predicted substrates.

Phosphopeptide Antibody Generation and Purification. To generate
P-DDX-19 and P-GSK-3 phosphospecific antibodies, phos-
phopeptides (DDX-19: DPK[pS]PLYS-C and IVIG[pT]PGI-C;
GSK-3 IIEY[pT]PTSRP[pT]PQA-C) (Fig. 4A) were synthesized
and HPLC fractionated to �95% purity (Biomolecules Mid-
West). A C-terminal cysteine was added to facilitate maleimide-
based conjugation of peptides to KLH for immunization and to
BSA for purification of the antibodies. For P-DDX-19, both
peptides were conjugated to KLH and coinjected for sera
production. Sera were generated by Invitrogen. Affinity purifi-
cation of the phosphoepitope-specific antibodies was conducted
by conjugating the corresponding nonphosphorylated, and sep-
arately, the phosphorylated peptides to maleimide activated
BSA, per the manufacturer’s instructions (Pierce). The coupling
for each was determined to be �90% by using Coomassie blue
staining of the conjugated peptides and assessing a shift in the
bands. Each peptide–BSA conjugate was then coupled to cy-
anogen bromide-activated Sepharose to generate two distinct
columns, one with the nonphosphorylated peptide and the other
with the phosphorylated peptide(s). The conjugated peptides

were dialyzed into the coupling buffer [0.1 M NaHCO3, 0.5 M
NaCl (pH to 9.5 with 50% NaOH)] before coupling to cyanogen
bromide-activated Sepharose. The columns were then made by
using 15-mL Bio-Rad splintered columns (2 mg of coupled
peptide per column). One milliliter of crude serum was initially
cleared by using a 0.45-�m syringe filter (Millipore). The serum
was then diluted 5-fold into 100 mM NaCl before purification.
The serum was passed through the nonphosphorylated peptide
column, and the flow-through was collected. The flow-through
was then bound to the phosphorylated peptide column overnight
at 4 °C before extensive washes with the wash buffer [10 mM Tris
(pH 7.5), 0.5 M NaCl]. The antibodies were then eluted by using
100 mM glycine-HCl (pH 2.0) and neutralized with 1:100 volume
of 1 M Tris (pH 9.8). For both DDX-19 (Fig. S3) and GSK-3, the
first-round phosphoantibody purification resulted in the detec-
tion of multiple bands in a Western blot against wild-type
whole-worm extracts. Therefore, the first-round purified phos-
phoantibody was subjected to three additional cycles of affinity
purification, through the nonphosphorylated column followed
by the phosphorylated column. In each case, the nonphospho-
rylated column was first stripped of any bound antibodies and
regenerated before fresh material was added to the column. For
regeneration, the column was first washed with 10 mM Tris (pH
8.8) (10 column bed volumes) and then with 10 mM Tris (pH 7.5)
(20 column bed volumes). One column was used no more than
two times. We found that sequential affinity purification pro-
gressive decreased nonspecific bands until a homogeneous spe-
cies was detected on Western blots of wild-type worms (Fig. S3).
Gene product specificity and MPK-1 dependence were assessed
in Western blots by using ddx-19- or gsk-3-null mutants and
mpk-1-null mutants (Fig. 4 C and F).

To ensure that the species detected on whole-worm Western
blots corresponds to the phosphosubstrate, but not the nonphos-
phosubstrate, a Western blot containing 5 ng of the nonphos-
phorylated peptide or the phosphorylated peptide, each coupled
to activated BSA, was probed with the phosphospecific antibody
at 1:5,000 dilution. We found that the affinity-purified P-
DDX-19 and P-GSK-3 antibodies did not cross-react with the
nonphosphorylated peptide (Fig. S3); this was further confirmed
by using dot blots, with each dot containing a 100-ng peptide.

Western Blot Analysis with Phospho- and Total Substrate Antibodies.
Wild-type, ddx-19(ok783) and gsk-3(nr2047) L4 hermaphrodites
were hand-picked (150 for each lane), grown for 24 h, and then
harvested for Western blot analysis as described in ref. 10. The
mpk-1(ga117) balanced with the qC1:GFP were prepared by
growing 50 10-cm NGM plates. Given that the mpk-1(ga117)-
null hermaphrodites and their germ lines are smaller than wild
type, we load extracts from 2.5 times as many worms to obtain
an equivalent amount of material, as assessed with paramyosin
and �-tubulin loading controls (Fig. 4 C and F). The extracts
were resolved on 10% low-bis SDS/PAGE (acrylamide/bis-
acrylamide is 100/1), transferred to PVDF membrane, and
probed with antibodies to P-DDX-19 at 1:400 dilution, total
DDX-19 at 1:500, P-GSK-3 at 1:500, total GSK-3 (ABCAM) at
1: 1000, and for �-tubulin at 1:15,000 and paramyosin at 1:10,000.
Western blots were developed by using SuperSignal West Pico
Chemiluminescent substrate from Pierce on Kodak BioMax MS
films.
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Fig. S1. let-60–mpk-1 pathway phenotypes observed on RNAi of predicted substrate genes. Shown is a gallery of let-60–mpk-1 pathway enhancement
phenotypes observed after RNAi of candidate substrates in mpk-1(ga111) or let-60(ga89) backgrounds at 20 °C. Gonads were dissected 24 h past L4 and
chromosome morphology visualized by DAPI staining (blue) and germ cell membranes by anti-SYN-4/anti-PTC-1 antibody staining (except in C and K). These
phenotypes were not observed after gfp RNAi in mpk-1(ga111) or let-60(ga89) at 20 °C. All strains contain rrf-1(pk1417). Mutant phenotypes are shown in the
same order as the corresponding wild-type functions listed in Figs. 1B and 3A. (A) Disorganized pachytene cell phenotype. MPK-1 promotes the organization
of pachytene cells in a hexagonal pattern on the surface of the gonadal tube in adult hermaphrodites (Fig. 1B) (11). After hrd-1 RNAi into mpk-1(ga111), the
hexagonal pattern is disrupted with gaps that lack pachytene nuclei and surrounding cell membranes (bracket/arrow). (B) Delayed/arrested pachytene
progression phenotype. MPK-1 promotes the progression of germ cells through pachytene, wherein the adult germ cells advance to diplotene in the loop and
pachytene cells are limited to the distal germ line (Fig. 1B) (2, 11). After rskn-1 RNAi in mpk-1(ga111), pachytene cells extend far into the proximal germ line
(bracket) although some eventually transit to diplotene (*) and diakinesis. (C) Increased germ cell apoptosis phenotype. During oogenesis, pachytene stage germ
cells undergo physiological apoptosis (12). MPK-1 appears to function in the inhibition of germ cell apoptosis based on the observation of increased number of
corpses after shift of mpk-1(ga111) to 25 °C compared with wild-type. Gumienny et al. (12) reported that germ cells in mpk-1 strong loss-of-function mutants
do not undergo apoptosis, suggesting that MPK-1 promotes germ cell apoptosis. However, in strong mpk-1 loss-of-function mutants, germ cells are arrested in
midpachytene (2), whereas apoptosis occurs primarily among proximal pachytene cells. Thus, the failure to observe apoptosis in strong mpk-1 loss-of-function
may be because germ cells have not progressed far enough through pachytene to undergo the process. Alternatively, MPK-1 may both promote and inhibit
apoptosis. CED-1::GFP outlines dying cells as a ring structure and when expressed in the somatic gonad with the lim-7 promoter can be used to quantitate germ
cell corpses (13). In a time course analysis, mpk-1(ga111) hermaphrodites 24 h past L4 at 20 °C have from 2 to 5 corpses per germ line. If �9 corpses per germ line,
on average, are observed after candidate substrate gene RNAi in mpk-1(ga111), but not in the control (in the 5 replicates) the gene is scored as functioning in
MPK-1-dependent inhibition of apoptosis. Shown in C after ttbk-2 RNAi in mpk-1(ga111) are rings of CED-1::GFP (arrows) identifying 10 germ-line corpses in the
two focal planes shown. (D–F) Disorganized oocytes phenotype. In wild type, as germ cells progress from pachytene to diplotene/diakinesis, they form a single-file
row of cylindrically shaped oocytes on the external surface of the U-shaped gonad, each containing a single nucleus and progressively increasing in size from
distal to proximal (Fig. 1B). MPK-1 is necessary for this function (2). (D) RNAi of cdc-48.2 in mpk-1(ga111) shows mispositioned oocytes that are not cylindrically
shaped (arrows). (E) ddx-19 RNAi in mpk-1(ga111), highlighting the abnormal condensed nuclear morphology (*) observed in proximal oocytes of some germ
lines that display disorganized oocytes. (F) RNAi of toe-4 in mpk-1(ga111) shows a mispositioned oocyte (arrow) and an oocyte with two nuclei (arrowheads).
(G) Oocyte growth defect, large oocyte phenotype. MPK-1 appears to function as a rheostat in oocyte growth control where low MPK-1 activity promotes oocyte
growth and high MPK-1 activity inhibits growth (2). Attenuated RNAi of pole-2 in mpk-1(ga111) results in large diakinesis stage oocytes (bracket). (H) Oocyte
growth defect, small oocyte phenotype. RNAi of rba-1 into let-60(ga89) results in small diakinesis stage oocytes (arrows) packed in multiple layers. (I and J) Oocyte
meiotic maturation/ovulation phenotype. In wild-type hermaphrodites the most proximal oocyte (�1) undergoes meiotic maturation and ovulation into the
spermatheca every �25 min (14). MPK-1 is necessary for timely meiotic maturation and ovulation (2). Attenuated RNAi of eif-3.D (I) or plk-1 (J) in let-60(ga89)
leads to endomitotic (Emo) oocytes in the proximal germ line (bright DAPI blob; arrows). Emo oocytes can arise from a failed ovulation after normal maturation
but can also occur if maturation is abnormal (14–17). Time-lapse video analysis will be necessary to determine whether the Emo phenotype arises from defective
maturation or defective ovulation. (J) plk-1 RNAi represents one of the examples where a genetic interaction was observed, but we were unable to show that
PLK-1 is an in vitro substrate of activated ERK2 (Dataset S1 and Table S1). (K) Feminization of the germ-line phenotype. In wild-type hermaphrodites, the male
germ cell fate is specified during larval development, with spermatogenesis occurring in the L4 stage whereas the female germ cell fate is specified subsequently
with oogenesis occurring during late L4 and throughout adulthood. MPK-1 is necessary for the male germ cell fate (2). Feminization of the germ line is initially
detected after candidate substrate RNAi by Normarski microscopy of adults (absence of sperm, stacked oocytes arrested in diakinesis). To confirm feminization
of the germ line, rather than sperm degeneration, gonads are dissected at mid-L4 through the L4/adult molt and stained for the major sperm protein (MSP), a
marker for spermatogenesis. Shown in (Ki) is a wild-type L4/adult molt hermaphrodite with pachytene stage germ cells in the proximal arm staining for MSP (red).
After zim-2 RNAi in mpk-1(ga111), proximal germ cells in this gonad (Kii) fail to stain for MSP, indicative of feminization of the germ line, with one oocyte having
progressed to diplotene (*).
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Fig. S2. ddx-19(ok783) genetically enhances mpk-1(ga111), demonstrating functions in pachytene cellular organization, and oocyte organization and
differentiation, and is phosphorylated by active ERK2 by using canonical docking sites. (A) Schematic showing the ddx-19 gene structure and the position of the
ok783 deletion relative to the helicase domain. The ok783 deletion removes 1,107 bp, producing a frame shift in the fourth exon that introduces a premature
stop codon at position 329 of the 1,029-aa wild-type protein. The break points for the deletion are: on the left, acgagaatatctcta; and on the right, ctcattgtttatt.
We failed to detect a transcript by RT-PCR in ddx-19(ok783) worms. Thus, ok783 is likely a strong loss-of-function or null allele of ddx-19. (B) ddx-19(ok783)
single-mutant worms exhibit wild-type germ-line development. A dissected gonad from ddx-19(ok783) hermaphrodite, 24 h past L4 at 20 °C, displays normal
chromosome morphology (blue, DAPI), pattern of activated dpMPK-1 (red), and organization of pachytene germ cell membranes, and oocytes (2). (C)
ddx-19(ok783);mpk-1(ga111) double-mutant worms recapitulate the ddx-19 RNAi enhancement of mpk-1(ga111); a dissected gonad 24 h past L4 at 20 °C,
displays disorganized pachytene cells and disorganized oocytes (arrows) (Dataset S2). The reduced number of embryos produced from these mothers are inviable
(not shown). (D) Graph of counts per minute versus protein concentration (nanomolar) for wild-type His-tagged DDX-19, amino acids 540-1022 (black line),
DDX-19 where both ERK-docking sites have been mutated to alanine (red line) or myelin basic protein (MBP, blue line). After the in vitro kinase assay with murine
activated ERK2, 32P incorporation was determined by filter binding and scintillation counting, with values shown representing the average of two samples and
the bars indicating the range. Lineweaver–Burk plot (to the right), 1/cpm versus 1/DDX-19 protein concentration, closely approximates a straight line. See SI
Methods for details. (E) Tabulation of the kinetic data from graphical analysis in A.
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Fig. S3. Generation of phospho-specific DDX-19 antibodies through multiple rounds of affinity purification. Phosphopeptides containing the ERK2 in vitro
phosphoacceptor sites pS612 and pT745 (Fig. 4A) were used to generate anti-phosphopeptide antibodies in rabbits that were then affinity purified through four
iterative rounds employing the nonphospho- and the phosphopeptides (Fig. 4 C and F). An essentially identical protocol was used to generate the phosphospecific
GSK-3 antibodies and to verify their specificity. (A and B) Phosphospecific DDX-19 antibodies, after four rounds of purification, are specific to the phosphorylated
peptides and not the nonphosphorylated peptides. (A) A Coomassie-stained gel showing BSA alone (Left), BSA conjugated to either the nonphosphorylated
peptides containing S612 or T745 (Center), or the phosphorylated peptides containing pS612 or pT745 (Right). (B) Western blot analysis with the affinity-purified
antibodies showing that they react specifically with BSA conjugated to the phosphopeptides (Right) and not the nonphosphopeptides (Center) or BSA alone (Left;
the blot contains the same samples and loading amounts as in A, but the gel was run longer to separate the products). (C) Multiple iterative rounds of affinity
purification are necessary to generate a phosphopeptide-specific antibody that detects the single DDX-19 species in whole-worm Western blots. As detailed in
SI Methods, we conducted multiple iterative rounds of affinity purification, where at each round we collected antibodies that bound to the phospho-DDX-19
peptide column but failed to bind to the nonphospho-DDX-19 peptide column. (C) Western blots with 250 (Left) and 75 (Right) wild-type worms after the first
round of affinity purification (i), second round (ii), third round (iii), and fourth (iv) round. The single band detected in iv is DDX-19 because it is eliminated in
ddx-19(ok783) (Fig. 4C).
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Fig. S4. Alignment of C. elegans GSK-3� orthologs. Aligned are the proteins from C. elegans, Caenorhabditis briggsae, Drosophila, mouse, and human. Identical
residues are shades, the D domain is boxed in red, the DEF domain is boxed in dark purple, and conserved phosphoacceptors are marked with arrowheads. Marked
with a circle is the T43 and P44 identified as the ERK phosphoacceptor by Ding et al. (18). In C. elegans the corresponding residues are S and V.
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Fig. S5. Human 14-3-3 and p97 are robust high-affinity ERK2 substrates in vitro, and C18A3.1, a conserved germ line-expressed worm protein with no docking
sites, is not. (A and B) Kinetic analysis of wild-type and phosphoacceptor mutants for (A) human 14-3-3 � and the C. elegans ortholog PAR-5 and (B) human p97
and ortholog CDC-48.2. (A) 14-3-3 �, like PAR-5, is a high-affinity substrate with an RAR of 8. PAR-5 contains a single phosphoacceptor, T245; when replaced by
alanine the PAR-5 mutant is not an in vitro substrate. A paralog of human 14-3-3 �, 14-3-3 �, has a natural ‘‘mutation’’ of the phosphoacceptor (S245A); 14-3-3
� is not an in vitro substrate. In these experiments, a truncated version of LIN-1, which contains only half of the phosphoacceptors and thus has a lower rate of
phosphate transfer than wild type, was used (8). (B) p97, like CDC-48.2, is a high-affinity substrate with RAR of 6. The phosphoacceptor for CDC-48.2 was mapped
to T669. Mutation of the corresponding site in p97 (S664A) abrogated function as an in vitro ERK2 substrate. Purified p97 and GST-tagged 14-3-3 � and 14-3-3
� proteins were kindly provided by Phyllis Hanson and Dr. Andrey Shaw, respectively (Washington University, St. Louis, MO). (C) As a control for assessing the
specificity of the enhancer screen, we conducted RNAi of 22 conserved germ-line-expressed gene products, most with S/TP sites but all lacking known ERK-docking
sites (Dataset S3). Twenty-one of 22 showed no genetic interaction with either mpk-1(ga111) or let-60(ga89). One, C18A3.1, specifically enhanced mpk-1(ga111),
indicating a function in oocyte organization and differentiation. Therefore, we asked whether His-tagged C18A3.1 is an in vitro ERK2 substrate. As shown in
the Dataset, C18A3.1 has a poor affinity for active ERK2 (Km 6.9 mM), and the RAR is 10-fold lower than MBP. Based on C18A3.1 lacking any known docking sites
and being a poor in vitro ERK2 substrate, we think it likely that the genetic interaction observed is not because C18A3.1 is a substrate but instead may function
in parallel to MPK-1 to promote oocyte organization and differentiation.
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Other Supporting Information Files

Dataset S1

Dataset S2

Dataset S3

Table S1. Most conserved MPK-1 ERK genetic interactors are in vitro substrates of active ERK2

Gene name (worm base ID)
Docking

site domains*
Human

ortholog†

In vitro ERK2 kinase assay‡

Interpretation Km, �M Vmax RAR

Substrates that promote
MPK-1-dependent process

MTR-4(W08D2.7) 1D; 1DEF SKIV-2L2 Positive 0.79 � 0.1 46 � 0.5 6
DDX-19(T07D4.4) 2D; 1RSK; 1DEF DDX19 Positive 0.24 � 0.2 24 � 0.7 8
RHA-2 (C06E1.10) 3D; 1DEF DHX37 Positive 0.25 � 0.1 17 � 0.4 7
CGH-1 (C07H6.5) 2D; 1DEF DDX6 Positive 0.22 � 0.1 21 � 0.5 6
HRD-1 (F55A11.3) 2D; 1DEF SYVN1 Positive 0.42 � 0.1 45 � 0.5 6
TOE-3 (R10E11.3a)¶ 3D USP46 Positive 0.12 � 0.1 12 � 0.5 6
TOE-4 (W02A11.3)¶ 2D; 1DEF RNF44 Positive 0.23 � 0.2 14 � 0.5 5
CDC-48.2(C41C4.8) 3D; 1DEF p97 Positive 0.12 � 0.1 14 � 0.5 6
RSKN-1(T01H8.1a)§ 2D; 1RSK; 1DEF RSK4 Positive 0.11 � 0.1 27 � 0.5 11
CDTL-7 (B0285.1)§ 4D CRKRS/ CDTL7 Positive 0.56 � 0.1 33 � 0.5 5
TTBK-2(F36H12.8) § 2D; 1RSK; 1DEF TTBK2 Positive 0.21 � 0.1 14 � 0.4 8
RSKD-1 (F55C5.7)§ 3D; 1DEF RPS6KC1 Positive 0.12 � 0.1 15 � 0.3 7
TOE-1 (ZK430.1)¶ 11D HEAT1 Positive 0.34 � 0.1 42 � 0.6 6
PAR-5 (M117.2) 2D 14-3-3� Positive 0.33 � 0.1 20 � 0.5 5
PAC-1 (C04D8.1) 4D ARHGAP21 Positive 0.34 � 0.1 21 � 0.5 5
TOE-2 (C56E6.3)¶ 1D; 1DEF DEPDC1B Positive 0.22 � 0.2 14 � 0.5 4
TOE-5 (Y70C5A.3)¶ 2D; 1DEF HMMR Positive 0.87 � 0.1 56 � 0.5 6
CYA-1 (ZK507.6 ) 2D CYA1 Positive 0.34 � 0.3 26 � 0.5 6
POLE-2 (F08B4.5) 2D POLE2 Positive 0.25 � 0.1 19 � 0.5 5
MRPS-5 (E02A10.1) 2D MRPS5 Positive 0.56 � 0.1 54 � 0.5 7
ZIM-2 (T07G12.10 ) 3D; 1DEF ZFP62 Positive 0.34 � 0.1 36 � 0.5 7
HEL-1 (C26D10.2 ) 3D DDX39 ND� NA NA NA
C30G12.6 4D C12orf12 Negative 0 0 0
MRS-1 (F58B3.5) 2D MARS ND� NA NA NA
RPS-8 (F42C5.8) 2D RS8 Negative 0 0 0
IRS-1 (R11A8.6) 5D LARS Negative 2.4 � 0.1 5 � 0.5 0.2

Substrates that inhibit
MPK-1-dependent process

DIS-3 (C04G2.6) 4D DIS3 Positive 1.4 � 0.1 96 � 0.6 8
ROP-1 (C12D8.11) 6D; 1DEF R(O) RNP Positive 0.44 � 0.2 32 � 0.5 6
CDK-7(Y39G10Al.3)§ 2D CDK7/CAK Positive 0.22 � 0.1 21 � 0.5 8
GSK-3 (Y18D10A.5)§ 3D GSK3� Positive 0.21 � 0.1 28 � 0.5 8
DCR-1 (K12H4.8) 8D DICER Positive 0.32 � 0.1 52 � 0.5 11
DRSH-1 (F26E4.10) 4D DROSHA Positive 0.19 � 0.1 15 � 0.5 5
RAB-5 (F26H9.6 ) 2D RAB5 Positive 0.11 � 0.1 15 � 0.5 9
RBA-1 (K07A1.11) 2D CAF1/RBAP48 Positive 0.33 � 0.2 40 � 0.6 9
EIF-3.D (R08D7.3) 2D EIF3 Positive 0.19 � 0.1 19 � 0.5 7
PLK-1 (C14B9.4)§ 4D PLK1 Negative 0 0 0
F56D2.6 4D DHX15 Negative 3.3 � 0.1 75 � 0.5 2

*Homology domains were identified using PFAM and NCBI KOGs (Methods).
†Human orthologs for the worm proteins determined through reciprocal best BLAST analysis (Methods).
‡Km is the affinity constant of the kinase for the substrate, and Vmax defines the rate of the reaction. RAR (relative acceptor ratio) � Vmax/Km is a measure of overall
ability of the protein to behave as a substrate (supplement). RAR for each substrate was normalized with RAR for myelin basic protein, which was set to 1, as
shown for Fig. 4 B and E. A protein was considered to be positive in this assay if it had an RAR �4. Given the stringency of the criteria, it is possible that some
of the proteins that we call negative may be substrates in vivo. Additionally, some proteins may also be negative in the kinase assay because of incorrect folding
or lack of eukaryotic modification in Escherichia coli.

§ThekinasecatalyticdomainHKRLD, in theprotein,wasmutatedtoAAAAA.Thekinase-deadrecombinantproteinwasthentested invitroasasubstrateofactiveERK2.
¶TOE, target of ERK.
�ND, proteins not tested in vitro kinase assay. The recombinant fusion proteins were insoluble in bacterial expression system.
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