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of orthologous groups

Sexual reproduction involves fusion of 2 haploid gametes to form diploid offspring with genetic contributions from
both parents. Gamete formation represents a unique developmental program involving the action of numerous
germline-specific proteins. In an attempt to identify novel proteins involved in reproduction and embryonic
development, we have carried out a proteomic characterization of the process in Caenorhabditis elegans. To identify
candidate proteins, we used 2D gel electrophoresis (2DGE) to compare protein abundance in nucleus-enriched extracts
from wild-type C. elegans, and in extracts from mutant worms with greatly reduced gonads (glp-4(bn2) worms reared at
25°C); 84 proteins whose abundance correlated with germline presence were identified. To validate candidates, we
used feeding RNAI to deplete candidate proteins, and looked for reduction in fertility and/or germline cytological
defects. Of 20 candidates so screened for involvement in fertility, depletion of 13 (65%) caused a significant reduction in
fertility, and 6 (30%) resulted in sterility (<5 % of wild-type fertility). Five of the 13 proteins with demonstrated roles in
fertility have not previously been implicated in germline function. The high frequency of defects observed after RNAI
depletion of candidate proteins suggests that this approach is effective at identifying germline proteins, thus

contributing to our understanding of this complex organ.

Introduction

Sexual reproduction in diploid eukaryotes involves formation
of haploid gametes through a specialized cell division known as
meiosis. Fusion of 2 haploid gametes at fertilization recreates dip-
loidy in the next generation. Accurate segregation of chromo-
somes during meiosis is critical for successful sexual
reproduction; errors in chromosome segregation result in aneu-
ploid gametes, which have an incorrect chromosome comple-
ment (For review, see ref.'). Errors during meiosis are common
in humans, and result in fertility issues and birth defects.” In
most eukaryotes, including humans, successful formation of hap-
loid gametes involves completion of a choreographed series of
events involving pairing of and genetic exchange between homol-
ogous chromosome pairs in germ cells undergoing meiosis. This
process is conserved among eukaryotes, and is fundamental for

reproductive success in most eukaryotes.”

The production of gametes requires major changes to cellular
activity; in addition to an altered cell cycle, many germline-spe-
cific proteins are also involved.* Despite years of study, funda-
mental gaps still remain in our understanding of this complex
process. Traditional genetic approaches have identified many
proteins involved in meiosis/gametogenesis, but the infertility
associated with mutations in proteins involved in these processes
complicates traditional forward genetic analyses. Cytological
examination of cells undergoing meiosis can directly reveal
defects in chromosome behavior during meiosis; however, the
labor-intensive nature of cytology makes its application in large-
scale screens challenging. The advent of genome sequencing has
enabled systems biology approaches such as transcripromics and
proteomics. Here, we describe a combined approach involving
differential proteomic identification of germline proteins, fol-
lowed by validation through RNAi-mediated depletion of candi-
dates, using the tractable metazoan Caenorhabditis elegans.
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into adults with normal

somatic structures but under-
developed gonads containing
roughly

10 germ nuclei

Wild-type, 25 °C

(which are arrested prior to
entry into meiosis; Fig. 1).°
In  contrast,  glp-4(bn2)
worms raised at 16°C or

%0 Og

wild-type worms raised at

16°C or 25°C

glp-4(bn2), 25 °C contain

roughly 2000 germ nuclei.®”
This allows large-scale prepa-

roughly 10 germ cells.

Figure 1. C. elegans gonad anatomy. (A) schematic depiction of hermaphrodite anatomy, showing the 2 gonad
arms. (B) Schematic depiction of normal gonads (left) and gonads derived from glp-4(bn2) worms reared at 25°C. In
a normal gonad, each arm contains roughly 1000 germ cells. In glp-4(bn2) animals, each gonad arm contains

ration of worms with normal
somatic structures, but with a
~200-fold reduction in the

C. elegans is an ideal model organism for the study of sexual
reproduction.’ Adult nematodes are roughly half gonad (Fig. 1).
Thus, gamete production represents a substantial proportion of
total cellular activity in this organism.” The worm gonad
includes stem cells, mitotically dividing cells, and cells undergo-
ing meiosis and gametogenesis; these cell types are arranged in a
spatiotemporal gradient within the gonad, such that cell position
within the gonad can be used to infer cell type / stage. The trans-
parent nature of these animals, coupled with their large gonads,
facilitates cytological examination of chromosome behavior dur-
ing gamete production and meiosis. And finally, the fact that her-
maphrodites are self-fertile simplifies genetic assays for detection
of germline defects.

Large-scale RNA expression profiling of germline gene expres-
sion in C. elegans has identified many RNA transcripts that are
enriched in the germline.*'® This list of candidate genes has
been used to direct more targeted analysis of the roles of candi-
date gene products in meiosis and gametogenesis.”' >> However,
expression profiling is blind to much post-transcriptional regula-
tion; in addition, cellular protein levels do not always directly
correspond to RNA transcript levels."" Thus, there is value in
direct determination of protein abundance in the germline
through a proteomic approach.

The production of gametes involves extensive alterations to
the cellular protcome—for example, a large multiprotein com-
plex known as the synaptonemal complex assembles along
homologous chromosomes during prophase I of meiosis.'> Thus,
gamete production is particularly amenable to a proteomic
approach. A number of previous studies have used proteomics to
identify proteins present in the C. elegans germline.'*'® How-
ever, these previous studies have either been relatively limited in
scope,'>' or required cellularization of gametes and thus were
targeted toward the latter stages of gametogenesis.'>'® The pres-
ent work describes an in-depth proteomic characterization of all
stages of gamete production in C. elegans.

The gene glp-4 (GermLine Proliferation) encodes a protein
involved in germ cell proliferation.® In the experiments described
herein, we take advantage of a specific temperature-sensitive allele

of the glp-4 gene. glp-4(bn2ts) embryos raised at 25°C develop

number of germ nuclei. In an
effort to identify proteins
involved in gamete production, we isolated proteins from glp-4
(bn2) worms reared at the restrictive temperature (25°C), repre-
senting the germline (—) sample, and wild type reared at 25°C
(germline (4)). A major focus of research in our lab is meiotic
chromosome behavior; thus, we carried out subcellular fraction-
ation to enrich for nuclei (and thus chromosomes and chromo-
some-associated proteins). Comparison of proteins present in
these samples, through 2-dimensional gel electrophoresis 2DGE)
and matrix-assisted laser desorption ionization tandem time of
flight mass spectrometry (MALDI-TOF/TOF MS), allows identi-
fication of candidate proteins involved in germline function, as
they will be present in higher abundance in the germline (+) sam-
ple, while controlling for temperature-induced changes in protein
abundance. A subset of identified proteins was then subjected to
RNAi-mediated depletion, followed by phenotypic characteriza-
tion. In this way, candidate proteins were directly evaluated for
roles in germline function.

Through this combined approach, we expand the known C.
elegans germline proteome, identifying 84 proteins whose abun-
dance is correlated with the presence of germ cells. Functional
analyses suggest that several previously uncharacterized proteins
identified herein play a role in reproduction and/or embryonic
development. Further characterization of these proteins is thus
likely to enhance our understanding of the conserved process of
gamete production.

Results and Discussion

Identification of germline-enriched proteins

To identify proteins involved in reproduction and embryonic
development, we used 2D gel electrophoresis to compare protein
abundance in nucleus-enriched fractions isolated from age-
matched young adult wild-type (germline(+)) and glp-4(bn2)
(germline(—)) worms reared at 25°C (Fig. 1). Isolated proteins
were first separated by pl on immobilized pH gradient strips (pH
ranges used: 4-7 and 7-11); proteins were then separated by
molecular weight via polyacrylamide gel electrophoresis. Each sam-
ple was analyzed in replicate; for each sample (germline (4) or (—))
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Figure 2. 2D gels of nucleus-enriched protein extracts from wild type C. elegans. Left gel: isoelectric focusing done in pH range 4-7. Right gel: pH
range 7-11. A total of 963 protein spots were resolved in this analysis (507 in pH range 4-7; 456 in pH range 7-11).

and pH range (4-7 or 7-11), a minimum of 8 2D gels was run.
Each gel was stained and imaged; gel images were then quantified
through a software-based analysis that involved warping of gel
images (to control for differences in migration) and quantification.

963 distinct protein spots could be resolved under our experi-
mental conditions (507 in pH range 4-7; 456 in pH range
7-11) (Fig. 2). Of these spots, 36% (349) were significantly
more abundant in the germline(4) samples (2 < 0.05); 31%
(294) were significantly more abundant in germline(—) samples.

As our goal was to identify proteins involved in germline func-
tion, we focused our MS-based identification efforts on proteins
whose abundance was positively correlated with the presence of a
germline (see Experimental Section). In total, 144 protein spots
(15% of total) were further analyzed (81 in pH range 4-7; 63 in
pH range 7-11). From these spots, 84 unique proteins were suc-
cessfully identified (50 in pH range 4-7; 36 in pH range 7-11;
Table 1; Table S1. Two proteins were identified from both pH
4-7 and pH 7-11 gels). These 84 germline-enriched proteins rep-
resent candidates for involvement in fertility.

Each of the 84 germline enriched proteins was manually
assigned to a COG class, based on information present in
WormBase.'” Three major categories were identified: informa-
tion storage and processing (23 proteins, 27% of all proteins),
including proteins involved in chromosome segregation,
nucleic acid metabolism, and protein synthesis; cellular pro-
cesses and signaling (34 proteins, 40%), including proteins
involved in membrane transport and cytoskeletal structure;
and metabolism (24 proteins, 28%), including mitochondrial
proteins. Five proteins (6%) are “poorly characterized.” These
results underscore the fact that production of gametes requires
large-scale changes in the proteome. For example, 15 of 84
proteins we identified (18%) are predicted to function in the
mitochondrion. Similar results have been seen in other stud-
ies—of the 50 proteins identified as being part of the yeast
meiosis proteome, 30% are mitochondrial in function.'®"?
This is not surprising: in adult worms, the majority of cell

growth and division, which are both energy-intensive pro-
cesses, takes place in the germline.”*?* Thus, the abundance
of mitochondrial proteins in adult worms will correlate with
the presence of a germline. However, it is important to note
that mitochondrial function can directly impact gamete pro-
duction: for example, mutations in the mitochondrial protein
SPD-3 have recently been demonstrated to affect meiotic chro-

. . 2
mosome behavior in C. elegans.”

Comparison with germline transcriptome

To validate our approach, we compared our germline-
enriched protein dataset (84 proteins) with the set of 1063 germ-
line-enriched genes identified by Wang ez 4/ through Serial Anal-
ysis of Gene Expression (SAGE) analysis.'® Of our 84 proteins,
25 (30%) correspond to genes identified as germline-enriched by
SAGE. The observed overlap between the protein and SAGE
data sets (25/84) is significantly different from that expected due
to random chance (4/84; p = 2.2 x 107°).

We also compared our germline-enriched dataset with the set
of genes identified by microarray analysis as germline-enriched in
adults.*'? 17 proteins are present in both data sets; 9 proteins
would be expected to be present in both sets based on random
chance. This difference is not significant (p = 0.081). The lack
of significant overlap between our dataset and that of Reinke ez a/
likely reflects in part fundamental differences between the germ-
line proteome and the germline transcriptome; RNA expression
levels do not always correlate well with protein abundance.'"**
However, the extensive and significant overlap between our data
set and the germline SAGE dataset argues against this as sole
explanation. Instead, we suggest that the lack of overlap between
out data set and that of Reinke ez @/ likely also reflects differences
in sensitivity—our analysis was specifically targeted toward abun-
dant proteins, while microarray analysis can evaluate expression
differences for low-abundance transcripts as well (as discussed in

ref.').



Table 1. Identified proteins

Sequence name Gene name Mammalian homo/ortholog Brief description

B0393.1 rps-0 RPSA Ribosomal protein SA

C04C33 pdhb-1 PDHB Pyruvate dehydrogenase complex E1 3 subunit
C04F6.1 vit-5 APOB Vitellogenin

C09G9.2 npp-23 NUP43 Nucleoporin

CO9H10.3 nuo-1 NDUFV1 NADH dehydrogenase flavoprotein 1

C14F11.1 got-2.2 GOT2 Glutamic-oxaloacetic transaminase

C14F11.5 hsp-43 HSPB1 Heat shock protein

C18A11.7 dim-1 PALLD Required for normal muscle organization

C25A14 HNRNPM Heterogeneous nuclear riboprotein M

C25H3.10 n/a unknown function

C27H6.4 rmd-2 RMDN1 Regulator of Microtubule Dynamics

C29E4.2 kle-2 NCAPH2 non-SMC condensin Il complex, subunit H2

C31B8.8 MMP13 Collegenase 3 (matrix metalloprotease)

C33H5.12 rsp-6 SRSF7 Serine/arginine-rich splicing factor; component of splicecosome
C34E10.6 atp-2 ATP5B ATP synthase, mitochondrial F1 complex, B subunit
C35B8.2 vav-1 VAV1 Rho/Rac-family guanine nucleotide exchange factor
C43E11.7 ndx-7 NUDT19 NUDIX hydrolase; predicted pyrophosphatase
C55B7.4 acdh-1 ACADSB acyl-CoA dehydrogenase, short-chain.

D1054.11 n/a unknown function

D1073.1 trk-1 NTRK2 member, neurotrophic tyrosine kinase family

DY3.2 Imn-1 LMNB1 nuclear lamin (component of nuclear matrix)

E01A2.2 SRRT/ARS2 serrate/ARS2; RNA effector molecule

EEED8.7 rsp-4 SRSF2 serine/arginine-rich splicing factor; component of spliccosome
FO1G4.2 ard-1 HSD17B10 hydroxysteroid dehydrogenase

F08B6.4 unc-87 CNN1 Calponin-related

F10C1.2 IFB-1 LMNA lamin A/C; intermediate filament protein (cytoskeleton)
F10C1.7 ifb-2 LMNB2 lamin B2; B-type nuclear lamin

F17C11.9 eef-1G EEF1G translation elongation factor 1 gamma

F17C8.1 acy-1 ADCY9 adenylyl cyclase

F21F8.3 asp-5 CTSE Cathpepsin E; protease

F22B8.7 MARC1 Mitochondrial amidoxime reducing component 1
F25H5.4 eef-2 EEF2 translation elongation factor 2

F26E4.8 tba-1 TUBATA a-tubulin (cytoskeleton)

F32A6.3 vps-41 VPS41 vesicle-mediated protein sorting

F42G8.12 isp-1 UQCRFS1 ubiquinol-cytochrome c reductase (electron transport)
F44D12.2 n/a unknown function

F46E10.10 mdh-1 HDH1 malate dehydrogenase

F52H3.7 lec-2 LGALS9 galectin; may function in cell-cell adhesion

F54E7.2 rps-12 RPS12 small ribosomal subunit S12 protein

F54F11.2 nep-17 ECEL1 neprilysin; zinc metallopeptidase (cell-cell signaling)
F57B9.6 inf-1 EIF4A2 translation initiation factor 4A

F58E10.3 ddx-17 DDX17 DEAD box helicase

F58F12.1 phi-38 ATP5D ATP synthase, mitochondrial F1 complex, delta subunit
H28016.1 phi-37 ATP5A1 ATP synthase, mitochondrial F1 complex, a subunit 1
K01G5.7 tbb-1 TUBB4B B-tubulin (cytoskeleton)

KO7F5.13 npp-1 NUP54 Nucleoporin

KO8F4.2 G3BP2 GTPase-activating protein binding protein 2
MOTE11.4 pgn-54 n/a prion domain

MO3F4.2 act-4 ACTB actin

Mé6.1 ifc-2 LMNB1 intermediate filament protein (cytoskeleton)

R02D3.3 GTF2H1 general transcription factor IIH, polypeptide 1

RO3G5.1 eef-1A.2 EEF1A2 translation elongation factor 1 « 2

RO4E5.10 ifd-1 LMNA lamin A/C; intermediate filament protein (cytoskeleton)
R05G6.4 NOSIP Nitric oxide synthase interaction protein

R05G6.7 vdac-1 VDAC2 voltage-dependent anion channel; mitochondrial
RO6F6.5 npp-19 NUP35 nucleoporin

RO8H2.1 dhs-23 HSD17B8 hydroxysteroid dehydrogenase

R53.5 FAM213A unknown function

TO3E6.7 cpl-1 CTSL Cathpepsin L; protease

T10B10.2 ucr-2.2 UQCRC2 ubiquinol-cytochrome c reductase (electron transport)

(continued on next page)



Table 1. Identified proteins (Continued)

Sequence name Gene name Mammalian homo/ortholog Brief description
T10F2.4 prp-19 PRPF19 RNA splicing; DNA repair

T21B10.2 enol-1 ENO1 a-enolase

T24C4.1 ucr-2.3 UQCRC2 ubiquinol-cytochrome c reductase (electron transport)
T25C8.2 act-5 ACTG1 gamma actin (cytoskeleton)

T25F10.6 CNN1 Calponin-related

T27E4.2 hsp-16.1 CRYAB 16-kp heat shock protein

T27E4.3 hsp-16.48 CRYAB 16-kp heat shock protein

WO03D2.4 pen-1 PCNA DNA replication (sliding clamp)

WO3F11.1 n/a chitin-binding; eggshell synthesis

WO9H1.6 lec-1 LGALS9 galectin; may function in cell-cell adhesion
Y105E8B.1 lev-11 TPM3 tropomyosin

Y106G6H.2 pab-1 PABPC1 poly(A) binding protein

Y106G6H.3 rpl-30 RPL30 ribosomal protein L30

Y18D10A.17 car-1 LSM14A snRNP component; pre-mRNA splicing
Y32G9A.8 0ig-6 BSG immunoglobulin superfamily

Y39A1A.12 orc-1 ORC1 origin recognition complex (DNA replication)
Y43F8C.12 mrp-7 ABCC3 ABC transporter; membrane transport
Y46H3A.6 gly-7 GALNT?7 N-acetylgalactosaminyltransferase
Y53GS8AL.2 NDUFA9 NADH dehydrogenase (ubiquinone) 1 «
Y55B1AR.1 lec-6 LGALS9 galectin; may function in cell-cell adhesion
Y69A2AR.18 ATP5C1 ATP synthase, mitochondrial F1 complex, gamma subunit 1
ZK1058.9 n/a unknown function

ZK328.5 npp-10 NUP98 Nucleoporin

ZK892.1 lec-3 LGALS4 galectin; may function in cell-cell adhesion

Gene ontology of germline proteome

As a first step in characterization, we used the DAVID classifi-
cation tool to look for enriched gene ontology (GO) terms, by
comparing GO terms associated with proteins in our dataset
with those associated with all C. elegans proteins.”® Of the 84
proteins in our data set, 41 (49%) are associated with the GO
term ‘embryonic development ending in birth or hatching’
(GO:0009792); enrichment is also seen for terms related to
aging/lifespan, growth, reproduction, and energy generation
(Table 2; Table S2). With the exception of the aging/lifespan
lists, more than 80% of proteins are shared between the smaller
categories and “embryonic development.” This supports the idea
that we have identified a suite of proteins expressed in the germ-
line that are important in reproduction and early development of

C. elegans.

Validation of candidate proteins through RNA interference

Our proteomic approach identified a list of germline-
enriched proteins; however, demonstration that the identified
proteins are involved in germline function requires pheno-
typic validation. To do so, we used RNAi to deplete candi-
date proteins, and then assayed fertility by determining the

Table 2. Gene ontology enrichment-main categories

number of progeny produced. A reduction in fertility (com-
pared to control worms) can reveal a role for the depleted
protein in gamete production or embryogenesis, although
depletion of somatic proteins can also result in reduced fertil-
ity. The 20 candidates selected for initial testing included pro-
teins shown by prior analyses to contribute to fertility, as well
as proteins for which roles in fertility had not previously been
reported.

Of the 20 genes selected, depletion of 13 resulted in a signifi-
cant reduction in fertility (Table 3). Six candidates resulted in
production of less than 5% of control levels of progeny after
RNAI; 7 other candidates had more moderate effects on fertility
(35-75% of control).

Eleven of the candidates selected had no previously reported
RNAI evidence for a role in fertility. Our experiments revealed a
significant reduction in fertility for 5/11. For C31B8.8, a sub-
stantial reduction seen (to 38% of wild-type). For the other 4, a
more modest reduction was seen (to 50-75% of control). These
five proteins represent novel gametogenesis / embryogenesis fac-
tors in C. elegans.

For nine of the candidate genes selected for RNAi, previous
analyses had suggested roles in fertility or embryogenesis. Our

GO term fold enrichment # proteins P Value Benjamini
G0:0009792-embryonic development ending in birth or egg hatching 2.0 41 2.90 x 1077 9.79 x 107
GO0:0040007-growth 2.1 23 363 x 107 242 x 1072
G0:0003006-reproductive developmental process 23 15 1.96 x 107 712 x 1072
G0:0008340-determination of adult life span 5.7 1 1.53 x 107 172 x 107
GO:0006091-generation of precursor metabolites and energy 8.4 9 9.08 x 10°° 3.06 x 107




Table 3. Phenotypic analyses of selected candidate proteins

phenotype

Sequence name Gene name® Fertility® P Value €

Cytological phenotype (this study) ¢

Germline phenotype (previously reported)

B0393.1 rps-0 0.0% 0.015 organism and gonad developmental defects Defects in gonad and germline development 3’

C25H3.10 80.0% 047 nd none

C27H6.4 rmd-2 101.9% 0.94 nd none

C29E4.2 kle-2 0.0% 1.0 x 107 defects in mitotic and meiotic germline nuclear mitotic and meiotic chromosome segregation
morphology defects 2

C31B8.8 37.7% 0.0015 nd none

C35B8.2 vav-1 1182%  0.44 nd Ovulation defect (arrhythmic) in mutant *®

F10C1.2 IFB-1 1436%  0.069 nd egg-laying defective 3% ©

F17C11.9 eef-1G 1.2% 1.9 x 10~ Developmental delay-failure to switch from gonad morphology variant 3
sperm to oocyte production

F22B8.7 62.9% 0.034 no germline defects observed none

F32A6.3 vps-41 60.7% 0.0080 no germline defects observed increased germline apoptosis *°

F52H3.7 lec-2 90.3% 0.47 nd none

KO7F5.13 npp-1 0.00% 0.032 germline proliferation defects; meiotic Rudimentary gonad; germline mitosis defects’
chromatin condensation defects

KO08F4.2 gtbp-1 103% 0.60 nd germline transgene silencing defective.

Maternal-effect sterile. *'4?

R02D3.3 4.0% 0.0086 germline proliferation defects Fewer germ cells; no oocytes*

R05G6.4 166.7% 0.48 nd none

R53.5 56.0% 0.014 no germline defects observed none

T10F2.4 prp-19 0.0% 0.00025  underdeveloped gonads, failure to switch from  gonad morphology variant; oocyte number
sperm to oocyte production decreased %’

Y32G9A.8 0ig-6 52.8% 0.017 no germline defects observed none

Y39A1A.12 orc-1 53.0% 0.036 no germline defects observed none

ZK1058.9 74.8% 0.038 no germline defects observed none

nd: not determined.

@ Not all C. elegans genes have been given gene names; however, all genes have systematic names.

e Average number of progeny produced per parent after RNAi / average number of progeny produced per control parent; expressed as percentage.
€ Result of Student's t-test comparing progeny produced per parent after RNAi to progeny produced per control parent.

4 Hermaphrodites were subjected to RNAi; young adult worms were dissected to release the gonad, fixed, and DAPI stained.

¢ Note—phenotype could not be confirmed by retesting.
fa4

RNAi experiments revealed a reduction in fertility for 8/9
(Table 3). For a subset of these, cytological examination of
gonads from depleted animals recapitulated and/or extended
known germline cellular defects associated with depletion of the
cognate protein. For example, RNAi depletion of KLE-2 causes
multiple germline defects indicative of problems with organiza-
tion and segregation of chromosomes during germline cell divi-
sions (Fig. 3; see also ref.2%). Cytological evidence for germline
defects was also seen in gonads of animals depleted for
B0393.1, F17C11.9, KO07F5.13, R02D3.3, and T10F2.4
(Table 3; Fig. 4).

In this analysis, we saw a substantially higher proportion of
phenotypes than has been seen in genome-wide RNAI screens;
for example, in the genome-wide RNAI analysis carried out by
Kamath er al.*’, 2.2% of RNAI targets resulted in a 10-fold or
greater reduction in fertility. In this work, 30% of candidates
tested by RNAI gave the same phenotype. Thus, our proteomic
approach leads to a greater than 10-fold enrichment for this fer-
tility phenotype over genome-wide RNAI screens. It is possible
that this increased efficiency reflects our use of the C. elegans
strain AZ212 as host for feeding RNAI, as this strain has been
demonstrated to be more sensitive to RNAi.*® However, it also
likely reflects the direct advantage of targeted screening (the genes

assayed were preselected for likely involvement in fertility); fur-
ther, smaller-scale screens such as this also allow increased sensi-
tivity of assays—by screening only a limited number of
candidates, we can carry out assays allowing detection of more
modest reductions in fertility than could be assayed in genome-
wide screening.

In a related example of a targeted RNAI screen based on
proteomic data, Skop ¢t al. identified 160 candidate proteins for
involvement in mammalian cytokinesis through a proteomic
approach, and then used RNAi in C. elegans to validate their can-
didates.”” 33% of their candidates had been previously reported
to display no RNAi phenotype (based on data from genome-
wide RNAI screens), yet had demonstrable phenotypes in their
targeted screen. Likewise, 25% (5/20) of candidates tested herein
gave reduced fertility after RNAi, but had no previous RNAi
phenotype reported from genome-wide screening. This demon-
strates the advantage of targeted screening, and also underscores
the fact that genome-wide RNAI screens have not detected all
possible phenotypes.

In summary, these data indicate that our approach has suc-
cessfully identified numerous proteins that contribute to fertility
in C. elegans, including several proteins for which no previous
role had been determined. As many of the identified proteins



have homologs/ orthologs in
mammals, it is possible that
investigation of these pro-
teins in higher organisms
may lead to identification of
novel mammalian fertility
proteins.

Methods/Materials

Strains and culture
conditions

C. elegans strains used for
protein isolation were N2
(wild-type) and SS104 (glp-4
(bn2)). Feeding RNAi was
AZ212
(reported to have higher sen-
sitivity to RNAIi).?® Standard

strain propagation for prote-

done in strain

omics took place at 16°C on
nematode growth medium
(NGM) plates seeded with
E. coli strain OP50; liquid
done in S
medium supplemented with
OP50 at 25°C.”° Feeding
RNAi was carried out at
20°C.

culture was

Nematode culture

Wild-type control

v .a9®
¢ioss 4
‘.:‘:3"" 4

C29E4.2 (kle-2) RNAi

Figure 3. Meiotic progression and nuclear morphology are aberrant in kle-2—depleted germlines. Gonads
were dissected from wild type (top) or kle-2—depleted young adults, fixed, and DAPI stained. In each image, the
distal tip of the gonad is on the left; nuclei proceed through meiosis and gametogenesis as they travel down the
gonad. In the wild-type control, mitotic nuclei can be seen near the distal tip. The transition zone, characterized by
asymmetrical chromatin within nuclei, marks the entry into meiosis. Adjacent to the transition zone, pachytene
nuclei with paired chromosomes can be seen, with numerous diakinesis nuclei evident at the proximal end of the
gonad (lower right). After kle-2 RNAi (bottom), the gonad architecture is dramatically altered: the overall number of
nuclei is greatly reduced, suggesting germline proliferation defects. Most nuclei in the mitotic zone appear
enlarged with punctate DNA staining, suggestive of chromosome fragmentation. Mitotic figures are absent, sug-
gesting cell-cycle delay or arrest. Although some nuclei have a pachytene-like appearance, the transition zone is
absent and the majority of nuclei in the meiotic region appear disorganized. There appear to be no diakinesis
nuclei, and mature oocytes are absent. Thus, depletion of kle-2 results in dramatic defects in gamete production

and fertility.

for Protein Isolation

L4 hermaphrodite worms
(N2 or SS104) were moved onto 100 mm NGM plates seeded
with OP50 (10 L4 per plate; 8 plates per liter of liquid culture).
Plates were incubated at 16°C undil starved (roughly 10 days); at
that point, the vast majority of worms on each plate were L1
larvae.

Worms were washed from starved plates into 250 or 500 mL
baffle flasks containing S medium supplemented with OP50
bacteria; flasks were kept at 25°C, shaking at 200 rpm for
72 hours. After 72 hours, the vast majority of worms in each
flask were age-matched young adults; at this point, most wild-
type adults had not yet initiated embryogenesis (based on
Nomarski microscopy). Worms were harvested by centrifuga-
tion, floated on 30% sucrose (to remove E. coli), washed with
M9 buffer to remove sucrose, and then flash-frozen by adding
dropwise to liquid N,.

Nucleus enrichment, protein isolation and two-dimensional
gel electrophoresis

Subcellular fractionation and nucleus enrichment followed
ref.?!, with some modifications. 1-2 grams of flash-frozen worm
balls were ground with mortar and pestle using dry ice as grind-
ing agent. Following grinding, samples were resuspended in

buffer A+ (250 mM Sucrose, 10 mM MgCl,, 10 mM Tris,
1 mM EGTA (pH 8.0) supplemented with 0.35% 2-mercaptoe-
thanol and Complete protease inhibitor cocktail (Roche, Indian-
apolis, IN, USA)). Nuclei were pelleted by centrifugation at
4000 x G (5 minutes, 4°C). Pelleted nuclei were resuspended in
buffer A++ (A+ supplemented with 0.25% NP-40 and 0.1%
Triton X-100), and Dounce homogenized (10 strokes with
coarse pestle, 100 strokes with fine pestle).

Following Dounce homogenization, the solution was centri-
fuged at 50 x G (5 minutes, 4°C); this spin pellets cuticle shards
and other large debris, but not nuclei. After removing the super-
natant, the pellet was washed with buffer A+ (resuspend in
buffer A+, pellet at 50 x G, collect supernatant) until few nuclei
were seen in the supernatant after 50 X G centrifugation. The
pooled, nucleus-enriched supernatant fraction was then pelleted
at 4000 x G (5 minutes, 4°C), washed once with buffer A+,
and pelleted again.

The resulting pellet was enriched for nuclei, based on Nomar-
ski microscopy. However, the pellet collected also contained a
significant number of mitochondria, as evidenced by the proteins
with predicted mitochondrial function identified by MS (Results
and Discussion).
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Figure 4. RNAi depletion of selected candidate proteins results in defects in gonad development. Whole hermaphrodites were ethanol fixed, DAPI
stained, and imaged. In each image, the gonad is outlined in white; the distal tip is outlined with a dashed line. Orange brackets in (A, B, and D) demar-
cate inappropriate accumulation of sperm in the proximal gonad, suggestive of delayed development. Red arrows indicate gut granules; red arrowheads
indicate gut nuclei. (A) B0393.1 RNAI, 24 hours post-L4. The gonad is smaller than WT, suggesting proliferation defects; in addition, sperm production
continues (orange bracket). (B) F17C11.9 RNAI, 24 hrs post-L4. (C) WT control, 48 hrs post-L4. (D) KO7F5.13 RNAI, 48 hrs post-L4. Chromatin condensation
defects can be seen in early prophase nuclei (adjacent to green arrow); compare with similar region of gonad in (C) (E) T10F2.4 RNAI, hrs post-L4.

After pelleting, the nucleus-enriched fraction was lysed in  pH 4-7 or pH 7-11; GE Healthcare, Piscataway, NJ, USA),
homogenization buffer (7 M urea, 2 M thiourea, 1% ASB-14 40 mM DTT (dithiothreitol)) at a ratio of 1:4. Following lysis,
(amidosulfobetaine-14), 40 mM Tris base, 0.001% Bromophe-  proteins were precipitated by addition of 4 volumes 10% tri-
nol Blue, 0.5% immobilized pH gradient (IPG) buffer (either chloroacetic acid in acetone, followed by overnight incubation at



—20°C and centrifugation at 4°C. Pelleted proteins were washed
with acetone and air-dried. To remove DNA, precipitated sam-
ples were resuspended in 1x DNase I buffer (10 mM Tris-HCl
pH 7.6, 2.5 mM MgCl,, 0.5 mM CaCl,) + 1 mM PMSF; 0.01
volumes DNase I (New England Biolabs, Ipswich, MA, USA)
was then added, and samples were incubated on ice 15 minutes.
After DNase treatment, proteins were again TCA/acetone precip-
itated as above and then resuspended in rehydration buffer (7 M
urea, 2 M thiourea, 2% CHAPS, 2% NP-40, 0.002% Bromo-
phenol blue, 100 mM dithioerythritol, 0.1% IPG buffer). Pro-
tein concentration was determined using a 2D-Quant kit
according to manufacturer’s instructions (GE Healthcare,
Uppsala, Sweden).

For isoelectric focusing, proteins were separated by isoelectric
point on 11-cm IPG gel strips of the appropriate range (pH 4-7
or pH 7-11; GE Healthcare). pH 4-7 strips were first rehydrated
passively in DeStreak rehydration solution + 0.5% IPG buffer
(GE Healthcare) with 100 wg protein for 16 hours and subse-
quently focused with the following steps: hold at 100 V, 2 hours;
hold at 500 V, 2 hours; gradient to 1000 V, 1 hour; gradient to
6000 V, 2.5 hours; hold at 6000 V, 2 hours (IEF done in Ettan
IPGPhor 3 (GE Healthcare)). pH 7-11 strips were first rehy-
drated passively without protein in DeStreak rehydration solu-
tion 4+ 0.5% IPG buffer for 16 hours. Protein samples (150 pg)
were applied to strips using anodic cup loading, and subsequently
focused in an Ettan IPGPhor 3 using the following steps: Hold at
100 V, 2 hours; hold at 500 V, 2 hours; gradient to 1000 V,
1 hour; gradient to 6000 V, 2.5 hours; hold at 6000 V, 2 hours.

After IEF, proteins were separated by molecular weight on
12% Tris-HCl gels in a Criterion Dodeca Cell (Bio-Rad Labora-
tories, Hercules, CA, USA) at 200 V for 1 hour at 10°C. Protein
spots were stained with SYPRO Ruby protein gel stain (Life
Technologies, Grand Island, NY, USA). For pH range 4-7, 8
gels of N2 protein (germline (4)) were run, and 8 gels of -glp-4
(bn2) protein were run. For pH range 7-11, 12 gels of N2 pro-
tein were run, and 8 gels of -glp-4(bn2) protein were run. Gels
were scanned using a Typhoon imager (GE Healthcare) and ana-
lyzed with the 2D gel image analysis software, Delta2D (version
3.6; Decodon, Greifswald, Germany). In Delta2D, gels were
warped to line up corresponding spots (correcting for running
differences between different gels). Proteins that were more abun-
dant in WT (germline(+)) samples were identified with the sta-
tistical analysis package within Delta2D as has been described
previously for this type of comparison.”” Spot volumes were ana-
lyzed with a t-test according to a null distribution that was gener-
ated with 200 permutations to account for unequal variance and
non-normal distribution of the data.

Mass spectrometry—protein identification

MS-based identification of low-abundance proteins is diffi-
cult; thus, we focused our identification efforts on relatively
abundant proteins. We also focused our efforts on protein spots
that were well-resolved from neighboring spots, to facilitate sin-
gle-protein identification. Protein spots were excised from 2D
gels with the use of a 1.5-mm manual tssue puncher (Beecher
Instruments, Sun Prairie, WI, USA) or by a ProteomeWorks

spot cutter system (Bio-Rad). Excised spots were placed into
96-well plates. Gel pieces were washed twice in destaining buffer
(25 mM NH,/HCO3/50% acetonitrile) for 30 min, washed with
100% acetonitrile, and digested with trypsin solution (1 pg/pL
MS-grade porcine trypsin gold (Promega, Madison, WI) in
40 mM NH4HCO3/10% acetonitrile) overnight at 37°C. Pepti-
des were eluted from the gel material by incubation with shaking
for 30 minutes (room temperature) in analyte solution (0.1% tri-
fluoroacetic acid (TFA)/acetonitrile 2:1); this step was repeated.
Protein samples were dehydrated in a vacuum centrifuge at 45°C
and immediately rehydrated with 1 pL of analyte solution.
Matrix solution (0.2 mg/mL a-cyano-4-hydroycinnamic acid in
acetonitrile) was added; each sample was then plated on an
Anchorchip target (Bruker Daltonics, Billerica, MA, USA).
Plated spots were washed with 0.1% TFA /10 mM ammonium
phosphate, and then washed with recrystallization buffer (etha-
nol, acetone, 0.1% TFA 6:3:1). The peptides were analyzed with
a MALDI-TOF/TOF mass spectrometer (Ultraflex II; Bruker
3334 Peptide mass fingerprints (PMFs) were
acquired using with FlexControl software (Bruker Daltonics) and

Daltonics) as in refs.

externally calibrated; trypsin peaks were used to calibrate spectra
internally. Spectral processing was accomplished with FlexAnaly-
sis software (Bruker Daltonics). PMFs were analyzed with MAS-
COT server (version 2.2; Matrix Science Inc.., Boston, MA,
USA) launched from BioTools software (Bruker Daltonics)
against the National Center for Biotechnology Information
(NCBI) database. When searching MASCOT, carbamidomethy-
lation and oxidation were set as fixed modifications, a maximum
of one missed cleavage site was allowed, and taxonomy category
was restricted to metazoa. Peptide mass fingerprint spectra were
further analyzed with tandem MS (MS/MS) spectra with the use
of 5 to 10 of the largest peaks per sample, excluding keratin and
trypsin. Peptide mass fingerprint and MS/MS spectra were com-
bined and queried as described for PMF spectra analysis with the
use of the MS/MS spectra.

DAVID analyses

DAVID analysis was carried out as described in ref.?>. Briefly,
gene ontology (GO) terms (related to biological processes) associ-
ated with each of our 84 proteins were compared to GO terms
associated with all C. elegans genes; enrichment for a certain term
occurs when that term is associated with a higher proportion of
genes in our dataset than among C. elegans genes overall. To min-
imize errors associated with small samples, we only selected for
further analysis GO terms that were associated with a minimum
of 5 genes in our germline-enriched data set. The significance of
the observed enrichment for a given GO term can be evaluated
by a modified Fisher’s exact test (P value, Table 2; Table S2); we
limited our analyses to those terms with P < 0.05. To correct for
multiple comparisons, a Benjamini-Hochberg P value is also cal-
culated (Benjamini, Table 2; Table S2). As this multiple testing
correction technique is known to be conservative, we do not
apply a strict cutoff of 2 < 0.05 for the Benjamini-Hochberg P
value (as discussed in ref.?’). Due to the redundancy of GO
terms, enrichment was seen for multiple terms that contained

similar sets of genes (for example: GO:0045927~positive



regulation of growth; GO:0040010~positive regulation of
growth rate; GO:0040009~regulation of growth rate). To
resolve this, we manually sorted similar GO terms into groups,
and then identified the GO term associated with the largest pro-
tein set; these always included the vast majority of proteins associ-
ated with the related GO terms. These “lead” GO terms are
reported in Table 2. All GO terms significantly enriched in our
dataset, and genes associated with each term, can be found in

Table S2.

Comparison of proteome and expression data

To calculate the expected overlap between the germline prote-
ome data set and RNA expression-based datasets, we determined
the proportion of all C. elegans genes present in the data set of
interest; random overlap would predict the same proportion of
overlap between the proteome dataset and the data set in ques-
tion. SAGE: 1063 adult germline-enriched genes found (4.8% of
all C. elegans genes); expected random overlap: 4 (4.8% of 84).1°
Microarray: 2304 adult germline-enriched genes found (10.4%
of all C. elegans genes); expected random overlap: 9 (10.4% of
84).%1% The difference between observed and expected dataset
overlap was evaluated using Fisher’s exact test.

RNAi

Our objective was identification of novel proteins with roles on
gametogenesis and/or embryogenesis. To that end, we selected
candidates for RNAi depletion through the following process.
First, well-characterized proteins of known function were elimi-
nated. Among the remainder, any proteins of unknown function
were subjected to RNAI. In addition, candidates with predicted
functions in nucleic acid metabolism were selected. As our analysis
proceeded, several candidates were characterized elsewhere. Feed-
ing RNAi was carried out as described in ref.>”, with slight modifi-
cation. L1 larvae of strain AZ212 were placed on NGM+100 g/
mL Ampicillin + 1.0 mM IPTG (NGM + Amp + IPTG) plates
that had been seeded with bacteria carrying the appropriate
dsRNA-expressing plasmid and allowed to develop to the L4 stage.
L4 larvae were then placed on individual seeded NGM + Amp +
IPTG plates, and moved to fresh plates each 24 hours. The num-
ber of eggs laid and progeny produced on each plate were deter-
mined; these numbers were used to determine the fertility of
RNAi-treated worms (relative to worms fed the control plasmid
14440, which does not trigger RNAI). Significance was deter-
mined using a 2-tailed t-test assuming unequal variance. Differen-
ces were considered significant at P < 0.05.

Cytology
AZ212 hermaphrodites were placed on NGM + Amp +
IPTG plates that had been seeded with bacteria carrying a
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