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An Evolutionarily Conserved Arginine Is Essential for
Tre1 G Protein-Coupled Receptor Function During Germ
Cell Migration in Drosophila melanogaster

Angela R. Kamps, Margaret M. Pruitt, John C. Herriges”™, Clark R. Coffman*

Department of Genetics, Development, and Cell Biology, lowa State University, Ames, lowa, United States of America

Abstract

Background: G protein-coupled receptors (GPCRs) play central roles in mediating cellular responses to environmental
signals leading to changes in cell physiology and behaviors, including cell migration. Numerous clinical pathologies
including metastasis, an invasive form of cell migration, have been linked to abnormal GPCR signaling. While the structures
of some GPCRs have been defined, the in vivo roles of conserved amino acid residues and their relationships to receptor
function are not fully understood. Trapped in endoderm 1 (Trel1) is an orphan receptor of the rhodopsin class that is
necessary for primordial germ cell migration in Drosophila melanogaster embryos. In this study, we employ molecular
genetic approaches to identify residues in Tre1 that are critical to its functions in germ cell migration.

Methodology/Principal Findings: First, we show that the previously reported scattershot mutation is an allele of trel. The
scattershot allele results in an in-frame deletion of 8 amino acids at the junction of the third transmembrane domain and the
second intracellular loop of Tre1 that dramatically impairs the function of this GPCR in germ cell migration. To further refine
the molecular basis for this phenotype, we assayed the effects of single amino acid substitutions in transgenic animals and
determined that the arginine within the evolutionarily conserved E/N/DRY motif is critical for receptor function in mediating
germ cell migration within an intact developing embryo.

Conclusions/Significance: These structure-function studies of GPCR signaling in native contexts will inform future studies
into the basic biology of this large and clinically important family of receptors.

Citation: Kamps AR, Pruitt MM, Herriges JC, Coffman CR (2010) An Evolutionarily Conserved Arginine Is Essential for Tre1 G Protein-Coupled Receptor Function

Received May 24, 2010; Accepted June 29, 2010; Published July 28, 2010

publish, or preparation of the manuscript.

* E-mail: ccoffman@iastate.edu

During Germ Cell Migration in Drosophila melanogaster. PLoS ONE 5(7): e11839. doi:10.1371/journal.pone.0011839

Editor: Andreas Bergmann, University of Texas MD Anderson Cancer Center, United States of America

Copyright: © 2010 Kamps et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants from the National Science Foundation (I0B-0235332), the Roy J. Carver Charitable Trust (08-3185), the Center for
Integrated Animal Genomics at lowa State University, and the lowa Agriculture and Home Economics Experiment Station. URLs: http://www.nsf.gov/; http://www.
carvertrust.org/; http://www.ciag.iastate.edu/; http://www.iahees.iastate.edu/. The funders had no role in study design, data collection and analysis, decision to

Competing Interests: The authors have declared that no competing interests exist.

o Current address: Department of Genetics, University of Wisconsin, Madison, Wisconsin, United States of America

Introduction

Signaling mediated by G protein-coupled receptors (GPCRs)
facilitates the transmission of extracellular environmental cues into a
cell, regulating a myriad of cellular responses and signaling cascades
mvolved in development, homeostasis, and disease states. GPCRs
represent the largest class of cell surface receptors and include over
800 different receptors in humans [1,2]. Abnormal GPCR function
contributes to the onset of many pathologies including cancer,
vascular, and neurodegenerative diseases. For this reason, GPCRs
are one of the most common targets for pharmaceutical intervention
in the treatment of human disease [3-5].

The rhodopsin family shares the characteristic seven trans-
membrane structure of GPCRs. Additionally, a highly conserved
E/N/DRY (Glutamic Acid/Asparagine/Aspartic Acid-Arginine-
Tyrosine) motif is found at the junction of the third transmem-
brane domain and second intracellular loop of these signal
transduction molecules. The arginine of this triplet is a hallmark of
these receptors and is conserved in 96% of rhodopsin family

@ PLoS ONE | www.plosone.org

GPCRs [6,7]. Substitution of this residue in tissue culture cells
results in disruption of receptor signaling [8—10].

The well-studied chemokine receptors, including CXCR4, are
among the GPCRs with the conserved E/N/DRY motif. CXCR4
receptors have established roles in tumor metastasis [11]. They
have also been shown to mediate germ cell migration in zebrafish,
chickens, and mammals [12-17]. In Drosophila melanogaster germ
cells, the GPCR Trapped in endoderm 1 (Irel) appears to be a
functional analog to CXCR4 in vertebrates, playing a critical role
in the migration of primordial germ cells [18-21].

The scattershot (sctf) mutation results in severe disruption of germ
cell migration [22]. Here we demonstrate that sctf causes mis-
splicing of the #rel transcript, resulting in an in-frame deletion of 8
codons, including two encoding the conserved arginine and
tyrosine of the E/N/DRY motif. The sctt mutant provided a
unique opportunity to perform a structure-function analysis at
single amino acid resolution of this evolutionarily conserved motif
within an intact developing organism. We more fully characterized
the sc#t mutant phenotype and performed a transgenic rescue
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analysis that demonstrates that the defects in germ cell migration
observed in scft mutants can be rescued by Trel constructs
containing the arginine of the conserved E/N/DRY motif.
Substitution of the arginine with an alanine without altering the
other 7 amino acids results in a loss-of-function phenotype that
does not rescue sctt mutants. This provides evidence that the
arginine plays a critical role in maintaining the signaling function

of this GPCR.

Results

The sctt mutation disrupts normal germ cell migration

In sctt mutants, the migration of the germ cells to the gonads is
severely disrupted [22]. Germ cells fail to migrate to and coalesce
with somatic gonadal precursor cells in embryos produced from a
cross between a scit/ sctt female and a sctt/Y male (Figure 1B). Few,
if any, of the germ cells reached the gonads (Table 1). The scit
allele 1s X-linked, recessive, and shows a maternal effect. One
maternal copy of sett" is sufficient to completely rescue germ cell
migration (Figure. 1D). In embryos from a homozygous sctt mutant
female, germ cell migration can be rescued with a paternally
supplied wild-type copy of the sctt gene [22]. Embryos derived
from a cross between sctt/sctt females and a scti male display two
phenotypes depending upon whether they inherit the wild-type X
chromosome or the Y chromosome from the paternal genome.
The sctt maternal’/zygotic' embryos are rescued for germ cell
migration (Figure 1C), while those embryos with the sctt
maternal /zygotic background have a severe germ cell migration
phenotype (Figure 1B).

To establish a baseline for future transgenic rescue experiments
and to better define the scattershot phenotype, germ cell counts
were performed to determine the number of germ cells that
reached the gonads in various scft mutant backgrounds. Germ cell
counts at stages 15-16 revealed an average of 14.7 germ cells
reached the gonads in wild-type embryos (Table 1). These
numbers are in agreement with previously published results from

A Wild type (m+/z+)

C tretsctii+ (m-/z+)

Isctt

Figure 1. The tre

A Necessary Arginine in Trel

other genetic backgrounds [23-26]. While the total number of
germ cells in sctt maternal /zygotic® embryos is within the range of
wild type, on average less than 1.0 germ cell per embryo reached
the gonads. Rescue of germ cell migration by a paternally supplied
copy of sett ¥ was complete, an average of 13.0 germ cells was
observed in the gonads of sc## maternal /zygotic® embryos,
compared to 14.7 germ cells in the gonads for wild type. A germ
cell death defect was associated with sc## maternal /zygotic*
embryos. On average, there were 7.0 germ cells ectopic to the
gonads in scit maternal /zygotic” embryos compared to 0.5 germ
cells ectopic to the gonads in wild-type embryos. The scit
maternal /zygotic” embryos from the same cross averaged 0.3
germ cells in the gonads (Table 1). This data supports and extends
previous findings that germ cell migration to the gonads in sct/
mutants is severely hindered but is successfully rescued when
embryos express a wild-type copy of sctt [22].

The sctt mutation is an allele of trel that alters the splice
acceptor site in intron 4 of trel

The scit maternal /zygotic™ germ cell phenotype suggested that
the molecular defect causing this phenotype represents a severe
loss of function. However, the molecular lesion causing the scit
mutation was unknown. It was known that sct was an X-linked
mutation [22]. To determine the location of the sctt gene, the sctt
mutant chromosome was tested for complementation by crossing it
to the Bloomington series of X chromosome deletion stocks. The
sctt chromosome complemented all available deletions. Recombi-
nation mapping of sctt using a w ¢v wy f mapping X chromosome
placed sctt within 1 map unit and distal to the crossveinless locus at
5A13. This suggested that scit might be located in the 5A4 to 5A8-
9 region, the gap between Df{1)JC70 (4C11;5A4) and Df(1)C149
(5A8-9;5C5). This mapping was consistent with the observation
that the translocation Dp(1;Y)dx"5 carrying genomic sequence
from 4C11;6D8 of the X chromosome on the Y rescued the scit
cell migration phenotype. However, the Dp(1;Y)dx"1 translocation
of genomic sequence from 5A8-9;6D8 failed to rescue the sctt

B tretsct/tre fsctt or fre1set/Y (m-/z-)

D tre1sctftre1sctt or tre1sct/Y (m+/z-)

mutation disrupts germ cell migration. (A-D) Dorsal views of stage 15-16 embryos are shown. Anterior is to the left.

Germ cells are labeled brown with an anti-Vasa antibody. (A) In wild-type embryos, the germ cells migrate to and coalesce with the somatic gonadal
precursor cells. (B) Germ cells do not migrate to the gonads in tre7*" maternal-/zygotic- (m-/z-) embryos. (C) Germ cell migration is restored in tre7*"

maternal-/zygotic+ (m-/z+) embryos that have a wild-type trel gene supplied paternally. (D) Germ cell migration is normal in tre

zygotic- (m+/z-) embryos.
doi:10.1371/journal.pone.0011839.9001
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Table 1. Germ cell distribution in tre7* mutants.

A Necessary Arginine in Trel

Genotype Germ Cell Counts

Maternal Paternal Zygotic In Gonads Ectopic Total N

wt/wt? wt/Y maternal+/zygotic+ 14704 0.5*0.1 15.2+0.4 61

tre1*"/tre1*" tre1*"/Y maternal-/zygotic- 1.0+0.2 16.3+0.6 17.3+0.7 69

tre1*"/tre1*" wt/Y maternal-/zygotic- ° 0.3+0.1 16.6+0.8 16.9+0.7 24
maternal-/zygotic+ ° 13.0+0.5 7.0£0.6 20.0*0.8 23

Germ cell counts performed on stage 15-16 embryos, Mean * S.E.M.
wt denotes the non-mutagenized w’''é, Pfw?, fat facets-lacZ} parental strain.

doi:10.1371/journal.pone.0011839.t001

defect. The proximal limit of this region, 5A8-9, as defined by
polytene chromosome breakpoints was in rough agreement with
the recombination mapping, although the recombination mapping
suggested that the gene might be in a slightly more proximal
location. As noted below, the scit gene corresponded to CG3171
located at 5A11-12.

Concurrent studies by Kunwar et al. revealed that the sctt
chromosome failed to complement a deletion allele of #el, AEP5
[19,27]. However, since no molecular lesion had been identified,
it remained unclear whether this represented allelic or non-allelic
non-complementation. While the genetic mapping data suggested
it was possible that sctt was an allele of #el, genomic sequencing
by Kunwar et al. found no evidence of a molecular lesion in the
trel coding region of the sc#t mutant [19]. In addition, it was
determined that #e/ mRNA levels were not significantly
decreased in the scit background [28]. This argued that the scit
lesion was not resulting in a large change in #re/ transcription. To
identify if the sc#t mutation was in #el, the coding region along
with introns of fre/ was sequenced. Single adult sc#t and wild type
control flies were harvested and used for genomic templates.

Intron 4 Exon &
wild type RT-PCR  ........ AT ATATACTCAT CGCTTGCCAC AGCCGCTACT
tre1s*®RT-PCR ........ CCGCTACT

R R R P
CCTGGUAGAT ATATACTCAT CGCTTGCCAC AGCCGCTACT
L AtoTin trefeer

wild type Genomic

Receptor
Trel R|Y|Il|L|I|A|C|H
GPR84 L -
CXCR4 LA V| -
CXCR3 L | N V| -
PAR-2 Wl |V V| N|P
S1P; HiL|T|M|I |K||M
S1Py PV A|E|S|G|A
LPA; H|{M|S M|R|[M

btwo distinct phenotypic classes, presumed genotypes are based on genotyping experiments performed in Coffman et al. 2002.

Primers directed at exons 27 of trel were used in PCR to amplify
and subsequently sequence this region. Nearly 2000 base pairs
were sequenced on both DNA strands and a single base pair
substitution was observed between scit embryos and the wild type
controls: an adenine within intron 4 was mutated to a thymine
(Figure 2A).

The single base pair change of an adenine to a thymine within
intron 4 could change the preferred splice acceptor site from AG
to TG leading to improper splicing of the #re/ RNA product. To
test this, RNA was isolated from 0-8 hour old sc#t or wild-type
embryos and reverse transcriptase PCR was performed. Sequenc-
ing of the cDNA product confirmed that splicing of the wild type
control occurred as predicted (Figure 2A). With the sctt template,
intron/exon junctions through exon 4 were correctly spliced.
However, directly following the altered splice acceptor site, 24
base pairs were missing from exon 5. The next suitable splice AG
acceptor site in the sequence was used. This change results in an
in-frame deletion of 8 amino acids, RYILIACH, from the protein
(Figure 2B). The deleted amino acids are at the junction of the
third transmembrane domain and the second intracellular loop of

B

Extracellular

RYILIACH

Figure 2. The tre7°“” mutation results in an in-frame loss of eight amino acids. (A) Reverse transcriptase PCR was performed on mRNA from
0-8 hour tre1*"" and wild-type embryos. The tre1*"" template reveals a deletion of 24 base pairs of exon 5, following the A to T base pair change in
intron 4. The single base pair change is boxed. The nucleotides missing in the tre7* cDNA are highlighted. (B) Schematic diagram showing the
predicted secondary structure of Tre1l. The SOSUI, TopPred, and TMHMM all predict the eight amino acid deletion results in the shortening of the
second intracellular loop. However, the overall topology of the rest of the protein is unaffected. The missing amino acids, RYILIACH, are indicated. (C)
A sequence alignment comparing the tre7°*“ amino acid deleted region to human GPCRs involved in cell migration. Identical residues are in dark gray
and similar residues are in light gray.

doi:10.1371/journal.pone.0011839.g002
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the Trel GPCR. Secondary structure analysis programs predict
that the deletion shortens the second intracellular loop, while
the remainder of the protein secondary structure is unaffected
[29-31]. The removal of these eight amino acids from Trel has a
significant impact on the function of the protein. This deletion
includes two residues, R and Y, of the highly conserved E/N/
DRY motif of rhodopsin family GPCRs. We concluded that seit is
an allele of #rel, and we will subsequently refer to it as trel*™.

The arginine deleted in Tre1** is critical for primordial
germ cell migration

The severe loss of function phenotype seen in #el*” mutants
offered a unique opportunity to perform a detailed structure-
function analysis of this region of the Trel GPCR. Amino acid
sequence comparisons of this 8 amino acid region revealed
conserved residues between Trel and human GPCRs known to
function in cell migration (Figure 2C). Because this region is
conserved, it was hypothesized that some or all of the amino acids
deleted in trel*™ were critical for Trel function. To test the
hypothesis that specific amino acids in this region were necessary for
Trel function, transgenic constructs were created where individual
or small groups of amino acids in the deleted region were replaced
with alanine. These amino acid substituted constructs were
engineered into the T'G" construct that contains 10 kb of
Drosophila genomic sequence including the sequence for #re/ and
an adjacent gene, Grda [27]. Transgenic lines bearing transgenes
designed to express altered forms of Trel were established. These
transgenic chromosomes were then crossed into a trel*"/trel™
genetic background. The function of the resulting Trel protein was
assayed for maternal rescue of germ cell migration by assaying germ
cell migration in embryos from a trel*/ tre™; P[transgene] mothers
that were crossed to trel*"/Y males.

To verify that maternally expressed transgenes can effectively
rescue germ cell migration, the TG construct was tested as a
positive control [27]. In embryos from trel*™/ tre1*™; T*G" mothers,
germ cells successfully reached the gonads (Figure 3). An average of
23.0 germ cells were observed in the gonads, compared to an

Rescues Migration

A Necessary Arginine in Trel

average of 0.3 germ cells detected in the gonads of embryos from
trel*™/tre " females lacking any transgene (Figure 4, Table 2).
These values are statistically different (P<<0.0001, Student’s t-test).
As a negative control, a transgene that reconstructed the trel*”
amino acid deletion was tested. A construct lacking all 8 amino acids
was unable to rescue the trel*™ defect (Figure 3). A wild-type number
of germ cells were counted within the embryo, however, an average
of only 1.4 germ cells reached the gonads, similar to the no
transgene control (P>0.05, Student’s t-test) (Table 2).

To identify the critical amino acids within the RYILIACH
deletion, constructs were designed with combinations of the
original amino acids and alanine substitutions. If the Trel protein
is dependent on any of these specific amino acids for proper germ
cell migration, their replacement with alanine should disrupt Trel
function and these constructs should fail to rescue the trel’™™
phenotype. Alternatively, substitution of non-critical amino acids
should not disrupt Trel function and the #rel*™ germ cell
migration phenotype should be rescued.

Germ cells successfully migrated to the gonads in embryos from
tre™™/ tre1"™ mothers carrying the RYAAAAAA, RYAAAACH,
and RAILIACH constructs (Figures 3 and 4, Table 2). The
average number of germ cells in the gonads was 20.9 and 20.4 for
the two RYAAAAAA constructs, 16.2 for the RYAAAACH
construct, and 23.0 for the RAILIACH construct (Table 2). This
suggests that the seven amino acids, YILIACH, are not critical for
Trel function in germ cell migration.

When the arginine was replaced with an alanine (AYILIACH),
Trel function was not restored (Figure 3). An average of 0.4 and
1.1 germ cells were observed in the gonads of two different
transgenic lines (Figure 4, Table 2). The phenotype appears similar
to the #rel’™ mutants lacking any transgene and the #rel’™™
reconstruction that fails to rescue the defect (Figure 3). This
demonstrates that the arginine is essential for Trel function. While
a shortening of the second intracellular loop may also contribute to
the loss-of-function observed with the #rel*™ allele, the observation
that restoring the length of the loop but replacing the arginine with
an alanine results in a scattershot phenotype demonstrates a clear

Does Not Rescue Migration

Transgene Phenotype Transgene Phenotype
RY ILI ACH No transgene A -
RY AAA AAA Q el 3!
o reconstruction
v : s
RY AAAACH * | AYILIACH A
™ i
o N
RA ILI ACH 7

Figure 3. The arginine of the E/N/DRY motif is critical for Tre1 function in germ cell migration. Dorsal views of embryos are shown.
Anterior is to the left. Stage 15-16 embryos were stained with X-Gal to visualize the fat facets-lacZ transgene, a germ cell marker. Embryos were from
tre1*" homozygous mothers containing at least one copy of the specified transgene. The substituted amino acids are underlined. Replacement of the

arginine with alanine results in a transgene that fails to rescue germ cell migration in tre

7sctr

lacks the 24 base pairs missing in tre mutants.

doi:10.1371/journal.pone.0011839.g003
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Germ Cells in Gonads
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Figure 4. Germ cell counts showing transgenic rescue of germ
cell migration in a tre7*™ mutant background. The number of
germ cells in the gonads of embryos in transgenic maternal rescue of
the tre1*"" defect was analyzed. All test constructs assayed rescue germ
cell migration with the exception of the arginine to alanine substitution,
AYILIACH. The RYILIACH construct is the positive control and the no
transgene and the trel*™ reconstruction constructs are negative
controls. Error bars represent the standard error of the mean (SEM).
doi:10.1371/journal.pone.0011839.g004

role for the arginine of the highly conserved E/N/DRY motif in
proper germ cell migration in Drosophila.

Discussion

We report a genetic and functional analysis of Trel, a GPCR
that is essential for the migration of primordial germ cells in
Drosophila  melanogaster. Previous studies showed that the sc#t
chromosome failed to complement a chromosome carrying a
deletion of #rel [19]. However, no associated molecular lesion had
been discovered. Genomic and RT-PCR sequencing results
presented in this study provide direct evidence that sci is an allele
of trel. The trel”™ mutation results in an AG to TG mutation at a
splice acceptor site that abolishes correct splicing resulting in the
utilization of a cryptic splice acceptor site and the loss of the first
24 base pairs of exon 5 (Figure 2A). Eight amino acids are missing
from the third transmembrane/second intracellular loop junction
of the Trel** GPCR, while the rest of the protein proceeds in
frame. Secondary structure modeling programs predict a short-
ening of the second intracellular loop with the remainder of the
secondary structure unaffected.

The deleted region, RYILIACH, was systematically tested for
restoration of Trel function using an alanine scan approach.
Through the design of a modular cassette vector containing the
trel genomic sequence, the region encoding these 8 amino acids
was manipulated to insert amino acid substitutions of each amino
acid. Transgenic flies created using these constructs were assayed
for their ability to maternally rescue the tre/*™ germ cell migration
defect in the context of developing embryos. Through this
replacement approach, it was discovered that the 6 amino acids
following the RY were dispensable for primordial germ cell
migration. The RYAAAAAA and RYAAAACH constructs
restored germ cell migration back to wild-type levels. However,
maternal expression of the RYAAAAAA or RYAAAACH was not
sufficient to rescue a germ cell death defect, as seven to nine germ
cells were observed ectopic to the gonads (Table 2).

The E/N/DRY motif'is a hallmark of rhodopsin family GPCRs
that has been studied extensively in tissue culture systems [1,9]. As
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Table 2. Germ cell distribution in tre7** maternal /zygotic’
embryos from mothers with modified trel transgenes.

Germ Cell Counts

Transgene In Gonads Ectopic Total N
RY ILI ACH? 23.0+0.9 1.2+0.4 24.2+0.7 69
RY AAA AAAP 20.9+0.4 85+0.4 29.4+0.5 194
20.4+0.6 8.9+0.7 29.3+0.9 64
RY AAA ACH 16.2+0.3 73%0.8 23503 98
RA ILI ACH 23.0%£03 1.7x03 24705 64
No transgene 0.3%0.1 25.2*+0.9 25.5*+0.9 75
tre1*!* reconstruction® 14205 233+07  246=07 103
0.3+0.2 22.1+14 224*14 29
AY ILI ACHP 0.4+0.9 26.6+0.8 27.1+0.8 87
1.1+0.2 17.8%+0.9 18.9+£0.9 77

Embryos were collected and aged to stages 15-16, Mean = S.E.M.

Germ cells were detected by staining for B-galactosidase activity using the Pfw?",
fat facets-lacZ} germ cell-specific marker.

2Wild type T'G" vector as described in Dahanukar et al. 2001.

>Two independent transgenic insertions were assayed.
doi:10.1371/journal.pone.0011839.t002

shown in Figure 3, an alanine replacement of the tyrosine in this
domain fully rescued the #re/*” germ cell migration defect. It is
possible that this highly conserved residue has important roles in
other Trel functions, but it appears to be dispensable in early
germ cell development. However, the neighboring arginine in
Trel has critical roles in primordial germ cell migration. Two
separate lines carrying constructs that replaced the arginine with
alanine were unable to rescue the tre/*™ defect. Studies of GPCRs
in other systems inform our interpretation of these results. Scheer
et al. and Zhu et al. have examined the effects of analogous
mutations in mammalian alphalb-Adrenergic Receptors (R143A)
and the m1 (R123N) and m2 (R121N) Muscarinic Receptors in
tissue culture cells. They found that these mutations did not alter
protein expression, but did impair GPCR signaling [8,32]. We
have not assayed Trel protein expression from these transgenes as
epitope tags impaired Trel function (data not shown). However,
other alanine substitutions within the region deleted in Trel*"
(RAILIACH, RYAAAACH, and RYAAAAAA) did provide Trel
function. We therefore conclude that the failure of the arginine
substituted construct to rescue trel*” loss of function is due to a
lack of protein function rather than reduced expression.

The arginine of the E/N/DRY motif located towards the
cytoplasmic side of the third transmembrane domain is conserved
in 96% of rhodopsin family GPCRs [6,7]. A sequence alignment
of seven human rhodopsin family GPCRs involved in cell
migration illustrates the invariant nature of this residue
(Figure 2C). Rhodopsin family receptors are a set of highly diverse
GPCRs both in their ligand binding ability and their elicited
cellular responses. Cell culture experiments using nonconservative
mutations of this residue result in defective signal transduction
[8,9,32,33]. In addition, others have suggested that this arginine
can directly bind G proteins [34]. Alternatively, this arginine is
proposed to be involved in the stability of receptor conformation
[35—41]. While much research into the effects of amino acid
alterations of the E/N/DRY motif has been performed in cell
culture systems, this conserved motif has not been studied in the
more complex and native signaling environment of an intact
organism. We demonstrate that changing the arginine of this motif
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severely impacts the ability of this GPCR to function in primordial
germ cell migration during Drosophila embryogenesis.

GPCR function has been identified as having critical roles in the
directed migration of a variety of cell types. An emerging theme in
cell migration is that ligands such as chemokines and phospho-
lipids function as attractants for cells to specific locations. These
ligands activate GPCRs on the receiving cell’s surface to initiate a
migratory response toward higher levels of the agonist. The
phosopholipid sphingosine-1-phosphate receptors S1P, 4 have
been implicated in lymphocyte recirculation and tissue homing
critical in adaptive immune responses [42]. Additionally, the SDF-
1/CXCR4 ligand-GPCR pair has emerged as a conserved
mechanism regulating a variety of cell migrations in cancer,
immune response, and in development. In breast cancer, it has
been found that secondary site tumor colonization during cancer
metastasis is not random, but rather there is directed migration of
CXCR4-expressing cancer cells towards the SDF-1 ligand at
common secondary sites such as lungs and bone marrow [43].
This common ligand-receptor pair has also been found to play a
role in immune response and leukocyte trafficking to tumors [11].
Similar to Trel, the CXCR4 receptor has roles in mouse, chick,
and zebrafish germ cell migration [12-17,44,45].

Trel is related to GPCRs with roles in the migration of cells
(Figure 2C). While previous studies have used tissue culture
systems to assess GPCR structure-function relationships, detailed
molecular analyses of mutated receptors have not been performed
in complex and dynamic systems where the cells under study are in
contact with neighboring cells and responding to endogenous
extracellular signals. This study provides conclusive evidence that
the arginine of the highly conserved E/N/DRY motif is critical for
Trel GPCR-mediated germ cell migration within the context of a
developing organism. Given the conserved nature of this arginine
residue in other GPCRs and its identification as a critical residue
from cell culture studies [8,9,32,33], it is likely that this arginine is
critical to the function of many other GPCRs in a wide variety of
cell types and organisms.

Materials and Methods

Fly stocks

The sctt allele was generated in an EMS mutagenesis screen
[22]. The T'G" transgenic line was kindly provided by John
Carlson [27,46]. w'''%, P{w", fat facets-lacZ}, the unmutagenized
parental strain of scft, was used as a wild-type control [47].
Balancer containing stocks were obtained from the Bloomington
Drosophila Stock Center.

Embryo collections

Embryos were collected on standard apple juice agar plates and
aged to stages 15-16 at 25 °C [48]. Embryos were harvested and
dechorionated using 50% bleach.

Whole mount antibody staining

Immunostaining was performed according to standard proce-
dures [49]. The primary antibody used was chicken anti-Vasa,
(1:10,000, a gift from Ken Howard). The secondary antibody was
biotinylated anti-chicken IgG (1:500) (Vector Laboratories). Anti-
body detection was performed using Vector Laboratories ABC Elite
Kits with 3,3’-diaminobenzidine tetrahydrochloride as a substrate.

-Galactosidase staining

B-Galactosidase staining of embryos followed published proce-
dures [50,51]. Staining was performed with a 0.08% X-Gal
solution for 2 hours at 37°C.

@ PLoS ONE | www.plosone.org
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Germ cell counts

Germ cells were labeled using either a 3-Galactosidase assay or
anti-Vasa antibody and counted using a differential interference
contrast microscope. Both methods detect similar numbers of
primordial germ cells [52]. Embryos were aged to stages 15-16.
Staging was confirmed using embryo morphology [48]. Criteria
for scoring a germ cell as in the gonad included migration to
abdominal segment 5 and presence within the correct bilateral
region to be incorporated into the gonad. Gonadal sheath cells
were used to delimit the gonad boundaries when possible.

Genomic sequence analysis

Genomic DNA was extracted individually from seven sctt and
five wild-type flies using a buffer containing 10 mM Tris-HCI,
1 mM EDTA, 25 mM NaCl, and 10 mg/ml Proteinase K [53].
The entire coding region of #el was PCR amplified using
TripleMaster Taq DNA Polymerase (Eppendorf) in combination
with the following primers: 5'- TCAAATAACCAAGCGGA-
TGC-3', 5'-CAAAAACGTTGAGTTAGCGCC-3', 5'- CACA-
TCGTTTGCTTGTTTCC-3', 5'- GCGCAAAGATCTTGTA-
GTAGGC-3', 5'- CCTGGTGATCATCGTTTCG-3', and 5'-
GACAATGCGGACTAGACTTG-3'. PCR products were se-
quenced on both strands using an Applied Biosystems 3730xl
DNA Analyzer (Iowa State University DNA Sequencing Facility).

Reverse transcriptase PCR

0-8 hour embryos were collected, dechorionated using 50%
bleach, homogenized in Trizol (Invitrogen), and total RNA
isolated. DNA was removed from the total RNA using Turbo
DNase (Ambion). First strand cDNA synthesis was performed
using RETROscript First Strand ¢cDNA Synthesis Kit for RT-
PCR (Ambion). PCR was performed on the cDNA template using
Taq DNA polymerase (Eppendorf) with the following primers: 5'-
TGCTCTTCTGCTCCTTCAGC-3" and 5'-CCAGTGTCAT-
TAACCCGATCA-3'. Lack of genomic contamination in the
PCR amplification was confirmed using primers that spanned
multiple exons, and the PCR products were sequenced.

Protein secondary structure predictions
The Trel amino acid sequence of both wild type and sctt
mutants were compared using the secondary structure prediction

programs: SOSUI [30], TopPred [29], and TMHMM [31].

Engineering of the amino acid substitution cassettes

The T*G" vector containing a 10 kb genomic fragment coding
for both trel and Grda was used in the generation of the amino
acid-substituted constructs [27]. A 1700 base pair fragment
containing the target sequence for nucleotide replacement was
excised by digesting with Sphl and Stul restriction endonucleases
(NEB) and cloned into a modified pSP72 vector containing an
inserted Stul restriction site and lacking a Pstl site. The resulting
pSP72 vector containing the 1700bp #el insert was subsequently
digested using Pstl and BpulOI (NEB) to excise a 160 base pair
fragment of #re/ genomic DNA that housed the target sequence.
Phosphorylated oligonucleotides were designed to reconstitute the
160 base pair fragment and insert an Alol restriction site directly
into the target sequence region. Due to the positions of the codons
in relation to the intron-exon border, two independent cassette
vectors were designed with the Alol site engineered in different
locations to allow the substitution of nucleotides encoding all 8
amino acids of interest. Vector sequencing confirmed the presence
of the Alol restriction endonuclease sites in the reconstituted 1700
base pair subclone.
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Table 3. Synthetic oligonucleotides used for transgenic constructs to evaluate Tre1 function.

Transgene Amino Acid Change Phosphorylated Oligos Used for Amino Acid Changes®

RY ILI ACH? Wild type amino acids

tre7sctt ® Lacks 8 amino acids 5'-GTAGCGGCT-------m-mrmmmemmmommee GCCAGGGGATTA
5'-CCCTGGCAG--------------—--—----CCGCTACTCGCA

RY AAA AAA ILI ACH replaced with 6 As 5'-GTAGCGGCTGGCGGCGGCGGCGGCGGCATATCTGCCAGGGGATTA
5'-CCCTGGCAGATATGCCGCCGCCGCCGCCGCCAGCCGCTACTCGCA

RY AAA ACH ILI replaced with 3 As 5'-GTAGCGGCTGTGGCAAGCGGCGGCGGCATATCTGCCAGGGGATTA
5'-CCCTGGCAGATATGCCGCCGCCGCTTGCCACAGCCGCTACTCGCA

RA ILI ACH Y replaced with an A 5’—GTAGCGGCTGTGGCAAGCGATGAGTAT@TCTGCCAGGGGATTA
5’ -CCCTGGCAGAGCCATACTCATCGCTTGCCACAGCCGCTACTCGCA

AY ILI ACH R replaced with an A 5’-GGCCTAC%GTI’CAGGGTGATGCCCACCATGC

5’-GTGGGCATCACCCTGAACGCGTAGGCCCAAGT

Wild type T*G" vector as described in Dahanukar et al. 2001.

doi:10.1371/journal.pone.0011839.t003

A second control cassette designed to allow the monitoring of
Trel protein expression from the m wviwo constructs was also
created. This Alol substituted 1700 base pair clone contained
three copies of a myc epitope tag [54]. The epitope tag was placed
in the C-terminal tail region of Trel, HAVQ(3x Myc)KN-
SINQMC. Unfortunately, even a wild-type Trel construct with
the tag failed to rescue germ cell migration.

Creation of constructs with amino acid substitutions in
Trel

The pSP72 vector cassettes containing the target region with the
engineered Alol restriction sites were digested with Alol
(Fermentas). The Alol digest removed the Alol restriction site as
well as 7 base pairs 5' and 12-13 base pairs 3 of the restriction
enzyme recognition site. A pair of complementary phosphorylated
oligonucleotides was designed to contain nucleotide changes to
alter the amino acid sequence in the target region (Table 3). The
oligonucleotides were hybridized and ligated into the AloI-digested
cassette. Sequencing confirmed the presence of the desired
nucleotide substitutions. The pSP72 vector was then digested
with Sphl and Stul to excise the 1700 base pair fragment for
insertion into the digested T*G" vector to reconstitute the 10 kb
genomic clone. The splice junctions and the amino acid
substituted regions were sequenced to confirm the correct reading
frame and construct composition.

References

1. Fredriksson R, Lagerstrom MC, Lundin LG, Schioth HB (2003) The G-protein-
coupled receptors in the human genome form five main families. Phylogenetic
analysis, paralogon groups, and fingerprints. Mol Pharmacol 63: 1256-1272.

2. Maudsley S, Martin B, Luttrell LM (2005) The origins of diversity and specificity
in g protein-coupled receptor signaling. J Pharmacol Exp Ther 314: 485
494.

3. Drews J (2000) Drug discovery: a historical perspective. Science 287: 1960-1964.

4. Brink CB, Harvey BH, Bodenstein J, Venter DP, Oliver DW (2004) Recent
advances in drug action and therapeutics: relevance of novel concepts in G-
protein-coupled receptor and signal transduction pharmacology. Br J Clin
Pharmacol 57: 373-387.

5. Marsolais D, Rosen H (2009) Chemical modulators of sphingosine-1-phosphate
receptors as barrier-oriented therapeutic molecules. Nat Rev Drug Discov 8:
297-307.

6. Mirzadegan T, Benko G, Filipek S, Palczewski K (2003) Sequence analyses of G-
protein-coupled receptors: similarities to rhodopsin. Biochemistry 42:
2759-2767.

@ PLoS ONE | www.plosone.org

Ptre15<t reconstruction that lacks the eight amino acids missing in Tre1*", RYILIACH.
“Underlined sequences designate the nucleotide replacements used to create the amino acid substitutions or deletions.

Generation of transgenic flies and fly crosses

The engineered T*G™ constructs were injected into a w’/*% host
strain using a modification of the standard transformation protocol
[55], as outlined by Nicholas Gompel. P{n25.7 A2-3 wc} was
used a transposase source [56]. Transgenic stocks were established
and the insertion sites of the transgenes within the genome were
determined by inverse PCR [57]. The transgenic chromosomes
with the amino acid substitutions were then crossed into the trel™”
mutant background and stable homozygous or balanced hetero-
zygous stocks established. To test for maternal rescue of germ cell
migration, females homozygous for trel*" and carrying one or two
copies of the transgenes were crossed to trel*” males and the
offspring were assayed for germ cell migration defects.

Acknowledgments

We thank the laboratories of John Carlson, Ken Howard, and Janice
Fischer as well as the Bloomington Stock Center for fly stocks and reagents.
Jo Anne Powell-Coffman, Elizabeth Asque, and Taryn Rowley offered
helpful suggestions for improving the manuscript.

Author Contributions

Conceived and designed the experiments: ARK CRC. Performed the
experiments: ARK MMP JCH CRC. Analyzed the data: ARK MMP
CRC. Contributed reagents/materials/analysis tools: ARK. Wrote the
paper: ARK MMP CRC.

7. Rosenkilde MM, Kledal TN, Schwartz TW (2005) High constitutive activity of a
virus-encoded seven transmembrane receptor in the absence of the conserved
DRY motif (Asp-Arg-Tyr) in transmembrane helix 3. Mol Pharmacol 68: 11-19.

8. Zhu SZ, Wang SZ, Hu ], el-Fakahany EE (1994) An arginine residue conserved
in most G protein-coupled receptors is essential for the function of the ml
muscarinic receptor. Mol Pharmacol 45: 517-523.

9. Scheer A, Costa T, Fanelli F, De Benedetti PG, Mhaouty-Kodja S, et al. (2000)
Mutational analysis of the highly conserved arginine within the Glu/Asp-Arg-
Tyr motif of the alpha(lb)-adrenergic receptor: effects on receptor isomerization
and activation. Mol Pharmacol 57: 219-231.

10. Berchiche YA, Chow KY, Lagane B, Leduc M, Percherancier Y, et al. (2007)
Direct assessment of CXCR4 mutant conformations reveals complex link
between receptor structure and G(alpha)(i) activation. J Biol Chem 282:
5111-5115.

11. Koizumi K, Hojo S, Akashi T, Yasumoto K, Saiki I (2007) Chemokine receptors
in cancer metastasis and cancer cell-derived chemokines in host immune
response. Cancer Sci 98: 1652-1658.

July 2010 | Volume 5 | Issue 7 | 11839



20.

21.

22.

30.

31.

33.

34.

. Richardson BE, Lehmann R Mechanisms guiding primordial germ cell

migration: strategies from different organisms. Nat Rev Mol Cell Biol 11: 37-49.

. Ara T, Nakamura Y, Egawa T, Sugiyama T, Abe K, et al. (2003) Impaired

colonization of the gonads by primordial germ cells in mice lacking a chemokine,
stromal cell-derived factor-1 (SDF-1). Proc Natl Acad Sci U S A 100:
5319-5323.

. Molyneaux KA, Zinszner H, Kunwar PS, Schaible K, Stebler J, et al. (2003)

The chemokine SDF1/CXCL12 and its receptor CXCR4 regulate mouse germ
cell migration and survival. Development 130: 4279-4286.

. Dumstrei K, Mennecke R, Raz E (2004) Signaling pathways controlling

primordial germ cell migration in zebrafish. J Cell Sci 117: 4787-4795.
Stebler J, Spieler D, Slanchev K, Molyncaux KA, Richter U, et al. (2004)
Primordial germ cell migration in the chick and mouse embryo: the role of the
chemokine SDF-1/CXCLI2. Dev Biol 272: 351-361.

. Raz E, Mahabaleshwar H (2009) Chemokine signaling in embryonic cell

migration: a fisheye view. Development 136: 1223-1229.

. Coffman CR (2003) Cell migration and programmed cell death of Drosophila

germ cells. Ann N'Y Acad Sci 995: 117-126.

. Kunwar PS, Starz-Gaiano M, Bainton R], Heberlein U, Lehmann R (2003)

Trel, a G protein-coupled receptor, directs transepithelial migration of
Drosophila germ cells. PLoS Biol 1: E80.

Kamps AR, Coffman CR (2005) G protein-coupled receptor roles in cell
migration and cell death decisions. Ann N Y Acad Sci 1049: 17-23.

Kunwar PS, Sano H, Renault AD, Barbosa V, Fuse N, et al. (2008) Trel GPCR
initiates germ cell transepithelial migration by regulating Drosophila melano-
gaster E-cadherin. J Cell Biol.

Coffman CR, Strohm RC, Oakley FD, Yamada Y, Przychodzin D, et al. (2002)
Identification of X-linked genes required for migration and programmed cell
death of Drosophila melanogaster germ cells. Genetics 162: 273-284.
Sonnenblick BP (1941) Germ Cell Movements and Sex Differentiation of the
Gonads in the Drosophila Embryo. Proc Natl Acad Sci U S A 27: 484-489.
Sonnenblick BP, ed (1950) The early embryology of Drosophila melanogaster.
New York.: Wiley.

. Underwood EM, Caulton JH, Allis CD, Mahowald AP (1980) Developmental

fate of pole cells in Drosophila melanogaster. Dev Biol 77: 303-314.

. Hay B, Ackerman L, Barbel S, Jan LY, Jan YN (1988) Identification of a

component of Drosophila polar granules. Development 103: 625-640.

. Dahanukar A, Foster K, van der Goes van Naters WM, Carlson JR (2001) A Gr

receptor is required for response to the sugar trehalose in taste neurons of
Drosophila. Nat Neurosci 4: 1182-1186.

. Burnett C (2005) The role of lipid phosphate phosphatases and their putative

receptors in germ cell migration and survival in Drosophila melanogaster. PhD
Thesis University College London.

. von Heijne G (1992) Membrane protein structure prediction. Hydrophobicity

analysis and the positive-inside rule. ] Mol Biol 225: 487-494.

Hirokawa T, Boon-Chieng S, Mitaku S (1998) SOSUI: classification and
secondary structure prediction system for membrane proteins. Bioinformatics
14: 378-379.

Krogh A, Larsson B, von Heijne G, Sonnhammer EL (2001) Predicting
transmembrane protein topology with a hidden Markov model: application to
complete genomes. ] Mol Biol 305: 567-580.

Scheer A, Fanelli F, Costa T, De Benedetti PG, Cotecchia S (1996)
Constitutively active mutants of the alpha 1B-adrenergic receptor: role of highly
conserved polar amino acids in receptor activation. Embo J 15: 3566-3578.
Jones PG, Curtis CA, Hulme EC (1995) The function of a highly-conserved
arginine residue in activation of the muscarinic M1 receptor. Eur J Pharmacol
288: 251-257.

Acharya S, Karnik SS (1996) Modulation of GDP release from transducin by the
conserved Glul34-Argl35 sequence in rhodopsin. J Biol Chem 271:
25406-25411.

@ PLoS ONE | www.plosone.org

36.

37.

38.

40.
41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

A Necessary Arginine in Trel

. Ballesteros J, Kitanovic S, Guarnieri F, Davies P, Fromme BJ, et al. (1998)

Functional microdomains in G-protein-coupled receptors. The conserved
arginine-cage motif in the gonadotropin-releasing hormone receptor. J Biol
Chem 273: 10445-10453.

Ballesteros JA, Jensen AD, Liapakis G, Rasmussen SG, Shi L, et al. (2001)
Activation of the beta 2-adrenergic receptor involves disruption of an ionic lock
between the cytoplasmic ends of transmembrane segments 3 and 6. ] Biol Chem
276: 29171-29177.

Angelova K, Fanelli F, Puett D (2002) A model for constitutive lutropin receptor
activation based on molecular simulation and engineered mutations in
transmembrane helices 6 and 7. J Biol Chem 277: 32202-32213.

Greasley PJ, Fanelli I, Rossier O, Abuin L, Cotecchia S (2002) Mutagenesis and
modelling of the alpha(lb)-adrenergic receptor highlight the role of the helix 3/
helix 6 interface in receptor activation. Mol Pharmacol 61: 1025-1032.
Shapiro DA, Kristiansen K, Weiner DM, Kroeze WK, Roth BL (2002)
Evidence for a model of agonist-induced activation of 5-hydroxytryptamine 2A
serotonin receptors that involves the disruption of a strong ionic interaction
between helices 3 and 6. J Biol Chem 277: 11441-11449.

Flanagan CA (2005) A GPCR that is not “DRY”. Mol Pharmacol 68: 1-3.
Zhang M, Mizrachi D, Fanelli F, Segaloff DL (2005) The formation of a salt
bridge between helices 3 and 6 is responsible for the constitutive activity and lack
of hormone responsiveness of the naturally occurring I.457R mutation of the
human lutropin receptor. J Biol Chem 280: 26169-26176.

Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, et al. (2004)
Lymphocyte egress from thymus and peripheral lymphoid organs is dependent
on S1P receptor 1. Nature 427: 355-360.

Muller A, Homey B, Soto H, Ge N, Catron D, et al. (2001) Involvement of
chemokine receptors in breast cancer metastasis. Nature 410: 50-56.
Doitsidou M, Reichman-Fried M, Stebler J, Koprunner M, Dorries J, et al.
(2002) Guidance of primordial germ cell migration by the chemokine SDF-1.
Cell 111: 647-659.

. Knaut H, Werz C, Geisler R, Nusslein-Volhard C (2003) A zebrafish homologue

of the chemokine receptor Cxcr4 is a germ-cell guidance receptor. Nature 421:
279-282.

Ueno K, Ohta M, Morita H, Mikuni Y, Nakajima S, et al. (2001) Trechalose
sensitivity in Drosophila correlates with mutations in and expression of the
gustatory receptor gene Grda. Curr Biol 11: 1451-1455.

Fischer-Vize JA, Rubin GM, Lehmann R (1992) The fat facets gene is required
for Drosophila eye and embryo development. Development 116: 985-1000.
Campos-Ortega J, Hartenstein V, eds (1997) The Embryonic Development of
Drosophila melanogaster. New York: Springer-Verlag.

Johansen KM, Johansen J (2004) Studying nuclear organization in embryos
using antibody tools. Methods Mol Biol 247: 215-234.

Simon JA, Sutton CA, Lobell RB, Glaser RL, Lis JT (1985) Determinants of
heat shock-induced chromosome puffing. Cell 40: 805-817.

Holmes AL, Raper RN, Heilig JS (1998) Genetic analysis of Drosophila larval
optic nerve development. Genetics 148: 1189-1201.

Yamada Y (2007) Deciphering molecular mechanisms that regulate pro-
grammed cell death of primordial germ cells in Drosophila melanogaster. PhD
Thesis Iowa State University.

Gloor GB, Preston CR, Johnson-Schlitz DM, Nassif NA, Phillis RW, et al.
(1993) Type I repressors of P element mobility. Genetics 135: 81-95.

. Kolodziej PA, Young RA (1991) Epitope tagging and protein surveillance.

Methods Enzymol 194: 508-519.
Spradling AC, Rubin GM (1982) Transposition of cloned P elements into
Drosophila germ line chromosomes. Science 218: 341-347.

5. Karess RE, Rubin GM (1984) Analysis of P transposable element functions in

Drosophila. Cell 38: 135-146.

. Bellen H]J, Levis RW, Liao G, He Y, Carlson JW, et al. (2004) The BDGP gene

disruption project: single transposon insertions associated with 40% of
Drosophila genes. Genetics 167: 761-781.

July 2010 | Volume 5 | Issue 7 | 11839



