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C. eleguns animals mutant for the wnc-119 gene exhibit movement, sensory and behavioral
abnormatlities. Consistent with a nervous system role, wie-119 reporter genes are expressed
throughout the C. elegans nervous system. The UNC-119 protein has strong sequence
similarity to the predicted protein from a human gene, HRG4/HsUNC-119, whose trans-
cript is abundant in the retina. Using these similarities. we have identified a Drosphilu
homolog. DmUNC-119, which is expressed in the Drosophila nervous system. The pre-
dicted C. elegans, human and Drosophila gene products are conserved across two domains.
Expression of portions of HRG4/HsUNC-119 or DmUNC-119, directed by the unc-119
promoter, can fully rescue the C. elegans unc-119 mutant phenotype. We tested the ability
of portions of HRG4/HsUNC-119 to rescue, and found that its function in C. elegans
requires the conserved carboxyl terminus, while the dissimilar amino terminus is dispen-
sable. UNC-119. HRG4 and DmUNC-119 constitute members of a new class of neural
genes whose common function has been maintained through metazoan evolution.

Keywords: Nervous system: neural development: retinal gene: novel proteins
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INTRODUCTION

It has long been doctrine that by studying the development of geneti-
cally tractable model systems, we will learn fundamental principles
which can be applied to vertebrate systems. The development of the ner-
vous system has been an unusually fruitful field of investigation, par-
ticularly in Drosophila, where the conservation of neural developmental
processes at the molecular level has been particularly well demonstrated
(Thor, 1995; Bier, 1997). Recently, however, C. elegans has made some
important contributions to this field. Its small size, nearly invariant cell
lineage, ease of genetics and established pattern of neuronal connec-
tivity make C. elegans an ideal system in which to study the development
of a complete nervous system (Brenner, 1974; Sulston and Horvitz,
1977; White er al., 1986; Wood, 1988). C. elegans has one important
advantage over Drosophila, in that it does not need to move to feed or to
mate, and therefore mutations in their nervous or muscle systems that
severely compromise the ability to move can be recovered as viable
homozygous strains. Such mutations are typically lethal in Drosophila
(e.g. Van Vactor ef al., 1993).

A satisfying outcome of the molecular identification of nervous sys-
tem genes in the nematode has been that many of these factors are
remarkably conserved with vertebrate genes in both structure and
function. For example, the genes unc-5, unc-6 and unc-40, which are
involved in the migration of mesodermal cells and pioneering axons
{Hedgecock et al., 1990), have related vertebrate homologs. The UNC-6
protein is structurally related to the netrin family of guidance cues which
establish dorsal-ventral gradients, providing cues to commissural inter-
neurons in the developing vertebrate spinal cord (Serafini ef al., 1994;
Kennedy et al., 1994; Wadsworth et al., 1996). The unc-40 gene, required
primarily for ventral migrations (Hedgecock et a/., 1990), encodes a
homolog of the DCC cell surface receptor {(Chan et al., 1996; Hedrick
et al., 1994; Fazeli et al., 1997) which can bind netrin-1 (Keino-Masu
et al., 1996). Mutations of Drosophila and mouse DCC homologs also
result in guidance defects (Kolodziej er al., 1996; Fazeli et al., 1997),
implying a similar biological role for DCC and UNC-40.

For cases in which cellular function or molecular interactions of a
gene are unknown, a genetically manipulable system such as C. elegans
can be used to directly assay for conservation of function through the
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expression of chimeric transgenes. For example, the novel UNC-76
protein, proposed to have an intracellular role in axon fasciculation, is
structurally related to two human proteins, FEZ1 and FEZ2 (fascicu-
lation and elongation protein, zygin/zeta-1; Bloom and Horvitz, 1997).
A FEZI transgene can partially replace unc-76 function in C. elegans,
suggesting that FEZ1 has a similar role in humans ( Bloom and Horvitz,
1997). The collection of such conserved neural genes is expanding,
adding to the list of factors likely to be important players in neural
development and/or function.

We have previously described the behavioral phenotype of unc-119
null mutants (Maduro and Pilgrim, 1995). Animals exhibit uncoordi-
nated movement, a weak egg laying defect, constitutive {versus regu-
lated) pharyngeal pumping, and an inability to form dauer larvae. The
body paralysis appears to result from a motor neuron defect, as muscle
ultrastructure is normal and animals respond postsynaptically to an
acetylcholine agonist, levamisole, with hypercontraction of body wall
muscles (Lewis et al., 1980; Maduro and Pilgrim, 1995). Furthermore,
the dauer formation defect is suppressible by mutation of daf-7, sug-
gesting that wic-119 is not essential for entry into dauer per se (Maduro
and Pilgrim, 1995). The simplest explanation of these results is that
unc-119 is required for correct development or function of the nervous
system. This is consistent with the expression of unc-119::lacZ reporter
transgenes in most, if not all, C. elegans neurons (Maduro and Pilgrim,
1995; 1996). Recently, we have shown that a full length fusion of UNC-
119 and the Green Fluorescent Protein (GFP) is able to rescue unc-1179
mutants, and the fluorescence is only detected within the neurons
(Materi er al., submitted) consistent with lack of a secretory targeting
signal on UNC-119. Therefore, since neuronal targeting signals in
C. elegans have been shown to be expressed from non-neuronal tissues
(Ishii et al., 1992; Wadsworth er al., 1996; Colavita et al., 1998) the
UNC-119 protein is presumed to act in the neuron as a downstream
component of the neuronal targeting or outgrowth machinery.

Shortly after we reported the sequence of wnc-119, a similar open
reading frame (ORF) was identified by Higashide er al. (1996) in a
screen for retina-specific cDNAs. The transcript of this gene (HRG4,
for Human Retinal Gene 4), is apparently enriched in rods and cones
(Higashide er al.. 1996), where the protein is localized to the synaptic
ends of photoreceptors, the ribbon synapse (Higashide er al., 1998).
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Although the similarity between UNC-119 and HRG4 has been pre-
viously noted (Swanson et al., 1998; Higashide et al., 1998), no func-
tional relatedness between these genes has yet been demonstrated.

In this paper, we describe the similarities between the HRG4 and
UNC-119 sequences, and demonstrate the presence of two distinct con-
served domains A and B. We use the conservation in domain B to clone
and map a homolog, DmUNC-119, from the fruit fly Drosophila mel-
anogaster. This protein also exhibits the same bipartite structure as
HRG4 and UNC-119. We show that as with unc-119 in C. elegans, the
product of DmUNC-119 is expressed in the developing Drosophila
nervous system. We find that unc-119::HRG4 and unc-1/9:DmUNC-
119 transgenes can fully rescue unc-119 null mutations, and with unc-
119::HR G4, this depends upon the presence of conserved sequences.
Our results suggest that UNC-119 is the founding member of a new class
of functionally related neural proteins.

MATERIALS AND METHODS

Manipulation of DNA and RNA

All cloning was performed according to standard protocols (Sambrook
et al., 1989) with enzymes obtained from GibcoBRL unless otherwise
noted. All DNA constructs were cloned into pBluescript KS-(Strata-
gene). The sequences of oligonucleotides are given in Table I.

TABLE I Oligonucleotides used in this work

Name Sequence (5' 10 3’y in IUPAC notation
MMA4 CTACTCGCAGGATCCATAATTTCCCG
MMA7 GCTACAACAGGATCCATGAAGGC

MMAI14 CCAGCCCAGAACTGGATCCTCCTGGG
MMAI{9 CGGTGGATCCGGGATGGCGACGGAGTC
MMA20 TCAGGGGATCCCGCTGTAGGAATAGTC

MMA23 GACGGATCCGIATGATHGAIMGICAY

MMAZ2S5 CTGGGATCCACRAARTARAAISWRTC

MMA32 GCCGGATCCAAAATGCCGGGGCCGCTGCAGAG
MMA33 GCCGGATCCAAAATGGTGACTCCCGACGAGGTG

MMA34 GCCGGATCCATATTGCCGCCATCGTAG




CONSERVATION OF C. ELEGANS UNC-119 195

Molecular ldentification of DmUNC-119

A single PCR product encoding part of a D. melanogaster homolog was
amplified from 100 ng of Oregon R DNA (a gift from Gary Ritzel, Uni-
versity of Alberta) with the degenerate oligonucleotides MMAZ23 and
MMA25 using the following conditions: (95°C, Smin; 53°C, 90s; 73°C,
Smin) for one cycle, and (93°C, 75s; 55°C, 75s; 73°C, 3min) for 30
cycles. A single product containing part of HRG4 was also obtained
from total human DNA under these conditions (data not shown). A
larger genomic fragment of the Drosophila gene was obtained by
screening a pBluescript KS- mini-library of ~ 5kb genomic HinDIII
fragments, constructed using a procedure previously described for a
size-selected SstI library of C. elegans (Maduro and Pilgrim, 1995).
Coding regions were deduced by conservation with UNC-119/HRG4
and by prediction of splice sites, which were confirmed by RT-PCR
(see below). GenBank accession numbers: HRG4, U40998; UNC-119,
U32854; DmUNC-119, AF119102.

Construction of unc-119::HRG4 and unc-119::DmUNC-119 Fusions

Novel BamHI sites were generated in pDP#MMO016 immediately
upstream of the endogenous start (ATG) and stop (TAA) codons using
two rounds of oligonucleotide-mediated site-directed mutagenesis
(Kunkel, 1985) with the primers-MMA4 and MMA7 (Table I). The
resultant plasmid was digested with BamHI and the intervening segment
containing the entire UNC-119 coding region was replaced with the
various HRG4 and DmUNC-119 inserts. Translation is predicted to
initiate at the novel ATG of both fragments; the carboxyl terminus is
fused to the 3’ noncoding region of unc-119. The pDP#MM 147 plasmid
was obtained by Psrl digestion of pDP#MMI103 followed by religa-
tion, which deletes an in-frame 42-bp fragment from the HRG4 coding
region.

Amplification of HRG4 and DmUNC-119 ¢cDNAs

For HRG4, first-strand cDNA was synthesized from 1pug of total
human retina RNA (a gift from Ian MacDonald, University of Alberta)
with primer MMA14. For DmUNC-119, mixed-stage total RNA was
prepared with TRIzol reagent (BRL) from adults and larvae of the
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Drosophila strain vg/CyO (a gift from Ross Hodgetts, University of
Alberta) using a standard RNA extraction protocol and used for a first-
strand reaction with primer MMA34. In both cases, Superscript II
Reverse Transcriptase was used with buffers supplied with the BRL
5'RACE kit. PCR was performed on first-strand cDNA using MM A19/
20 (for HRG4) or MMA33/34 (for DmUNC-119) using the conditions
(95°C, Smin; 61°C, 45s; 72°C, 2min) for one cycle, and (93°C, | min;
61°C, 45s; 73°C, 2 min) for 29 cycles using a Stratagene Robocycler 40
and reagents supplied with Taq polymerase (Amersham). The products
were digested with BamHI and cloned into pBluescript KS- to generate
pDP#MM092 (HRG4) and pDP#MMI154 (DmUNC-119). A novel
start codon (ATG) was introduced by each upstream primer. The
cloning of the HRG4 ¢cDNA was confirmed by dideoxy sequencing
(Sanger et al., 1977) using Sequenase 2.0 (Amersham) and cloning of
DmUNC-119 was confirmed using Thermo Sequenase (Amersham) by
following the instructions provided with each kit. The derivative HRG4
coding regions were obtained by PCR from pDP#MMI103 using
MMA32/20 for pDP#MM 150 and MMA19/25 for pPDP#MM 148.

Construction of Transgenic C. elegans Strains

Microinjection of the syncytial gonad of young adult hermaphrodite
worms was performed as described (Mello er al., 1991). Plasmid DNA
was prepared by alkaline lysis (Sambrook ez al., 1989) and injected at a
concentration of 100ng/pL. The presence of the transgenes was moni-
tored by the Rol phenotype for the pRF4 marker or for rescue of the
unc-119 phenotype in strains carrying the wnc-119 rescuing clone
pDP#MMO16B.

Extrachromosomal arrays were integrated as follows. Fifty Py ani-
mals were treated with 1500 rad of v irradiation from a %°Co source.
Three hundred transgenic F| animals were picked to self-fertilize indi-
vidually, and F; animals were picked from plates showing > 75%
transmission. Homozygosity of the integrants was verified in the F;
prior to backcrossing to N2.

Phenotypic Assays

Analysis of dauer formation and quantitative analysis of locomotion,
pharyngeal pumping, and egg retention were performed as described in
Maduro and Pilgrim (1995).
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Localization in situ of Drosophila Gene Products

Embryo fixation and immunocytochemistry were performed as
described (Patel, 1994) employing 22C10 monoclonal (from S. Benzer,
further characterized by Brewster and Bodmer, 1996), imaged with an
HRP conjugated secondary antibody (Jackson Immunoresearch). The
insert from plasmid pDP#MM|154 (described above) was used as a
probe. Subsequent in situ hybridization to RNA probes was performed
according to Tautz and Pfeifle (1989) with modifications by
D. Mellerick (Mellerick and Nirenberg, 1995).

RESULTS

Identification of a Drosophila UNC-119 Homolog

The existence of vertebrate homologs of C. elegans unc-119 (Higashide
et al., 1998; Swanson et al., 1998) prompted us to search for a similar
gene in Drosophila. We used the strong amino acid conservation
between the carboxyl halves of HRG4/HsUNC-119 and UNC-119 to
construct a set of degenerate oligonucleotides for polymerase chain
reaction (PCR) as described in Materials and Methods. A single 444-bp
product was obtained upon amplification from genomic DNA of the
D. melanogaster strain Oregon R. This product was cloned into
pBluescript KS-(Stratagene) to make plasmid pDP#MM113.

We sequenced the pDP#MMI113 insert and found two short coding
regions, separated by an apparent intron, with similarity to HRG4/
HsUNC-119 and UNC-119. A Drosophila genomic Southern blot
probed with this fragment detected a single ~ 5-kbp HinDIII fragment.
We cloned this fragment from a HinDIII plasmid mini-library made
in pBluescript KS-(pDP#MM121). The sequence of the majority of
pDP#MM 121 was obtained and used to retrieve- expressed sequence
tags (ESTs) from the Genbank EST database. Six overlapping ESTs
were identified that define a presumptive mRNA of approximately
2.3kb and spanning five exons (Fig. 1A; Accession numbers AF083305,
AA202977, AA264600, AAS539927, AA942390 and AA438392). We
independently confirmed the splicing of the central portion of the gene
by sequencing a partial cDNA obtained by RT-PCR from mixed-stage
Drosophila embryos (plasmid pDPAMM 154). While we cannot exclude
alternative transcription, the overlap of the ESTs is consistent with a
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single DmUNC-119 message encoding an ORF of 265 amino acids (aa)
(Fig. 1B). Based on similarities in amino acid sequence with HRG4/
HsUNC-119 and C. elegans UNC-119 (see below), we are calling this
gene DmUNC-119.

Mapping of DmUNC-119

The insert from pDP#MMI113 was used for in situ hybridization to
Drosophila polytene chromosomes. The DmUNC-119 gene maps to the
X chromosome, band 7A1 (E. Woloshyn and D. Nash, unpublished
data). While there are no known viable mutations mapped to this
region, a FlyBase query (http://flybase.bio.indiana.edu) shows that
some lethals map in the vicinity of 7A1l (e.g. lines ESHS24 through
ESHS30). If DmUNC-119 has a role in the embryonic nervous system,
a lethal phenotype might be expected as a consequence of its mutation;
therefore, lethals in the 7A1 region may be candidates for DmUNC-119
disruptions (see Discussion).

Conservation of UNC-119 Structure

Although DmUNC-119 was identified based on the conservation of
amino acids in the carboxyl portions of UNC-119 and HRG4/HsUNC-
119, DmUNC-119 shares substantial homology with these proteins in
the amino halves as well (Fig. 2A). An alignment of all three proteins

pDP#MM121
(~5 kbp HinDIIl fragment)

HinDIll BamHI EcoRV __500bp
leal chnl Nail| EcoRII /MMAZS | Xllml

T MMA2S

AA539927 '——\/— AF0B3305 ——v“—\/
AA202977 W_
AA264600 —\/_ DP#MM154
P VT N

ARBAZI0——\ S\ /T
AAdGBID2 ———\ S\

FIGURE 1A




B

aaaagtgggcaaaaaaggtgcaatgtttagcgtttaagtgcgttaagttg
cttttgcggacgacaacaacaacaccagcagcattgccggtcaaattgat 100
ctaattgattttcgggcagtgcaacagcaactaaaaccaaattaataaat
gaatccctgcgeatacataaacatataaaaacacacacacacacacatac 200
attcgcataaaggacgcgaaccgaaaagggaaaaacaaacaCaaaggaaa
daaaaaggaaaaaggagagegcactttttcagaaattgggtcatttgttg 300
ttgttgttgttgttgttgctgctgttgctggtgattttcaaanaatttc
arttgrtgetgtegtegtoggtteggigttgttgttgttgttgectgttgt 400
tgcaatggtcgtggacgttgttgtcgctgacagctaaatgttatggcaac
acttgcaacctgaattcgtgtggkgaggagcggaaagcgaaaggataata 500
dgggtagcggagacgaagccttatatttecaccagaaaatcctggcacaat
ttatgacaactctacacttgtgtgtgtttgtgttghgtgagacagcggag 600
tagcttcttcaaatcaaaggataccactgcagcagccatccagccaggag
ccttaaaaaagctgttcagcttgagaaatccgaaacgcagactataqaca 700
M S VvV v G K Q
aataataccaccagattcattccgtgecacaATGAGCGTGGTGGGTAAGCA
L NP V Q S S GA GAV T T S S §
ACTAAATCCGGTGCAATCCTCCGGTGCAGGCGCAGTGACAACGTCTTCCT 800
A°A A G S S S §S N S GV E AN G
CCGCGGCCGCAGGATCCTCTTCTTCGAACAGTGGAGTGGAGGCCAACGGC
G S GG S S G A A AAGAGA A S @G
GGCAGTGGAGGATCGTCGGGAGCTGCAGCAGCGGGCGCTGGTGCCTCCGE 900
D AKRUPAE S S $ V TP DE V L
TGATGCCAAACGGCCTGCGGAGTCTTCCAGCGTGACTCCCGACGAGGTGC
H L T K I T D D Y L ¢ 8 A N A N
TCCATCTGACCAAGATCACGGACGACTATCTCTGCTCCGCCAATGCAAAT 1000
VF E I DF TRV F K I R DILE § @G
GTGTTCGAGATTGATTTCACGCGGTTCAAGATTCGCGACCTGGAGAGCGG
AV L F E I A K P P S E Q Y P E G
CGCTGTGCTCTTCGAGATCGCCARACCGCCGAGTGAACAATATCCGGAAG 1100
L $s s D ETMUL A AATETZ KL S L
GACTGTCCTCGGATGAAACCATGCTGGCGGCTGCCGAGAAATTGTCACTG
D D TADU PNU AGU R Y V R Y Q F T
GATGACACTGCCGATCCAAATGCCGGACGCTATGTGCGCTATCAGTTCAC 1200
P A F L NL KTV G A TV EF T V
ACCGGCATTTCTCAACCTCAAAACAGTGGGAGCCACEGTGGAATTCACTG
G S Q P L NNV FIRMTIET RUHTF F
TGGGCAGCCAGCCGCTTAATAATTTTCGTATGATCGAACGCCACTTCTTC 1300
R DRLL KTV F DT FETFGT FC F P
CGCGATCGCCTGCTAAAGACGTTTGACTTTGAGTTCGGCTTTTGCTTTCC
F S K N TV EUH I Y EF P NTUL P P
ATTTTCGAAGAATACGGTTGAGCACATCTACGAGTTTCCTAACCTTCCAC 1400
b L VvV A EM I S S P F E T R S D
CCGACCTAdTTGCTGAGATGATATCGAGCCCCTTTGAGACGCGCTCGGAC
S F Y F V G N R L VM HNIKATD Y
AGCTTTTACTTTGTGGGAAACCGACTCGTCATGCACAACAAAGCCGACTA 1500
A Y D G G N I v =+
CGCCTACGATGGCGGCAATATAGTCtagaaactcaactataatggaactg
caactagagcaaaactaataactaaagaactagaaactacagaagctgtg 1600
agacaaaatcaatgacttgtcacacacacacacacacgaaa

FIGURE 1B

FIGURE 1 (A) Gene structure of DmUNC-119. A restriction map of part of clone
pDP#MM 21 is shown. The predicted cDNA is indicated as boxes below the map, with
darker shading to indicate the DmUNC-119 ORF. The alignment of six Drosophila ESTs,
and a partial cDNA (pDP#MM 154), are shown below the cDNA. The region 3’ to the
Xbal site in pDP#MM 121 has not been determined, but an additional 667 nucleotides are
predicted by EST AF083305. (B) Sequence of DmUNC-119 coding region, and flanking
regions deduced from ESTs and partial sequence of genomic clone pDP#MMI121. The
sequence is shown 5'-3". Positions of introns are indicated with a vertical line (|). The
ORF is shown in capital letters, with the predicted amino acid sequence of the DmUNC-
119 protein shown in single-letter code above the first base of each codon in the ORF.,
Upstream stop codons are shown in boldface, while an asterisk (+) indicates the putative
DmUNC-119 stop codon. The regions where degenerate primers MMA23 and MMA25
anneal are underlined. The 3’ end of the transcript has not been determined, although
EST AF083305 contains an additional 667 nucleotides beyond the last base shown.
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unc-119 56 fllacH
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DmUNC11 80

UNC-119 96
HSUNC-11 ## -V
DMUNC-1 ¥ QYPEGLS mTi\LIA

HsUNC-11 ## B8
DmUNC-1 #+ Hi

UNC-118  ##
HsUNC-11 ##
DmUNC-1 ## |l

UNGC-118 ##
HsUNC-11 #4
DmMUNC-1 ##

B

UNC-119
219aa

Hs UNC-119
240 aa

Dm UNC-118
285 aa

conssrvation ~46% . ~7D.%
per region: identical identical

FIGURE 2 Comparison of C. elegans UNC-119, human HsUNC-119 and Droso-
phila DmUNC-119, (A) Amino acid alignment. Identities present in at least two of the
three genes are shown as white text in black boxes, and conserved residues are shaded
gray. A single line above the alignment indicates the extent of region A, while a double
line shows region B. (B) Schematic alignment of the three homologs showing the two
regions A and B, and the percentage identities and conserved changes (similarities)
with HsUNC-119.

also suggests that, while there are many similarities throughout their
coding regions, the homology between UNC-119 family members
defines two broad domains which we will refer to as regions A and B
(Fig. 2B). Within each region, the degree of conservation is significantly
different: the percentage of amino acids identical across all three
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homologs is approximately 45% for region A, and almost 70% for
region B. Consistent with a bipartite structure, in UNC-119 and HRG4/
HsUNC-119 these regions are separated by about 10 aa, while in
DmUNC-119 they are almost 25 aa apart; these ‘spacer’ regions have
only limited conservation (Fig. 2A).

Expression of DmUNC-119 in Drosophila Embryos

The expression of unc-119 throughout the C. elegans nervous system
(Maduro and Pilgrim, 1995), which implies a role for UNC-119 in many
neuron types, contrasts with the apparent photoreceptor-specific expres-
sion of HRG4/HsUNC-119 (Higashide et al., 1996; 1998; Swanson et al.,
1998). To determine the expression pattern of DmUNC-119, we used
the pPDP#MM 154 partial cDNA as a probe for in situ hybridization to
Drosophila embryos (Fig. 3). The DmUNC-119 transcript appears at

FIGURE 3A and B
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FIGURE 3C-F

FIGURE 3 Distribution of DmUNC-119 transcript in embryos. DmUNC-119 trans-
cript accumulation is first detected in late stage 11 embryos, uniformly ‘through the
neuromeres of the central nervous system (A). A uniform and ubiquitous distribution
through the nervous system is maintained for the remainder of embryogenesis, as seen
in sagittal view at stage 16 (B) and frontal view at stage 13 (C). Neurons of the periph-
eral nervous system also express DmUNC-119. Lateral ectoderm of a stage 14 embryo
double labeled for 22C10 (brown) and DmUNC-119 (blue) demonstrates extensive
co-labeling in the dorsal (d), lateral (I) and ventral (v', v) sensory clusters. Neurons of
the antenno-maxillary complex (a in panel E) and the dorsal sensory cluster of the
telson (d in panel F) also express DmUNC-119. (See Color Plate I at back of the issue.)

late stage 11, after the first neurons are generated from neuroblasts, and
as they begin their differentiation. Expression appears to be uniform
and ubiquitous in the central nervous system. In the peripheral nervous
system, the results are a little clearer, and expression seems to be con-
fined to neurons, although the strength of expression may be variable
between neurons. Figure 3 panel F illustrates the terminal segment
homolog of the PNS of the other segments. Therefore, while vertebrate
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expression of UNC-119 is apparently retina-specific (Higashide er al.,
1996; 1998; Swanson ez al., 1998), in Drosophila and C. elegans, expres-
sion occurs in a large part of the entire nervous system.

UNC-119 is Functionally Conserved

The strong structural similarities between UNC-119, DmUNC-119 and
HRG4/HsUNC-119 suggest that these proteins might also share the
same in vivo activity. We tested the ability of these genes to replace
UNC-119 function by taking advantage of the known behavioral
defects in C. elegans unc-119 animals (Maduro and Pilgrim, 1995). As
the expression of vertebrate UNC-119 is restricted to the retina, we
might expect its function to be more diverged from C. elegans UNC-119
than the Drosophila gene; therefore, ascertainment of rescue by HRG4/
HsUNC-119 is likely to be a more discriminating test of conserva-
tion. We obtained a partial HRG4/HsUNC-119 cDNA by performing
RT-PCR on total human retina RNA (see Materials and Methods).
A partial cDNA was used to make plasmid pDPAMMI03, an unc-
119:HRG4/HsUNC-119 fusion gene in which the C. elegans UNC-119
coding region has been replaced by HRG4/HsUNC-119. This construct
preserves both the 5" and 3’ flanking regions of the C. elegans gene, and
is expected to direct expression of the human homolog with the same
temporal and spatial pattern as the wild-type unc-119 gene.

Nematodes homozygous for the unc-119 null allele ed3 were made
transgenic for pDPAMM 103 by gonadal microinjection (Mello et al.,
1991). Animals mutant for une-119 display uncoordinated locomotion,
defective dauer formation, increased egg retention and constitutive
pharyngeal pumping (Maduro and Pilgrim, 1995). Among the progeny
of ed3 mutants injected with pDP#MM 103 were animals that displayed
wild-type locomotion, consistent with rescue of at least part of the wsnc-
119 phenotype (Fig. 4). We established several independent transmit-
ting lines, and used one of these, ed Ex49, to quantify the rescue of other
unc-119 defects. In summary, the unc-1/9::HRG4/HsUNC-119 trans-
gene was able to rescue the locomotory. dauer formation. egg retention
and pharyngeal pumping defects in a manner indistinguishable from a
plasmid containing the intact C. elegans gene (Fig. 5). We conclude that
HRG4/HsUNC-119 is a functionally conserved homolog of C. e¢legans
UNC-119.
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FIGURE 4 Siill frames from video images of live animals on agar plates. Anterior
is shown to the left, and all images are at the same scale. The adult in (A) is approxi-
mately 1 mm long. (A) Wild-type nematode showing typical dorsal-ventral sinusoidal
waves propagated during motion. (B) unc-119(¢2498) carrying the extrachromosomal
array edEx51, which contains the unc-719:HRG4 fusion. (C) wunc-119(ed9) mutant
displaying ventral coiling and paralysis. (D) unc-119(ed3) carrying the array edEx!17,
which contains the unc-1/9:DmUNC-119 fusion. Note normal wave as in (A) and (B).

Function of UNC-119 does not Require the
Dissimilar Amino Terminus

The sequence divergence of the amino termini among the three UNC-
119 homologs suggests that this region may not be crucial for function.
To test the importance of the conserved, versus nonconserved regions,
we tested the ability of portions of HRG4/HsUNC-119 to confer rescue
of the locomotory and dauer defects (Fig. 5). Removal of the amino
terminus of HRG4/HsUNC-119, up to the start of region A, did not
affect the ability to rescue unc-119 (plasmid pDP#MM 150). Removal of
a small part of the less-conserved region A (HRG4/HsUNC-119 amino
acids 56-69) also had no effect, although this transgene still retains the
amino terminus (pDP#MM 147). In contrast, deletion of the carboxyl
terminal, which contains the longest contiguous region of identity
among the three homologs (sequence VMHNKADY) completely
abolished function (plasmid pDP#MM148). We conclude that func-
tional replacement of UNC-119 by HRG4/HsUNC-119 in C. e¢legans
requires the carboxy terminus, but not the structurally divergent amino
terminus.



CONSERVATION OF C. ELEGANS UNC-119 205

A Locomotion B Pharyngeal Pumping
B3 Onfood  Off food
e ] £
(=%
£ 1004 g 2004 4 - + 4 4 daver
@ a formation
z a2
2 e
® jid
2 o
g 50 100
g §
E ] E
« a
o o

W N2 (wild type)

Nunc-119(ed3)
[ unc-119(e2498); edEx31
== (rescuing clone pDP#MMO016)

unc-119(ed3); edEx49
(unc-119::HsUNC-119)

unc-119(ed3); edEx73
(unc-119:DmUNC-119)

Number of eggs in uterus

D Rescue of unc-119 by HRG4/HsUNC-119 fragments

portion of amino loco-  dauer
plasmid HRG4/HsUNC-118 acids motion formation
dommto: L TEEEETIET  wae ¢ s
pDP¥MMUGF22* [ ] 13-55 - -
pOPAMMUGF21* [T | ot 13-175 - -
poPaMMI47 [ T L) 13-55+70-238 + +
PDP#MM 148 I S ) 5495 SIS 13-223 - -
PDP¥MM150 55-238 + +
HsUNC-119 [ I B ek Wt | 1-240 nd nd.

* fusion to GFP and unc-54 JUTR
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unc-119 mutant phenotype. (A-C) Rescue of une-119 behavioral defects by HRG4/
HsUNC-119 and DmUNC-119 transgenes. At least ten animals were scored for each
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To test whether the Drosophila gene could also confer rescue, we
performed a similar experiment for DmUNC-119. The partial cDNA
pDP#MM 154, which starts at the beginning of region A (DmUNC-119
amino acid number 68) was used to make an unc-119::DmUNC-119
fusion gene, which was then injected into unc-119(ed3) homozygotes. As
with the HsSUNC-119 transgene, the fly gene can also confer rescue of
the unc-119 behavioral defects (Fig. 5). Therefore, the UNC-119 family
of neural genes has been functionally conserved across metazoan
evolution.

DISCUSSION

The predicted UNC-119 protein has no obvious domains or motifs
which give clues as to its molecular role in the cell. We have identified the
unc-119 homolog from the related nematode C. briggsae, and shown
that it can replace the C. elegans gene under the control of its own
promoter (Maduro and Pilgrim, 1996). However, at the amino acid
level, the two gene products are approximately 90% identical across
their lengths, precluding any strong conclusions about which regions
of the proteins are likely to be important for function (Maduro and
Pilgrim, 1996). Like the two Caenorhabditis genes, the vertebrate homo-
logs are strongly related to each other: the human and rat UNC-119
homologs (HRG4 and MRG4, respectively) are 92% identical overall
(Higashide et al., 1996; 1998). While the two Caenorhabditis genes are
expressed throughout the nematode nervous system, including sensory
and locomotory neurons, the apparent retina-enhanced expression of
the vertebrate homologs (Higashide et al., 1996; Swanson e/ al., 1998)
initially suggested that the nematode and human genes, while structu-
rally similar, may be diverged in function. Here, we have demonstrated
the existence of an UNC-119 homolog in Drosophila, which is expressed
in a large part of the fly nervous system; we have further shown that the
human and fly genes are capable of rescuing the mutant phenotypes of
C. elegans unc-119 null mutants, and that this function depends only
upon the presence of the conserved regions. Therefore, the UNC-119
homologs constitute a novel, functionally-related class of neural
protein.
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Identification of a Neuronally-Expressed
Drosophila UNC-119 Homolog

By whole-mount in situ hybridization, DmUNC-119 is expressed in the
embryonic nervous system during development. As several ESTs were
obtained from Drosophila libraries derived from adult brain, we can
conclude that expression continues through adulthood in at least part of
the fly nervous system. With respect to neural development, this over-
laps the pattern seen for both the nematode and vertebrate UNC-119
homologs. Reporter unc-119 fusions are expressed in the C. elegans
nervous system, both embryonically (before neural differentiation), and
continuing through adulthood (Maduro and Pilgrim, 1995; 1996). In
the rat, a developmental Northern profile has shown expression start-
ing at the onset of photoreceptor cell differentiation, and continuing
through adulthood (Higashide er al., 1996). This time course of gene
expression strongly suggests a function for UNC-119 during neural
development and in fully differentiated neurons. Indeed, there is strong
evidence that in C. elegans, UNC-119 has a role during axonal out-
growth (W. Materi ¢t al., submitted).

The DmUNC-119 gene was mapped to a single site on the X chro-
mosome (band 7A1); however, there are as yet no known DmUNC-119
mutations. Although C. elegans unc-119 null mutants are fully viable
(Maduro and Pilgrim, 1995), we anticipate that complete loss of Dro-
sophila DmUNC-119 function results in an embryonic lethal pheno-
type. There are several precedents for conserved neural genes with
relatively mild null phenotypes in C. elegans, and embryonic lethal
phenotypes for their homologs in Drosophilu. For example, homo-
zygous null mutants in unc-4(), which encodes the nematode homolog of
the netrin receptor DCC, are viabte (Chan et al., 1996); in contrast, null
alleles of the Drosophila DCC homolog frazzled are homozygous
embryonic lethal (Kolodziej er al., 1996). There are several embryonic
lethal mutations found in Drosophila which map to the 7A1 region, any
one of which could hence be a candidate DmUNC-119 mutant.

Is UNC-119 Strictly Found in Retina?

The widespread neural expression of the invertebrate unc-119 genes
(i.e. Drosophila and Caenorhabditis) contrasts with the apparent retina-
specific expression seen for the human and rat genes (Higashide ¢r al.,



208 M.F. MADURGO et al.

1996; Swanson et al., 1998). It is not likely that expression of HRG4/
HsUNC-119 is entirely retina-specific. ESTs corresponding to this gene
have been found in many tissue preparations other than retina, includ-
ing those in which contamination by photoreceptors is highly unlikely.
One EST (AA101444) was found in a neuronal precursor NT2 cell line
(Swanson et al., 1998). In contrast, rhodopsin ESTs are only found in
retina, and in preparations in which retina is included. Therefore, it is
possible that HRG4/HsUNC-119 is more widely expressed throughout
the vertebrate nervous system than the initial data would indicate. It is
also possible that expression of vertebrate UNC-119 outside the retina
occurs at a much lower abundance. Indeed, Northern analysis in the two
Caenorhabditis species and in Drosophila suggests that the unc-1/9
transcripts are of relatively low abundance (M.F. Maduro er al.,
unpublished observations). Lastly, there may be other (as yet undis-
covered) UNC-119 homologs found in other neural tissues.

There are vertebrate retina homologs of other neural C. elegans genes.
The tax-2 and tax-4 gene products are structurally similar to compo-
nents from cyclic nucleotide-gated channels found in vertebrate pho-
toreceptors (Coburn and Bargmann, 1996; Komatsu et al., 1996), and
consistent with their predicted role, are expressed only in C. elegans
sensory neurons (Coburn and Bargmann, 1996). Expression of ceh-10,
a homolog of the vertebrate retina-specific homeobox genes Chx10
and Vsx-1, has been observed in a specific set of nematode neurons
(Svendsen and McGhee, 1995).

The UNC-119 Proteins Define a Novel, Functionally-conserved
Protein Class Found in Divergent Metazoans

An alignment between the human, worm and fly protein sequences has
shown approximately 45% and 70% identity across two extended
domains, with regions of low identity at the amino termini and in the
‘spacer’ between the two domains. The existence of UNC-119 homologs
in diverse phyla suggests that there are likely to be homologs in most,
if not all, metazoans. For example, there are at least partial UNC-119
genes in the zebrafish Danio rerio (A. Manning and D.P., unpublished
observations), and in a sipunculate worm (J. McGregor et al., unpub-
lished observations). The UNC-119 proteins define a new class, as they
share no significant similarity with other known proteins.
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We have shown here that HRG4/HsUNC-119 and DmUNC-119 can
fully rescue the behavioral defects seen in unc-179 null mutants. The
function of these homologs depends upon the presence of only the
conserved domains predicted by the structural alignment; removal of
the most conserved portion, at the carboxyl terminus, abolishes the
ability of HRG4/HsUNC-119 to rescue. Therefore, the UNC-119 genes
are conserved in function as well as structure. [tis likely, then, that these
genes evolved from a common ancestral form; indeed, a common
intron, occurring in the same position in the more conserved carboxyl
domain, has been found in all of the UNC-119 homologs sequenced to
date. Hence, the study of UNC-119 homologs may well reveal new
insights into fundamentally conserved mechanisms of neural develop-
ment and function.

Possible UNC-119/HRG4 Functions

The ability of HRG4/HsUNC-119 and DmUNC-119 to compensate for
loss of unc-119 function in C. elegans, and the correlation between the
rescuing ability and the presence of the most conserved regions of the
proteins, demonstrates that these proteins have similar cellular func-
tions, and that they likely interact with the same target molecules. It is
still formally possible that this protein family does not function through
protein—protein interactions, and instead has an intrinsic enzymatic or
metabolic function, but the lack of any type of obvious structural motif
or domain makes this less likely. The sequence conservation and the
ability of divergent homologs to rescue suggest that proteins of the
UNC-119 class interact with other well-conserved proteins. These fac-
tors could be ubiquitous, such as actin or microtubules, or they might
be conserved proteins found only in neural cell types, such as UNC-33/
CRMP-62 (Goshima et al., 1995). This predicts that there are undis-
covered C. elegans genes with vertebrate homologs expressed (at least)
in the retina, and may reveal as-yet unknown shared mechanisms of
neurogenesis.
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Color Plate 1 (See page 201, Figure 3)

Distribution of DmUNC-119 transcript in embryos. DmUNC-119 transcript accumula-
tion is first detected in late stage 11 embryos. uniformly through the neuromeres of the
central nervous system (A). A uniform and ubiquitous distribution through the nervous
system is maintained for the remainder of embryogenesis. as seen in sagittal view at
stage 16 (B) and frontal view at stage 13 (C). Neurons of the peripheral nervous system
also express DmUNC-119. Lateral ectoderm of a stage 14 embryo double labeled for
22C10 (brown) and DmUNC-119 (blue) demonstrates extensive co-labeling in the
dorsal (d), lateral (I) and ventral (v'.v) sensory clusters. Neurons of the antenno-
macxillary complex (a in punel E) and the dorsal sensory cluster of the telson (d in
panel F) also express DmUNC-119.
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