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ABSTRACT

Mutations in the unc-33 gene of the nematode Caenorhabditis elegans lead to severely uncoordinated
movement, abnormalities in the guidance and outgrowth of the axons of many neurons, and a
superabundance of microtubules in neuronal processes. We have cloned unc-33 by tagging the gene
with the transposable element Tc4. Three unc-33 messages, which are transcribed from a genomic
region of at least 10 kb, were identified and characterized. The three messages have common 3’ ends
and identical reading frames. The largest (3.8-kb) message consists of the 22-nucleotide trans-spliced
leader SL1 and 10 exons (I-X); the intermediate-size (3.3-kb) message begins with SL1 spliced to the
5’ end of exon V and includes exons V-X; and the smallest (2.8-kb) message begins within exon VII
and also includes exons VIII-X. A y-ray-induced deletion mutation situated within exon VIII reduces
the sizes of all three messages by 0.5 kb. The three putative polypeptides encoded by the three
messages overlap in C-terminal sequence but differ by the positions at which their N termini begin;
none has significant similarity to any other known protein. A Tc4 insertion in exon VII leads to
alterations in splicing that result in three approximately wild-type-size messages: the Tc4 sequence
and 28 additional nucleotides are spliced out of the two larger messages; the Tc4 sequence is trans-
spliced off the smallest message such that SL1 is added 13 nucleotides upstream of the normal 5" end

of the smallest message.

EARLY 20 years ago, SYDNEY BRENNER (1973,
1974) described the isolation of uncoordinated
mutants of Caenorhabditis elegans in what he foresaw
as the first step in the elucidation of the genetic
components of animal behavior. This strategy has
indeed proved fruitful. Some of the genes defined by
uncoordinated C. elegans mutants are now known to
encode proteins involved in the assembly and function
of the myofilament lattice of body muscle [reviewed
by WATERSTON (1988)]. Other uncoordinated C. ele-
gans mutants define genes that contribute to the fol-
lowing aspects of nervous system development and
function: the cell lineage of neurons or the migration
of neuronal precursor cells [reviewed by HorvITZ
(1988) and CHALFIE and WHITE (1988)], neurotrans-
mitter function (LEWIS et al. 1987; JOHNSON et al.
1988; RAND 1989; S. MCINTIRE, E. JORGENSEN and
R. Horvrrz, personal communication), synapse for-
mation (HALL and HEDGECOCK 1991), synaptic speci-
ficity (J. WHITE et al., unpublished, cited by CHALFIE
and WHITE 1988), and axonal outgrowth and guid-
ance [reviewed by HEDGECOCK et al. (1987) and CHAL-
FIE and WHITE (1988)] (HEDGECOCK, CuLOTTI and
HALL 1990; MCINTIRE et al. 1992). A gene in the last
category is unc-33, mutations in which lead to defects
in axonal outgrowth and guidance.
As viewed in the dissecting microscope, unc-33 mu-
tants are severely uncoordinated, almost paralyzed,
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and move only very slowly. They are also slightly
dumpy, partially egg-laying defective (DESAI et al.
1988), and defective in defecation (THOMAS 1990).
Defects in neuronal processes in unc-33 mutants
have been seen in several classes of neuron. By No-
marski microscopy, no defects in cell lineage or posi-
tions of cell bodies were found for any cells (HEDGE-
COCK et al. 1985). Defects in neuronal processes were
first seen by vital staining of certain chemosensory
neurons with the dye 5-fluorescein isothiocyanate
(FITC). Exposure of wild-type animals to dye results
in the staining of six pairs of amphid neurons, in the
head, and two pairs of phasmid neurons, in the tail
(HEDGECOCK et al. 1985). Fach stained neuron is bi-
polar: a ciliated dendritic process extends (anteriorly
for the amphids, posteriorly for the phasmids) to a
sensillum, and an axonal process extends into the
nerve ring, for the amphid neurons, or into the ventral
cord, for the phasmid neurons (WHITE et al. 1986).
Although these neurons stain poorly in unc-33 mu-
tants, perhaps because of a slight shortening of the
sensory cilia (HEDGECOCK et al. 1985), it was observed
that the axonal processes of both amphids and phas-
mids tended to terminate prematurely (HEDGECOCK et
al. 1985). The processes often terminated at abnormal
positions and generally had swollen endings. The
phasmid axons terminated just as they were to enter
the ventral cord. HEDGECOCK et al. (1985) also found
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defects in the axons of PDE cells, a bilateral pair of
neurons that do not fill with FITC in wild-type animals
but do fill with dye in either cat-6 or che-14 mutants;
when one of the latter mutations was used to promote
PDE dye filling in an unc-33 mutant, a variety of
axonal abnormalities were observed. In wild-type an-
imals, each PDE neuron extends its axon ventrally
into the ventral cord, where it bifurcates and extends
both anteriorly and posteriorly in the ventral cord. In
unc-33 mutants, the ventrally directed process was
sometimes found to branch prematurely, resulting in
a longitudinal axonal branch (or branches) running at
a subventral position. Whether running in the ventral
cord or not, the anterior branch generally terminated
prematurely to give a much shorter process than
normal.

DEsAI et al. (1988) have used immunocytochemical
staining with antisera to serotonin to visualize the
processes of the pair of hermaphrodite-specific motor
neurons (HSNs) by fluorescence microscopy. In wild-
type hermaphrodites, a single axon from each of the
HSNs, which are necessary for egg-laying, extends
ventrally from the HSN cell body into the ventral
nerve cord, then turns anteriorly, runs past the vulva,
where it usually generates a branch, and extends
anteriorly into the nerve ring (WHITE et al. 1986;
DEsAI et al. 1988). In unc-33 hermaphrodites, which
are partially egg-laying defective, it was found that
the HSN axon generally either made its anteriorly
directed turn prematurely, so that it projected ante-
riorly at a lateral position rather than in the ventral
cord, or it stopped prematurely within the ventral
cord (DEsAI ¢t al. 1988). Similar axonal defects of the
sensory neurons ALML, ALMR, PLML, PLMR and
AVM were reported for unc-33 animals by SippIQUI
(1990), who used immunocytochemical staining with
an anti-tubulin antibody to see the processes of these
cells by fluorescence microscopy. Finally, antibodies
to horseradish peroxidase were used to characterize
the morphologies of the two pairs of neurons PHC
and PVN; four different alleles of unc-33 were re-
ported to result frequently in misdirected axons of
these cells (S1ppIQUI and CurLoTTt 1991). All or nearly
all neurons whose morphologies have been inspected
carefully show axonal defects in wunc-33 mutants.
These include sensory neurons, motor neurons and
interneurons. It thus seems likely that many other
neurons are affected.

HEDGECOCK ¢t al. (1985) examined the ultrastruc-
ture of the anterior 15 um of the unc-33 amphids. No
dendritic abnormalities had been revealed in the
FITCilled neurons by fluorescence microscopy
(apart from the overall reduction in dye-filling), and
the sensilla appeared essentially normal by electron
microscopy, too, except for a partial shortening of the
cilia of the amphid neurons. The dendrites of appar-

ently all classes of sensory neurons contained a super-
abundance of microtubules, however, In addition, the
microtubules were sometimes larger in diameter than
normal or showed abnormal hooks or doublet or
triplet tubules. These same defects, superabundance
of microtubules and abnormal structures, were ob-
served in the processes of the amphid non-neuronal
support cells: the sheath and socket cells; however,
the microtubules in muscle and hypodermal cells ap-
peared normal in number and structure. These results
led HEDGECOCK et al. (1985) to propose that the
product of unc-33 is a component of the axonal cyto-
skeleton that directs axonal outgrowth and that the
axonal guidance defects in the mutants are a conse-
quence of a cytoskeletal defect. In particular, they
suggested that the wild-type gene product may be a
microtubule-associated protein (MAP) that controls
the assembly or stability of neuronal microtubules.

Our aim in the work reported here was to clone
and sequence the unc-33 gene and to characterize the
unc-33 messages in wild type and unc-33 mutants as a
first step in the molecular characterization of the gene
and its expression.

MATERIALS AND METHODS

C. elegans strains and culture: Nematodes were grown
at 20° on Escherichia coli strain OP50 or AMA1004 (Casa-
DABAN ¢t al. 1983) on NG agar plates (BRENNER 1974). The
mutations unc-33(e204, ¢572, ¢735, e1193 and mn407) and
dpy-13(e184) were derived from the standard Bristol wild-
type strain N2. The mutation unc-33(mn260) and its deriv-
atives (see below) and wunc-33(rh1030) and wunc-
33(rh1030rh1054) (provided by E. HEDGECOCK) were de-
rived from strain TR679 (COLLINS, SAARI and ANDERSON
1987).

Isolation of new unc-33 mutants: The active mutator
strain TR679, which exhibits high frequency transposition
of several families of transposable elements, was screened
visually for spontaneous mutants exhibiting uncoordinated
(Unc) phenotypes. One of the Unc mutations, mn260, was
identified as a new unc-33 allele by genetic mapping to
linkage group IV and complementation tests with unc-
33(e204). Three independent, spontaneous wild-type rever-
tant strains-bearing mn260mn325, mn260mn327 and
mn260mn329-were recovered from the original wunc-
33(mn260) mutant strain. The spontaneous reversion fre-
quency was about 107*. To reduce the number of transpos-
able elements that were TR679-specific but unrelated to the
unc-33 mutation, we crossed the original unc-33(mn260)
mutant hermaphrodites to N2 males and picked homozy-
gous mn260 self progeny from the F, cross progeny. This
procedure was repeated 10 times. After the final outcross,
a single unc-33(mn260) hermaphrodite was picked to estab-
lish the unc-33(mn260) strain used for nucleic acid analysis.
The unc-33(mn260mn325) revertant was outcrossed to +/
unc-33(e204) males. F, cross progeny of genotype unc-
33(mn260mn325)/unc-33(e204) were recognized by the fact
that they segregated Unc self progeny; homozygous unc-
33(mn260mn325) offspring were picked from these animals.
This outcrossing protocol was repeated three times, and the
descendants of one unc-33(mn260mn325) hermaphrodite
were used for subsequent Southern analysis. The other two
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revertant strains were outcrossed in the same way.

v-Ray induced viable unc-33 mutants were isolated as
follows. Wild-type males were exposed to 7,500 roentgens
(r) of y-rays supplied by a '*’Cs source at a dose rate of 500
r/min and were mated with unc-33(e204) dpy-13 herma-
phrodites. Unc non-Dpy cross progeny were picked and
allowed to self. Putative new unc-33 mutants were estab-
lished from F; Unc non-Dpy worms that produced only Unc
non-Dpy progeny. Viable mutations arose at a frequency of
one per 4000 mutagenized haploid genomes. Each new
mutant was outcrossed to N2 twice. One of the four new
isolates, mn407, was shown to have a 0.5-kb deletion in the
unc-33 region, as described in RESULTS; no alterations in
unc-33 DNA structure were detected for the other three
mutants.

Nucleic acid analysis: General methods for manipulating
DNA and RNA were based on standard procedures (MAN-
1IATIS, FRITSCH and SAMBROOK 1982; SAMBROOK, FRITSCH
and MANIATIS 1989). Genomic DNA was prepared from
animals grown on NG agarose plates by the method of
EMMONS, KLAss and HirsH (1979), with some modifications.
Briefly, thoroughly washed worm pellets frozen at —20°
were thawed and lysed in 0.1 M Tris-HCI, pH 8.0, 0.05 M
EDTA, 0.2 M NaCl, 1% sodium dodecyl sulfate (SDS), and
200 pg/ml proteinase K. The lysate was extracted four times
with an equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1), and once with an equal volume of chloro-
form:isoamyl alcohol (24:1). The DNA was precipitated with
two volumes of 95% ethanol and washed twice with 70%
ethanol. DNA pellets were dissolved in 10 mmM Tris-HCI, 1
mM EDTA, pH 8.0 (TE).

Total RNA was isolated from asynchronous populations
of well-fed worms grown on enriched NG agar plates (NG
plates with 20 g/liter peptone) seeded with E. coli strain
AMA1004. Nematodes, washed several times with distilled
water, were pelleted and homogenized at 4° in 10 volumes
of 4 M guanidine HCI, 0.5% sodium lauryl sarcosinate, 1
mM EDTA, 0.1 M B-mercaptoethanol, and 0.2 M sodium
acetate, pH 5.2, with a French pressure cell at 11,000 psi.
The homogenates were immediately extracted three times
with an equal volume of ice-cold phenol:chloroform:isoamyl
alcohol (25:24:1) and once with an equal volume of ice-cold
chloroform:isoamyl alcohol (24:1). RNA was precipitated
with 0.5 volume of 95% ethanol at ~70° overnight. Total
RNA was bound to and eluted from an oligo-(dT) cellulose
column to enrich for poly(A) RNA (Jacosson 1987). For
size-fractionating RNA, approximately 5 ug of poly(A)-en-
riched RNA were electrophoresed through formaldehyde
gels (1% agarose, 6.6% formaldehyde, 0.04 M 3-[N-morpho-
lino]propane sulfonic acid, pH 7.0, 0.05 M sodium acetate,
0.001 M EDTA). Five micrograms of ethidium bromide
were added to each of the denatured RNA samples before
loading.

Following electrophoresis, DNA was transferred to Zeta-
probe Blotting Membrane (Bio-Rad) by capillary blotting
with 0.4 M NaOH. Membranes were neutralized in 2 X
SSPE (MANIATIS, FRITSCH and SAMBROOK 1982) after trans-
ferring. RNA was transferred to Zeta-probe membrane
using 20 X SSPE and was fixed to the membranes by baking
for 2 hr at 80° under vacuum. *?P-labeled probes were
generated by random priming (FEINBERG and VOGELSTEIN
1983). DNA blots were prehybridized in a solution contain-
ing 50% formamide, 0.25 M NaHPO,, pH 7.2, 0.25 M NaCl,
7% SDS, 1 mM EDTA, and 100 pg/ml denatured sonicated
herring sperm DNA at 42° for more than 6 hr, and hybrid-
ized with 10° cpm/ml probes in the same solution overnight.
The membranes were washed at 50° four times, for 15 min
each, in 0.2 X SSPE and 0.1% SDS. For RNA blots, the

prehybridization, hybridization and washing solutions were
the same as those used for Southern blots, but the temper-
atures were 50° for prehybridizations and hybridizations
and 55° for washing.

Cloning and sequencing the unc-33 region: Samples of
genomic DNA prepared from N2, TR679, an outcrossed
unc-33(mn260) strain, and three outcrossed revertant strains
were digested with several different restriction endonucle-
ases, and the Southern blots were hybridized with probes
generated from each of the six C. elegans transposons avail-
able: Tcl (EMMONS et al. 1983), Tc2 (LEvITT and EMMONS
1989), Tc3 (CorLiNs, FORBES and ANDERSON 1989), Tc4
(YUAN et al. 1991), Tch (provided by J. CoLLINS and P.
ANDERSON), and Tc6 (DREYFUS and EMMONs 1991). Only
the Tc4 probe revealed novel transposon-containing frag-
ments in the unc-33(mn260) strain that were absent from all
the revertant strains, the parental strain TR679, and N2
(data not shown). When digested with both EcoRI and Pstl
restriction endonucleases and separated on a 0.7% agarose
gel, unc-33(mn260) genomic DNA exhibited two novel Tc4-
containing DNA fragments, 1.7 and 3.8 kb in size. Since
Tc4 has two internal Pstl sites, these two extra fragments
were likely to contain the two ends of a single Tc4 element.
To clone the smaller of these two fragments, approximately
100 pg of unc-33(mn260) DNA were digested with EcoRI
and Pstl and separated by electrophoresis through an aga-
rose gel. DNA approximately 1.7 kb in size was electropho-
resed from the gel onto DEAE-cellulose membrane
(Schleicher & Schuell); eluted with 1 M NaCl, 50 mM argi-
nine; ligated with pUC119 plasmid (Vieira and MESSING
1987) that had been digested with EcoRI and Pstl; and
transformed into E. coli DH5aF’ (HANAHAN 1985). The
resulting transformants were transferred to nitrocellulose
filters and probed with **P-labeled Tc4 probe. One recom-
binant clone, pEP1.7, was found to carry a 1.7-kb DNA
fragment that contained a portion of Tc4 and flanking C.
elegans DNA.

To clone the entire unc-33 gene, the unique DNA flank-
ing the Tc4 element was separated from the plasmid pEP1.7
by EcoRI and Sacl double digestion and used as a probe to
screen a AEMBL4 N2 genomic library (provided by C.
LINK). One hybridizing clone, EH#141, was identified and
its 4.2-kb EcoRI fragment was shown to hybridize with the
probe. The 4.2-kb fragment was subcloned into pUC119
and was used to isolate four more genomic clones (including
EH#28) with overlapping inserts from the unc-33 region.
We were unable to detect genomic clones from the \AEMBL4
library that extended to the 3’ end of the unc-33 gene, and
no such clones had been described in conjunction with the
C. elegans genome mapping project (COULSON et al. 1986;
A. CouLsoN and J. SULSTON, personal communication). To
extend the genomic clones to the 3’ end of the gene, a A
phage library was constructed with DNA from the YAC
clone Y37G9, which had been shown to hybridize with
EH#28 by R. WATERSTON (personal communication). Sta-
tionary phase yeast cells were embedded in 1% solid agarose
and lysed as described by SCHWARTZ and CANTOR (1984).
The yeast chromosomal DNA was separated through a 1%
low melting temperature agarose gel run at 200 V with an
80-sec switch interval for 24 hr at 4° in a CHEF (contour-
clamped homogeneous electric field) hexagonal-array ap-
paratus (CHU, VOLLRATH and DAvVID 1986). After electro-
phoresis, the gel was stained with ethidium bromide. A gel
slice containing the 460-kb YAC chromosome that had been
identified previously by Southern blotting with the 4.2-kb
EcoRI fragment was isolated, and the agarose was degraded
by incubating the slice with agarase (BURMEISTER and LEH-
RACH 1989). The purified 460-kb YAC chromosome was
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then partially digested with Sau3 A and ligated with A-DASH
(Stratagene) that had been digested with BamHI. Phage
were packaged in vitro and plated on P2392 (Stratagene).
Plaques were probed with a 1.2-kb EcoRI fragment from
the ¢cDNA clone EH#12-1 (see below). One hybridizing
phage, EH#37, was recovered from the library; its insert
extended approximately 5 kb beyond EH#28 (see Figure 2)
and included the 3’ end of unc-33.

Nine cDNA clones were isolated with the 4.2-kb EcoRI
fragment of EH#141 as probe from two independent Agt10
cDNA libraries: one prepared from early embryonic N2
RNA (provided by J. AHRINGER and J. KIMBLE), the other
from mixed-stage N2 RNA (provided by S. KM and R.
HorviTz). These cDNA clones did not extend to the 3’ end
of the transcribed region. A 0.2-kb EcoRI cDNA fragment
from the 3’ end of one of the cDNA clones, EH#b-1, was
used to isolate the tenth clone, EH#12-1, which contained
a poly(A) tract. Together, the inserts in these cDNA clones
represent a 3.7-kb continuous message from the unc-33
region.

The sequence of the 3.7-kb cDNA was determined from
the three overlapping cDNA clones, EH#1-1, EH#5-1 and
EH#12-1. These three clones were chosen as the minimal
number needed to cover the region represented by cDNA
clones (Figure 2). The entire sequence of EH#1-1 was
determined from overlapping subclones and from nested
deletions generated by exonuclease III and S1 nuclease
digestion (HENIKOFF 1987). The two 0.2-kb EcoRI frag-
ments at the 3’ end of EH#5-1 were sequenced separately,
and their junction was confirmed by sequencing an overlap-
ping subclone. The 1.2-kb unc-33 insert from EH#12-1 was
sequenced from nested deletions (HENIKOFF 1987). Both
cDNA strands were sequenced at least twice. The genomic
fragments sequenced were all subcloned from EcoRI-di-
gested EH#28 DNA except for the 2.7-kb EcoRI fragment
at the most 3’ end, which was from EH#37. Genomic
sequences were determined from nested deletions, and the
sequences of EcoRI junctions were confirmed by sequencing
subclones that overlapped adjacent EcoRI fragments. The
13-kb genomic sequence was determined from only one of
the strands. DN A sequencing was performed by the dideoxy
chain-termination method (SANGER, NICKLEN and COULSON
1977) with [**S]dATP as the labeled nucleotide, using Se-
quenase (U. S. Biochemical) as recommended by the man-
ufacturer. Six percent polyacrylamide-8 M urea sequencing
gels were run as described by SHEEN and SEED (1988).

Polymerase chain reaction (PCR) amplification of the
5’ ends of the unc-33 transcripts: The sequences at the 5’
ends of unc-33 transcripts were determined by performing
anchored RACE (rapid amplification of cDNA ends) PCR
(FROHMAN, DUSH and MARTIN 1988; FROHMAN 1990). To
prepare first-strand cDNA, one g of poly(A)-enriched RNA
prepared from a mixed-stage population of N2 or unc-
33(mn260) worms was incubated in a 25-ul mixture contain-
ing 10 units of avian myeloblastosis virus (AMV) reverse
transcriptase in 1 X PCR buffer (Promega Biotech), 6.5 mMm
MgCly, 1 mM of each deoxyribonucleoside triphosphate
(dANTP), 10 units of RNasin (Promega), and 10 pmol of
reverse  transcription (RT) primer 5-RT (5'-
CAGCCAGTCGAGAGATCATC-3") (see Figure 3) at 42°
for 1 hr and at 52° for another hour. The cDNA was passed
through Centricon-100 spin filters (Amicon Corp.) twice in
2 ml of 0.1 X TE to remove excess 5’-RT primer, and was
tailed with poly(A) using dATP and 10 units of terminal
deoxynucleotidyl-transferase. The reaction mixture was
then diluted with 300 ul of 0.1 X TE. Ten microliters of
the diluted cDNA were denatured at 95° for 5 min, an-
nealed at 50° for 3 min in a 50-ul solution containing 1 X

PCR buffer, 0.2 mM of each ANTP, 25 pmol of dT17-
adaptor primer (5'-GACTCGAGTCGACATCGATTTT-
TTTTTTTTTTTTT-3’), 50 pmol of 17-mer adaptor
primer (5'-GACTCGAGTCGACATCG-3’), and 50 pmol
of the gene-specific amplification (amp) primer 5’-amp (5'-
TCGGTGACCTGAGTGTAGAC-3'; see Figure 3). The 5’
ends of the N2 and the unc-33(mn260) transcripts were also
amplified with 50 pmol of SL1 primer (5’-GGTTTAAT-
TACCCAAGTTCGAG-3') in place of the two adaptor
primers. The second cDNA strands were synthesized by
adding 2.5 units of Taq polymerase to the above mixtures
at 72° and extending at 72° for 30 min. A DNA Thermal
Cycler (Perkin-Elmer Cetus) was used to carry out 40 cycles
of amplification by running a step-cycle file of 94°, 1 min;
55°, 1 min; 72°, 2 min, followed by a 15 min final extension
at 72°. The PCR products were digested with Clal, which
cuts once in the adaptor sequence and once within the
amplified cDNA immediately 5’ of the 5’-amp primer.
Digested products were cloned into AccI-digested pUC119.
For PCR products amplified with SL1, the ends were made
blunt (HENIKOFF 1987) prior to digestion with Clel, and the
fragments were then cloned into Smal- and Clal-digested
pUCI119. Transformants that hybridized to probes gener-
ated from subcloned cDNA fragments upstream of the 5'-
amp primer were identified for sequencing.

RNAase protection assay: The position of the 5" end of
the unc-33 2.8-kb transcript from N2 and the structures of
transcripts from unc-33(mn260) animals were analyzed by
RNAase protection, essentially as described by MELTON et
al. (1984). A 0.45-kb N2 cDNA segment (starting at position
1893 and ending at position 3268 as shown in Figure 3)
that includes part of exon VI and almost all of exon VII
(Figure 6B) was subcloned into the HindlII site of pGEM-
3Zf(+) (Promega) to create pEH.4-5. A 3?P-labeled 470-
nucleotide antisense RNA probe was generated in vitro by
transcription, with SP6 RNA polymerase, of the plasmid
pEH.4-5 linearized with BamHI. The DNA template was
then removed by incubating the transcription mixture with
10 units of RNAase-free DNase I at 37° for 30 min. Ap-
proximately 20 ug of total RNA isolated from N2 or unc-
33(mn260) worms were used for RNA-RNA hybridization
at 45° or 60° overnight. Ribonuclease digestion was done
at 37° for 45 min. A control reaction using 20 ug of yeast
tRNA in place of C. ¢legans RNA was performed under
identical conditions. The protected products were resolved
on a 6% polyacrylamide-8 M urea sequencing gel.

Sequencing Tc4 junctions in unc-33(mn260) and unc-
33(rh1030): The right junction (as shown in Figure 2) of the
Tc4 insertion in unc-33(mn260) was determined by sequenc-
ing the recombinant clone pEP1.7, which contains part of
the Tc4 element and flanking DNA of unc-33(mn260). Since
the left junction was not subcloned, PCR amplification was
used to reveal its sequence. Genomic DNA prepared from
the outcrossed mn260 strain was digested with restriction
endonuclease BglII to prevent hairpin formation by Tc4,
which has an inverted repeat structure (YUAN ef al. 1991).
Fifty ng of digested DNA were amplified using the unc-33-
specific primer (5'-AATGGAGACACGCCGACAGA-3'),
which is 83 bp from the Tc4 insertion site, and the Tc4-
specific primer (5’-CCTGCAGAGATATGGAGCCT-3'),
which corresponds to Tc4 nucleotide positions 659-678
defined by YuaN et al. (1991). The procedures for amplifi-
cation and for cloning the amplified genomic fragment were
the same as those described above for PCR amplification of
the 5’ ends of the unc-33 transcripts. The 764-bp amplified
fragment was blunt-ended, digested with Clal, which cuts
within the amplified Tc4 sequence, and then cloned. The
desired clone was recognized by hybridization to Tc4, and
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FIGURE 1.—Detection of insertions associated with two sponta-
neous unc-33 mutations. Genomic DNA (approximately, 3 ug) was
digested with EcoRlI, electrophoresed through a 0.7% agarose gel
and transferred to a nylon membrane. The Southern blot was
hybridized with a 4.2-kb EcoRI fragment cloned from N2. N2 (lane
1); unc-33(mn260) (lane 2)-the hybridizing fragment was larger by
1.6 kb, the size of the Tc4 element; revertant unc-33(mn260mn325)
(lane 3)-the hybridizing fragment was restored to wild-type size;
unc-33(rh1030) (lane 4)-two hybridizing fragments of altered size
were detected; revertant unc-33(rh1030rh1054) (lane 5)-the hybrid-
izing fragment was restored to wild-type size; parental strain TR679
(lane 6).

the ends of its insert were sequenced to obtain the junction
of Tc4 in unc-33(mn260).

The entire 3.5-kb Tc4 element inserted in wunc-
33(rh1030), together with 0.4 kb of flanking unc-33 DNA,
was cloned from the 3.9-kb fraction of Sacl-digested 21030
genomic DNA, as described for the cloning of pEP1.7 from
unc-33(mn260) DNA. Recombinant clone pS4-2, which con-
tains the inserted Tc4 element, was identified by probing
with the 0.4-kb unique unc-33 fragment. The junctions of
Tc4 in unc-33(rh1030) were analyzed by sequencing nested
deletions of pS4-2 (HENIKOFF 1987).

Computer analysis: DNA and putative protein sequences
were analyzed using IntelliGenetics programs. The FastDB
program was used to search the PIR, Swiss-Prot, EMBL and
GenBank databanks for amino acid sequences similar to
those of the unc-33 polypeptides.

RESULTS

Identification of a Tc4 element closely associated
with unc-33: To begin to clone the unc-33 gene, we
sought mutant alleles of unc-33 that were likely due
to insertion of a transposable element within the gene.
The C. elegans mutator strain TR679 has been shown
to exhibit active transposition of Tcl as well as other
families of transposons (COLLINS, SAARI and ANDER-
SON 1987; CoLLINS, FORBES and ANDERSON 1989;
YUAN et al. 1991); therefore, TR679 was screened
visually for spontaneous uncoordinated (Unc) mu-
tants. One Unc mutant that was isolated was shown,
by genetic mapping and complementation tests, to
carry a new unc-33 mutation, called mn260. In the
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FIGURE 2.—Physical map of the unc-33 region. A genomic restriction map in the region of unc-33 is diagrammed for the sequenced 13-
kb genomic region covered by three overlapping X clones shown above the map (E = EcoRI and S = Sacl). The sites of two Tc4 insertions,
unc-33(mn260) and unc-33(rh1030), are shown above the genomic map. Below the map are indicated a 0.5-kb deletion, unc-33(mn407), and
the Sacl site (marked with *) that is absent from the EMS-induced mutation unc-33(e572). The structures of the three unc-33 transcripts were
inferred from the sequences of cDNA clones and PCR clones and from Northern blot analysis. The 3.8- and 3.3-kb transcripts start with a
trans-spliced leader, SL1; the 2.8-kb transcript has no spliced leader. The filled boxes represent exons containing ORFs, whereas the open
boxes represent untranslated regions of exons. The exons are numbered below the transcripts. The three overlapping cDNA clones used to

determine the unc-33 cDNA sequence are shown at the bottom.
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qaattcacactaaaaattgctaaatttacataaaatatqtqtaaaaagccattttttccgtagaaaaatttcaaaatttatgaatttttCCttaaaatttqattaaacccctqaaa
aaccactggaaattttgtttttteecctcgaaagttcceccaaagtcacattttgeaaatttctaaagaagatttaccacegcaattaccatagttaat ccgaaaattgaaatttt
cccgtettttttectccaatettcatttttacctctttttaacctaaaaataattgaaaaaacccaatttttcgt tacagAAAGCGCGCAAAATACACATTTATCACTAGAGGAGG
GCCAAATAGT TGGCGGACATCACTGGAAAATGTTCCCGTTTTTAGCACCAATTCGATCAGCAAATCATGTgtaagt [ 39 nt ]ttttagAGAGCAACAAGGCACAAAGTACTA

M F P FLAZPTIURSANIHUYV EQQGT K VY Y

CGTAGAAATCACATTTCTAGCAGATTCTCCATATTCTAGAGCTCCATCGAGCACTGGCACCGAGAAATC TGTAATTCCAACGCTCAGGAATCTGGATGACCTGGAGACTGTTTCTA
VEITTFILADSUZPYSRAPS ST GTEIZKS SVIPTIULRNILDUDTILTETUVS

ATAAAAGTAGGAGTAGTGAAGgttaga( 42 nt ]atttagGAGTGAATAAGCTAGGGAGCCGTCCGAACAGCCGAAGCTCGGCAATTGTTAAAAAGACGAGTGTGTCCTCACT
N K S R § s E G VN KILGSRPNSR RS S AIVI KT KT SUVS s L

GCCAACGTCGGCCCGATCCGAAGGMAATCCTCTCCGATTCCGGTTMAGATGCGATTCCGGCTCCAGCGCGGCACAAGAACMGGGTCTCGAGATGTCGTCGGCAATGATthqq
P TS AR SEGIKS S PIUPVIKDA ATIZPAPARIBHEIEKNINIEKTGTLEMSSAM
o l2

gt[ 50 nt JttctagGAGCTATTIGGTGGCGGAGGCAGCACGTCACCAGCGCCATCAAPACGAGAAARCCCAGCCGACGCGgtgagt{ 558 nt JtttcagCCATCCGAT

ELF 66 6 G 6 S TSP AP S KURENZPADASBA P S D

CGTGTTGTAAGCAATGCTAAACTCTCTCAGCCTGGCCCAGAATGGTTTGAAGGGTTCGAACAGATGGATATGACGGATATTGgtgaga[ 98 nt ]JttacagAACTACCCCCCG
R VYV S NAKILSAOQPGPEMWTFTEGTFEU QMDMMTODTI E L P P

ACCCGAACTGCCCGGCGGAAAAGGTGT TGCGCGGAGAAAAATCGACGCCAGACT TCGATTCGGATTGGCAAGAAGCGAAAGAAGACGTTTTAGATCCTCAAAGCTACCCGAAAAGC
D P NCPAEIKVILRGETI K STUPDTFDSDWOQEW BRI KEDVULDZPOQSYUPIKS

TTCAACCCCGCCGAATCGCT’rCCCGGTCCAGATATTGGCGCCGGCG'I'IGACGATGAGGMGAGCCFGAGGCTGAAGCTCMGAAATGGMGAthtcqt[ 955 nt Jctccag
F NP A ESLPGUPDTIGAGVYVYDUDTETETETPEA RATEA AMOQEME

CCTCAATACGAATCGAAAGTGGACGAAAAAGACGACGACGACAATGGCTCTTCTTCCTCCAAAAAGGGTCATCCT TCCGAAGACGGAGATAGTACAAGAAATGGAGAGACGCCGAC
P QY E S KVDEIKDUDUDDNTG S S S S KKGHPSEDGD ST RNGTETT?®PT
Tcd cenceen #3

AGACOGACGAMTAGTGGGGCGATTGAAGAGACGGCAGACGGTGAGAGCTCTGCGCAGTCGGCTGC@GMGAAGMTAGI‘GGAGACGACGGCMCGGAGGCGGCGGPGMAT
DRRNSGATIEETADTGES S AOQSA A EKIKNZSGDUDGNGG GG GGEM

GTCGATTTTGCTCGTCAAAAATGCTCAAATTGTCAATGACGATGCGAT T TTTGTAGCTGATATTCTGATTGAAGATGGAATTATTCAgtaagt [ 3173 nt ]ttccagAAACG
$§$ 1 L LV KNAQTIVNDUDA ATITFUVADTIIULTIZEDSGTITINZQ N
57 -amp
TCGCCCCARACCTCGAAGCTCCAGAAGGCGCCGARGTGC TCGACGCCGCGGGAAAGCTCGCCCTTCCCGCCGGAATCGAT «GTCTACACTCAGGTCACCGATTCTTCCGTC (GATG
VAPNULEA APEGAZERVILDAAGI KTLATLTPAGTID VYTOQVTDS SV D
5f-RT
ATCTCTCCACTGCCTGTAAATCTGCAATCGCTGGCGGTACCGGAACCATCGTTGAAGTCGTTCGGCCACGTGGCGCCGAATCGGTGGTCTCGGCTGT TAAGCGGGTGAAAAATCAA
DL STG CIKSAIAGSGTU GTTIUVETVVIRZPIRGAESUVV S AVIKT RVYIKNDQ

CTGGARAAGTCTGGAARTCTCGTGCCACGTGGCACTTTCTGTGGCGATTACGGATT TCTGTGAGCAAGAAATGTCGGAGC TCGTGAAAAACGAAGGAATCAATAGTTTTGTGCTCGA
L EKSGI S CHVALSVAITDTFU CEU GQEMSETLVIEKNETGTINSTFUVLD

CGGTGTCTCCCTGACAGACGATAAGCTCCTTGAGCTCTTTGAGCACGTAAAACGGCTCGGAGCCCTAATCCGTGTAGTCCCGGAGAACAAGTCGATCGTCGCGATGCTGGAGAAAA
GV s LTDDI KT LU LETLTFEUHVYVYI XKRILGSATLIUZRVYVYVPENIEKS STIVAMTLEK

AGATGCTGAAGCTCGGAGTCACTGGGCCCGAAGECTTCCCACAGTCGCGGCCTGARAGCCTGGAAGCTGATAGGGTTAGCGGAGTCTGTGTACTCGGGAATCTGGCTTCCTGTCCG
K ML KL GVTGPETGTFU?PAOQSRZPESILEA ADIRVSGCGV CVLGNTULASTCTE®P

ATTTCCATTGTGCAGGTCTCGTCAGCAGACT CTCTGGCGGCGATAGAGAAGGCCCGGGCTTCAGGAGCTCTGGCTCACGCTGAGATTGCATCGGCTGCTGTGACGGCTGATGGCTC
I s I VQV S$ S ADSLAATIEIZ KA ARASGALA AMHAETIMASABAMAMVTADSG S

GGCACTTTTCAGTCAGGATTTGAGATTTGCGTCGGCTCATCTGACGGATGT TCCACTGAGACGTGGGGCTCCGGATCGGAT GATCGGAGCACT TTCGACGCAGCCTCTGGTGGTTT
AL F $ QDULRVPFASAHTILTDVZPILIRRBRGAMEPDI RMIGALSTO GQ?®PILWVYV

GTACGTCCGGACATCGGCCGGTCAACTCGGCGACCAGAGTAGCGGCCARGGATTTTGCCATCGCGCAGAAGGGATCTACGGgtaaaa 495 nt jttgcagGAGCCGAAGAAC
C T S G HRPVNSATRVARAMIEKDT FATIA AOQIKGS ST G A E E

GCATGGCAGTCGTATGGGAACGGGCGGTACGAAGCGGTCGAATCCGATGCGATGCGTTTCGTGGCGGTCACCTCAACGAACGCTGCGAAAATGT TCAATATGTACCCGAAARAGGGC
R MAVYV WERAVRSGRTIDAM®BREVAVTSTNA AMAMZMAMAMEKMTFEFNMMYF?®PIKTEKSG

CGAATTGCAGTCGGCGCCGACGCTGATCTCGTAATTTGGGATGCCAGT GGAAAGCGAGTCCTCGAGTCGAGCCGAGCACAGAGCTCACAGGAGAAT TCGATGTACGACGGGCTCAC
R I AV GADADTILVTIWDA ASGIE KT RVILESSRA-AQSSQENSMYDGTLT

TGTGCATTCGGTGGTGACGGCGACGAT TGT TGGCGGAAAAAT TGCCTATCAGAATGGAGAAGT TCGGGAGGCACCGGTAGCCGCAGGTTT TCTGCGTCTCTCGCCARATTCTCCCT
VHS VYV TATTIUVSG G KTIAYO QNG GEV VR RERMPVAGSGTFULRILSZPNSTEP

5 .
ATCTCTTCAGTATGGTTGGGCAGAGGGATAAGgtaage( 599 nt )ttacagTTCGCCAACGTGGAGCGTGTCGAACGAGAAGCCTCCTCACAACAACAAAAACCCCAACARAA
Y L F s MV G QR DK F ANVERVEURERBRSSQQQKZPOQQ

ACGGTCACCACAAGAATTCGGGAGATT TTGATCGARATCGCACCAAAGTAATGGAATCTTCCATCGATT TTGGCGGCTCCGCGGCGAATCGGCCCAGGAATCCACCCGGCGGACGG
N G HHKNSGDTFUDU RNI RTI KV VMETSSIDTFG GO GSA AANIRTEPRNINTPPZ®PGSGHR

ACTACAGGGTTTTGGTAGCCCGAAAGCTCCTCGAAARATGCCAAAAATTCATAATTTACTATTACTAGT CATAATTGTATTATTCTAATCCATGTTTCCCCCTCCACAAAAAATGA
T T G F W .

GCTTTTTCTCCAAATTTCCTTTTTCCCATCGAGAGGAAAAAGATATTATCACCGCAGAAAACAATTTTAAAAACATTCCACTTTATT TTTAGTATT TATTTARATTTTTGGCGTTA
AAATCATGTTTTTCGACTTCAAAATGCTCCAAAATCACTCCAAAAATTCGAGAAACGGACAAAARAT TCAGTTAAAATCTGAATTTTTTTCTGAAARATAACGTGGTTTCAGGTTG
TCCCATCACGGTGTGATCTACAAAAATGCGGGAAATGAGAGAAAACTCTCGAATTTTT TGTAGATCAAACCGTGATGGGACAACCTGAAACCACGTGAAARAATTCGAATTTTTTTT
TGCTAATTTGCCTGTTTTTCGGATTTTTTT TCCCATTTTCACTACGACAATCTGTAT T TTTGAGCCATT TTT TTGAGTATT T TAACGTTGAAAAATCGTATTTTGACGCTAATATT
TATTTTACTTTGTAATAATTTATAATTACACCTGCATAATTTTTTTCTTTTTTTCTATGAGCT TGTATTGATCTTTTTCGCATTTTTTTTGTACCCCTTCCCCTCGTTTTTAATGT
CGATTTTTGCTAGGTGGCCGCGAAATTGTAAAAAATCGGTCATGTGTCGATTTACGCAGCTCGTGTAGTCTGAAAATCTGAARATTCTCATAT T TTCGTTTAAAGT TGGTTGAARA
ATAGAGAATTTTACATGAAAACTGAATAATTTGAGAGCAAAAAAATTTAATTTTAACTGT TTTGCAARAT TTCGACTGAAATTCATCTTTATTGCAGCAAAAATTGCAAAAARATCA
AGCATTTCAGTCACAAAAGCTCCGCATARATCGACCTARAACACCT TTTTCGAACCACATGGCAAATGTCGATCCCTTCCCCCAACTTTACACATARATAAAGGAATTTTATGGGC
TAAAtctagacttttaaacagataaaagttgcegaaattcttcgagaagaaaatatttgegaaattttgtgttgattttttteceggtgttcacectgtetttttegcaacgeaaat
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FIGURE 4.—Detection of the unc-33 transcripts. Poly(A)-en-
riched RNA was prepared from mixed-stage hermaphrodites: N2,
lane 1; unc-33(mn260), lane 2; wunc-33(rh1030), lane 3; wunc-
33(mn407), lane 4; unc-33(e735), lane 5; and unc-33(e572), lane 6.
RNA was run through 1% agarose-6.6% formaldehyde gels. The
northern blot was hybridized with a probe generated from the 3’
untranslated region of unc-33. The two Tc4 mutants exhibited at
least two larger transcripts in addition to the three normal-size ones.
All three messages from the deletion mutant unc-33(mn407) are 0.5
kb smaller than their wild-type counterparts. The two EMS-induced
mutants, unc-33(e735) and unc-33(e572), have three transcripts in-
distinguishable from wild type. The bands in the unc-33(e735) lane
are fainter because less than 1 ug of unc-33(e735) RNA was loaded
(approximately 5 ug RNA was loaded in each of the other lanes).
The film was exposed with an intensifying screen for 10 days at
=70°.

y e

mutator genetic background, many insertional muta-
tions tend to revert spontaneously by excision. The
unc-33(mn260) mutant reverted to wild type at high
frequency, and three independent revertant lines
were established.

When hybridized with Tc4 probe, Southern blots
of genomic DNA extracted from N2, TR679, an
outcrossed unc-33(mn260) strain, and three outcrossed
revertant strains revealed novel Tc4-containing frag-
ments in the unc-33(mn260) strain that were absent

from all the revertant strains, the parental strain
TR679, and N2 (data not shown). In particular, the
mutant DNA digested with both EcoRI and Pstl ex-
hibited two novel Tc4-containing fragments, 3.8 and
1.7 kb in size. Since there are two sites recognized by
Pstl within Tc4 (YUAN et al. 1991), it was very likely
that the two new Tc4-containing fragments repre-
sented a single Tc4 insertion event associated with the
unc-33 mutation. The smaller Tc4-containing frag-
ment from the unc-33(mn260) strain was cloned into
pUCI119. From this recombinant plasmid, a 0.6-kb
EcoRI/Sacl DNA fragment containing unique worm
DNA flanking the Tc4 element was subcloned. The
0.6-kb EcoR1/Sacl probe detected a 1.7-kb DNA frag-
ment in the mutant and a 4.2-kb fragment in the
revertants, TR679, and N2 when used to reprobe the
stripped Southern blot of genomic DNA digested with
EcoRI and Pstl (data not shown).

The 0.6-kb unique sequence was subsequently used
to screen a C. elegans N2 genomic A library (provided
by C. LINK), and one hybridizing clone, EH#141, was
identified. A 4.2-kb EcoRI fragment from EH#141
that hybridized to the 0.6-kb sequence was used to
isolate four more genomic clones, one of which was
EH#28. When the 4.2-kb DNA fragment was used to
probe a Southern blot with genomic DNA from N2,
mutant and revertant strains digested with both EcoRI
and Pstl, a single 4.2-kb hybridizing fragment was
observed in N2 and revertant DNA, whereas 3.8- and
1.7-kb fragments were detected in unc-33(mn260)
DNA. These results confirmed that the 3.8- and 1.7-
kb Tc4-containing fragments in unc-33(mn260) are
derived from a single Tc4 insertion in the 4.2-kb
EcoRI fragment (data not shown).

Detection of DNA alterations in other unc-33 mu-
tants: To confirm that the cloned worm sequence did
come from the unc-33 region, we studied another
spontaneous unc-33 mutation, rh1030, and its rever-
tant, vh1030rh1054 (provided by E. HEDGECOCK).
DNA extracted from N2, TR679, unc-33(mn260),
unc-33(mmn260mn325), unc-33(rh1030) and unc-33-
(rh1030rh1054) strains was digested with EcoRI and
probed with the 4.2-kb EcoRI fragment (Figure 1).
The probe hybridized to a 4.2-kb band in N2, the
parental mutator strain TR679, and the revertants of

FIGURE 3.—Genomic nucleotide sequence and predicted amino acid sequences of the unc-33 gene. The nucleotide sequence shown begins
atan EcoRlI site 377 bp upstream of the putative translational initiator methionine codon of the largest transcript and ends 130 bp downstream
of the polyadenylation signal AATAAA (underlined). The numbering of nucleotide positions is indicated to the right of the figure. Amino
acid residues are also numbered at the right of the figure, with numbers respresenting residues of the largest predicted polypeptide. Genomic
sequences that are not included in cDNA clones are shown in lower case. The sequence data have been submitted to EMBL under accession
numbers Z1416 (cDNA sequence) and Z1418 (genomic sequence). The numbers within the [ ] symbols indicate the lengths of the intron
sequences that are omitted in the figure. The Tc4 insertion sites for mutations unc-33(mn260) and unc-33(rh1030), at position 3139-3141
(the duplicated TGA target flanking the inserted Tc4 elements), is boxed. The 3.8- and 3.3-kb messages start at positions 313 (#1) and 1568
(#2), respectively, and each is preceded by the trans-spliced leader SL1. The 2.8-kb message (#3) begins within the range of positions 3152
3159. The transcript start sites are marked with dots above the nucleotides. The putative translational initiator methionine of each of the
transcripts is underlined. The primers used in PCR analysis for the initial reverse transcription to produce cDNA (5’-RT) and for the
amplification of cDNA (5’-amp) were complementary to the sequences underlined with long arrows.
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both mutations. The band was shifted up by 1.6 kb,
the size of Tc4 (YUAN et al. 1991), in the unc-
33(mn260) strain. In the unc-33(rh1030) strain, how-
ever, two bands were observed: 4.6 and 3.1 kb, indi-
cating that the insertion responsible for this mutation
is at least 3.5 kb long and has an internal EcoRI site.
Southern blot analysis of DNA from the wunc-
33(rh1030) strain digested with Sacl and hybridized
with probes generated from six C. elegans transposons
indicated that 721030 was also caused by a Tc4 ele-
ment inserted in the unc-33 region (data not shown).
The Tc4 insertion site in rh1030 was mapped to the
same 0.4-kb Sacl wild-type fragment in which the Tc4-
mn260 insertion occurred (Figure 2). We sequenced
both the left and right junctions of both Tc4-mn260
and Tc4-rh1030 and found that the identical TGA
trinucleotide in the unc-33 genomic sequence (Figure
3) abutted each Tc4 terminus. We draw two conclu-
sions: first, that the insertion of each T'c4 involved the
duplication of a trinucleotide t, as was previously
found for two other Tc4 insertions (YUAN et al. 1991),
and second, that the two Tc4 insertions in unc-33
occurred at the identical trinucleotide site. The 3.5-
kb Tc4 element in unc-33(rh1030) was cloned, and it
was found by restriction mapping and Southern blot-
ting that this particular copy of Tc4 hasa 1.9-2.0 kb
internal fragment that is absent from about two-thirds
of the Tc4 copies in C. elegans, including Tc4-mn260
and the two reported by YUAN et al. (1991) (W. L1
and J. SHAW, unpublished).

Additional evidence supporting the conclusion that
cloned sequences were from the unc-33 region came
from the study of other unc-33 mutations. DNA from
N2, the EMS-induced mutations unc-33(e204, ¢572,
e735, e1193) and the vy-ray-induced mutation unc-
33(mn407) was digested with Sacl and probed with the
genomic clones EH#28 and EH#37 (see below for
derivation of EH#37, which was not one of the five
original genomic clones). A Sacl site was eliminated
from the EMS-induced mutation unc-33(e572), and a
0.5-kb sequence was deleted in the y-ray-induced unc-
33(mn407) mutant (data not shown). Each of these
alterations was located about 4 kb from the Tc4
insertion sites (Figure 2). When this analysis was re-
peated with EcoRI in place of Sacl, the 0.5-kb deletion
was again recognized for mn407, but none of the four
EMS-induced mutants was different from N2.

Isolation and sequence analysis of genomic and
cDNA clones of unc-33: Using as a probe the 4.2-kb
DNA fragment of EH#141, nine cDNA clones were
isolated from Agt10 libraries provided by J. AHRINGER
and J. KIMBLE, and S. KiM and R. HorvIrz. Of these
cDNA clones, EH#1-1 and EH#5-1 extended farthest
toward the 5’ and 3’ ends, respectively, of the unc-33
transcript (see Figure 2). A DNA fragment containing
the most 3’ region of EH#5-1 was used to identify the

cDNA clone EH#12-1, which represented the 3’ end
of the unc-33 transcript, including a poly(A)-tail. Of
the genomic clones that were isolated in our original
identification of the unc-33 region, EH#141 and
EH#28 represented the most extensive sequences of
the gene; however, neither clone extended to the 3’
end of the transcribed region of unc-33. The genomic
clone EH#141 had failed to identify any cosmids in
the collection of A. COULSON and J. SULSTON (personal
communication) that might have contained genomic
sequences flanking unc-33 (COULSON et al. 1986);
therefore, a mini library was constructed from the
YAC clone Y37G9 (COULSON et al. 1988) that hybrid-
ized with EH#28 (R. WATERSTON, personal commu-
nication). From this mini genomic library, EH#37 was
isolated. EH#37 overlapped EH#141 and EH#28 and
extended approximately 4 kb beyond the 3’ end of
the unc-33 transcribed region.

By Southern blotting and sequence analysis, the
inserts of three cDNA clones, EH#1-1, EH#5-1 and
EH#12-1, were shown to overlap each other. To-
gether their sequences represent a 3.7-kb (excluding
the poly(A) tail) cDNA sequence transcribed from the
unc-33 region (Figure 3). The sequence of the first 13
nucleotides at the very 5’ end of the 3.7-kb unc-33
message (plus a trans-spliced leader) was determined
by PCR analysis (see below). Thirteen kilobases of
unc-33 genomic sequence were also determined from
the inserts of EH#28 and EH#37. The intron/exon
structure of the gene was revealed by comparing the
c¢DNA and genomic sequences (Figure 2). The unc-33
genomic sequence spans at least 10 kb, with 10 exons
and 9 introns. The intron sizes ranged from 51 to
3185 bp, and the 5’ and 3’ intron splicing sites were
consistent with the worm consensus splicing sequences
(EMMONS 1988).

The unc-33 sequence, including the 3.7-kb cDNA
and its deduced amino acid sequence, are shown in
Figure 3. The longest putative open reading frame
(ORF) would be 2.6 kb, starting from the first ATG
near the 5’ end of the cDNA sequence at position 378
and ending at the stop codon TAG at position 9057.
There are additional downstream translational stop
codons in all three reading frames within 70 nucleo-
tides of this stop. We propose that translational initi-
ation starts at the most 5 methionine codon, at posi-
tion 378, because the next in-frame ATG in the cDNA
sequence is about 400 bp downstream and the inter-
vening sequence is all open. The 3’ untranslated
region is 1.1 kb long with a potential polyadenylation
signal AATAAA ending at position 10071, 15-18
nucleotides upstream of the poly(A) tail.

Identification of three unc-33 transcripts: Poly(A)-
enriched RNAs were prepared from mixed-stage pop-
ulations of N2 and several unc-33 mutants. The RNAs
were analyzed by Northern blotting with a probe from
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a portion of the cDNA representing the 3’ untrans-
lated region (Figure 4). In wild-type C. elegans, three
unc-33 transcripts, 3.8, 3.3 and 2.8 kb in size, were
detected. The relative abundances of the 3.8- and 2.8-
kb transcripts were about equal; the abundance of the
3.3-kb transcript was much less than the other two.
All three transcripts were 0.5 kb smaller in the unc-
33(mn407) deletion mutant, strongly indicating that
all three RNA species are transcribed from the unc-
33 region. Of the two EMS mutants tested, unc-
33(e572) and unc-33(e735), neither differed from N2
by Northern blot analysis. [The unc-33(e735) lane was
much fainter than the other lanes because less RNA
was loaded.] In the two Tc4 insertional mutants, there
were at Jeast two larger transcripts, corresponding to
Tc4 insertions in exon VII; however, to our surprise,
there were also three normal-sized transcripts. The
abundances of the Tc4-containing transcripts were
much lower than those of the normal-sized ones,
which seemed to be about as abundant as the corre-
sponding N2 transcripts.

By Northern blot analysis with probes made from
individual exons of unc-33, the three wild-type tran-
scripts were found to differ only at their 5’ ends (data
not shown; see Figure 2). The probes generated from
the first four exons, I-1V, appeared to hybridize to
the 3.8-kb transcript only. Probes from exons V and
VI hybridized to both of the larger transcripts but not
to the 2.8-kb transcript. When probe from exon VII
was used, the 2.8-kb band on the Northern blot was
apparent but of very low intensity, suggesting that the
2.8-kb transcript has its 5’ end within exon VII.
Probes from exons VIII-X hybridized to all three
transcripts. Hybridization with single-stranded RNA
probes on Northern blots indicated that all three
transcripts are transcribed from the same strand of
unc-33 (data not shown).

Analysis of 5’ ends of wild-type unc-33 tran-
scripts: Anchored PCR amplification was employed
to characterize more precisely the 5" ends of the unc-
33(+) transcripts. The primer designed for PCR am-
plification was located in exon VIII, so that the am-
plified products would cover the 5" ends of all three
messages. The expected lengths of the PCR products
representing the three messages were 1.2, 0.7 and 0.2
kb (corresponding to the 3.8-, 3.3- and 2.8-kb mes-
sages, respectively). PCR products of these sizes were
identified, cloned and sequenced. Both the 1.2- and
0.7-kb PCR products had the 22-nucleotide sequence
of the trans-spliced leader SL1 at their 5’ ends
(KRAUSE and HirsH 1987). The sequence of the 1.2-
kb product immediately following the SL1 terminus
matched the genomic sequence beginning 13 bp 5" of
the sequence obtained from the cDNA clone EH#1-
1, i.e., we extended the sequence of exon I 13 bp in
the 5’ direction as a consequence of the PCR analysis.

The genomic sequence at this position shows a good
3’ splice acceptor sequence (TTACAG|A) for splicing
of the SL1 to the 3.8-kb message (Figure 3). The
sequence of the 0.7-kb product immediately following
its SL1 terminus matched the beginning of exon V,
i.e., the same 3’ splice acceptor site used for cis-splicing
of the 3.8 kb message (at the exon-IV-exon V junc-
tion) is used for the trans-splicing of SL1 to the 5’
end of the 3.3-kb message. The 0.2-kb PCR product
representing the 2.8-kb mRNA (smallest message) did
not have a trans-spliced leader sequence. Further-
more, PCR amplification reactions using the identical
3’ primer but SL1 as the 5’ primer failed to amplify
any 0.2-kb product. Many 0.2-kb anchored PCR
clones were sequenced, and most of them started at
position 3152 in exon VII (Figures 3 and 5).

RNAase protection assays were subsequently per-
formed to test whether position 3152 represents the
real initiation site for the 2.8-kb message or might be
the result of reverse-transcription or amplification
artifacts (owing, for example, to RNA secondary
structure in the region). An RNA probe complemen-
tary to mRNA sequences from the middle of exon VI
to near the end of exon VII was used in these assays.
The observed and expected results of the RNAase
protection experiments are shown in Figure 6. From
the PCR results, N2 total RNA was expected to pro-
tect two fragments: a 409-nucleotide fragment pro-
tected by the 3.8- and 3.3-kb transcripts and a 117-
nucleotide fragment protected by the 2.8-kb tran-
script. Two prominent fragments were found in the
autoradiogram: one at the same position as a 423-
nucleotide single-stranded DNA marker and the other
at the position of a 122-nucleotide single-stranded
DNA marker. Since RNA samples run approximately
90-95% as fast as single-stranded DNA markers of
the same length (SAMBROOK, FRITSCH and MANIATIS
1989), the sizes of the two protected fragments would
be around 381-402 and 110-116 nucleotides, respec-
tively, which agree very closely with the expected
results.

Analysis of unc-33(mn260) transcripts:The wild-
type-size transcripts of unc-33(mn260) were also ana-
lyzed by anchored PCR and RNAase protection ex-
periments (Figures 5 and 6). PCR analysis of the 3.8-
and 3.3-kb transcripts revealed that the Tc4 insertion
was entirely spliced out, together with 28 nucleotides
of exon VII sequence upstream of the Tc4 sequence
(three of these nucleotides are those duplicated upon
Tc4 insertion). Only one clone was sequenced, so we
have not excluded the possibility that other spliced
products were also formed. Inspection of the sequence
at the 5’ splice site indicates that ACG|GUGAGAG,
located 28 nucleotides upstream of the Tc4 element,
was a cryptic 5’ splice donor and that the downstream
terminus of the Tc4, CCCTAG, provided the 3’ splice
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Tc4
TGA [CTAGGGAATGACCAGAA . . 1 s TTCTGGTCATICCCTAG) insertion in unc-33(mn260)
IGA R ——
3103 3172
— ol
. . .GACGGCAGACGETGAGAGCTCTX GTC CTGAGAAGAAGAATAGTGGAGACGACGGCAACGGA. . . N2 DNA
N2 mRNA
AGUGGAGACGACGGCAACGGA. . . 2.8kb
. . .GACGGCAGACGGUGAGAGCUCUGCGCAGUCGGCUGCUGAGAAGAAGAAUAGUGGAGACGACGGCAACGGA. . . 3.3,3.8kb
unc-33(mn260) mRNA
UGAGAAGAAGAAUAGUGGAGACGACGGCAACGGA. . . 2.8kb
. . .GACGGCAGACG UGAGAAGAAGAAUAGUGGAGACGACGGCAACGGA. . . 3.3,3.8kb

—_

FIGURE 5.—Structure of unc-33 mRNAs in a portion of exon VII as determined by PCR analysis. The genomic sequence from nucleotide
3103 to nucleotide 3172 of N2 DNA (wholly within exon VII; see Figures 2 and 3) is diagrammed at the top of the figure. The Tc4 element
inserted in unc-33(mn260) is shown above the N2 sequence. The inserted Tc4 is boxed, and the three base pairs duplicated upon Tc4
insertion are underlined. The sequence corresponding to an intron removed in unc-33(mn260) mRNA is shaded. For N2 mRNA, cDNA was
synthesized using the 5’-RT primer (Figure 3) and tailed with poly(A). cDNA was amplified using Td17- and 17-mer-adaptor primers (see
MATERIALS AND METHODS) and the 5’-amp primer (Figure 3). The sequences through this region of cloned amplification products that
correspond to the smallest (2.8 kb) and two largest (3.8, 3.3 kb) mRNAs are illustrated. The 5’ end shown for the N2 2.8-kb transcript was
the most frequently observed amplification product; however, amplification products that were a few base pairs longer or shorter were also
detected. For unc-33(mn260) mRNA, cDNA was synthesized using the 5’-RT primer. cDNA was amplified using the SL1 primer (see
MATERIALS and METHODS) and the 5’-amp primer (Figure 3). The sequence through this region of cloned amplification products that
correspond to the smallest (2.8 kb) and the two largest (3.3, 3.8 kb) mRNAs are illustrated. The 2.8-kb mRNA of unc-33(mn260) is trans-
spliced to SL1 at the site of Tc4 insertion. The position of the intron removed from the 3.3- and 3.8-kb mRNAs of unc-33(mn260) is

illustrated by a gap in the sequence.

acceptor site (CCCUAG|U). PCR amplification with
the SL1 primer as the 5" end primer showed that the
5" end of the 2.8-kb transcript had an SLI1 trans-
spliced leader sequence (which is not present at the 5’
end of the wild-type 2.8-kb transcript). The SL1 se-
quence of the unc-33(mn260) 2.8-kb transcript was
followed by sequence that is immediately 3’ of the
Tc4 insertion site. Thus, the 2.8-kb transcript, which
in wild type initiates about 13 bp downstream of the
Tc4 insertion site, most likely initiated within the Tc4
element and obtained the SL1 leader when the Tc4
sequence was spliced out of the precursor RNA; thus,
the trans-splicing of SL1 used the same 3’ splice
acceptor, at the end of Tc4, as was used in the cis-
splicing of the unc-33(mn260) 3.8- and 3.3-kb tran-
scripts.

RNAase protection assays of unc-33(mn260) RNA
were consistent with these PCR results (Figure 6).
Because of the 25-nucleotide deletion in exon VII,
protection by the 3.8- and 3.3-kb RNAs would be

expected to produce two fragments, 254 and 130
nucleotides long, from the same RNA probe that was
used to analyze wild-type unc-33 messages. Protection
by the 2.8-kb RNA would be expected to give rise to
a 130-nucleotide fragment. The results agreed well
with these expectations; two prominent protected
fragments were seen, corresponding to fragments
239-252 and 125-132 nucleotides long. A fragment
corresponding to a 423-nucleotide DNA marker was
also observed, probably representing incomplete
RNAase digestion of RNA hybridizing to the 3.8- and
3.3-kb transcripts. The larger Tc4-containing tran-
scripts present in unc-33(mn260) could also potentially
protect the probe used in these RNAase protection
experiments, producing protected fragments 277-
280 and 130-127 nucleotides long. Since the larger
Tc4-containing fragments appear to be in very low
abundance compared to the wild-type-sized tran-
scripts, they would be expected to produce faint pro-
tected fragments. A faint fragment approximately
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FIGURE 6.—RNAase protection analysis of unc-33 RNA. (A)
Results of an RNAase protection assay of RNA from N2 (lanes 1
and 2), unc-33(mn260) (lanes 3 and 4) and yeast tRNA as negative
control (lanes 5 and 6); an undigested probe (lane 7). Lanes 1-6
had 20 ug of total RNA. The RNA-RNA hybridizations were
performed at 45° (lanes 1, 3 and 5) or 60° (lanes 2, 4 and 6)
overnight (the hybridizations conducted at the higher temperature
led to clearer results). The protected products were resolved on a
sequencing gel. Single-stranded DNA ladders from a sequencing
reaction were used as molecular size markers (M). The numbers on
the right side of the figure are the sizes of marker DNA at the
positions of the protected RNA fragments; RNA molecules run 90—
95% as fast as the single-stranded DNA markers of the same length.
The letters on the left correspond to the letters given in B. (B) A
segment of the unc-33 cDNA including exon VII and parts of exons
VIand VIII is represented diagrammatically at the top. The site of
Tc4 insertion in unc-33(mn260) is indicated above the diagram. A
470-nucleotide (nt) antisense RNA probe was generated by in vitro
transcription with SP6 RNA polymerase of pEH.4-5 linearized
with BamHI. Sixty-three nucleotides at the 5" and 3’ ends of this
probe are vector sequences not expected to hybridize with unc-33
RNA. In N2, the two larger transcripts (3.8 and 3.3 kb) are expected
to protect a 409-nt fragment (a), and the smallest transcript (2.8
kb) is expected to protect a 117-nt fragment (b). In unc-33(mn260),
protection of the probe by the 3.8- and 3.3-kb transcripts, which
are missing 25 nucleotides from exon VII, is expected to generate
two fragments, 254 nt (c) and 130 nt (d). The 2.8-kb RNA from
unc-33(mn260), which begins (after a trans-spliced SL1) at the Tc4
insertion site, is expected to protect a 130-nt fragment (d).
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FIGURE 7.—Hydrophobicity profile of the hypothetical unc-33
polypeptides. The hydropathy index was computed using the SOAP
program (PC/Gene program package from IntelliGenetics, Inc.)
based on parameters of KYTE and DoOLITTLE (1982), with an 11-
residue window. The vertical lines are drawn at residues 176 and
332 to indicate the predicted initiator methionine residues for the
putative polypeptides translated from the 3.3- and 2.8-kb messages,
respectively.

266-281 nucleotides long (visible just above the 254-
nucleotide fragment) could correspond to the 277-
280-nucleotide fragment expected to be protected by
the Tc4-containing messages.

The unc-33 gene encodes novel proteins: The long-
est ORF of the 3.8-kb message is 2.6 kb long and
could encode a polypeptide of 854 amino acid residues
(Figure 3), with a mass of 90.8 kD. The predicted
unc-33 polypeptide does not reveal any significant
amino acid sequence similarity to any other known
protein in the databanks, nor does it contain the
microtubule-binding domains found in MAP2, tau
proteins, or MAP1B (LEwIs, WANG and COwAN 1988;
NoBLE, LEwis and CowaN 1989). Motif analysis in-
dicated that the protein could undergo several kinds
of post-translational modification, such as phosphoryl-
ation. Calculation of the hydropathy index (KYTE and
DooLITTLE 1982) indicates that the polypeptide has
no significant signal peptide and probably no trans-
membrane domain, suggesting it is a cytoplasmic pro-
tein (Figure 7). The 331 amino acid residues at the N
terminus of the protein are very hydrophilic, and the
region from approximately amino acid residue 180-
331 is very negatively charged; the middle segment is
more hydrophobic with a weakly predicted transmem-
brane domain from residue 545-561; the 67 residues
at the C terminus are more hydrophilic. The overall
pl of the predicted protein is 4.76.

The 3.3-kb message would contain a 2.1-kb ORF if
either the first or second in-frame AUG codon of the
transcript, located at positions 1640 and 1646, re-
spectively (Figure 3), is the translational initiation site.
We tentatively propose that the AUG at position 1640
is the initiator site, since the majority of eukaryotic
messages are translated from their first AUG codon
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(Kozax 1986); however, the AUG codon at position
1646 may have a more favorable context for transla-
tional initiation, with a purine at position —3 (KozAk
1986). The predicted polypeptide would be 679 resi-
dues long with a mass of 72.1 kD. The N terminus of
this polypeptide begins with the highly negatively
charged region (described above as residues 180-331
of the largest polypeptide); the calculated pI of the
polypeptide is 4.51.

The translational initiator for the 2.8-kb message is
most likely located at the first AUG of the transcript
at position 3185 (Figure 3). The second in-frame
AUG isabout 400 nt downstream, and the intervening
sequence is all open. The third polypeptide would
consist of 523 amino acid residues with a mass of 55.5
kD. As shown in Figure 7, this putative protein differs
from the other two in its charge distribution: the
entire highly negatively charged N-terminal region is
missing, and the pl, 6.29, is consequently much
higher. All three predicted polypeptides are translated
from the same ORF. No other long ORFs were found.

DISCUSSION

We have identified the unc-33 region by correlating
a Tc4 insertion with an un¢-33 mutation: three inde-
pendent phenotypic reversions of the mutation were
associated with the loss of the inserted Tc4 element.
An independent unc-33 mutation was correlated with
the presence of a second Tc4 element, distinguishable
from the first but inserted at the same site as the first;
reversion of this mutation was also correlated with
loss of the inserted element. A third unc-33 mutation,
identified following gamma-ray treatment, was found
to be associated with a 0.5-kb deletion in the region,
and an EMS-induced unc-33 allele was associated with
an altered Sacl restriction site. All four of these mu-
tations lie within what we conclude from our cDNA
analysis are exons of the unc-33 gene.

Three unc-33 messages were identified and char-
acterized. The three messages have common 3’ ends
and identical reading frames; they differ only at their
5" ends. The largest (3.8 kb) message comprises the
22-nucleotide trans-spliced leader SL1 (KRAUSE and
HirsH 1987) and 10 exons (I-X); the intermediate-
size (3.3 kb) message begins with SL1 spliced to the
5’ end of exon V and includes exons V-X; and the
smallest (2.8 kb) message begins within exon VII and
also includes exons VIII-X. The 0.5-kb deletion mu-
tation, unc-33(mn407), is situated wholly within exon
VIII, which is common to all messages, and as ex-
pected, all three messages in the mutant are reduced
in size by 0.5 kb, as judged by northern analysis. It
seems likely from the molecular evidence that mn407
is a null allele, and consistent with this view is the fact
that the phenotype conferred by mn407 is the most
severe uncoordination found among different unc-33

mutants. The mn407 mutants are viable and fertile,
however, which leads us to suggest that unc-33 is not
required for viability or fertility. Both of the Tc4
insertion mutations confer a slightly weaker pheno-
type than does the unc-33(mn407) mutation. The Tc4
insertions occurred at a position slightly 5" of the
beginning of the smallest message. We have analyzed
in detail the transcripts produced by unc-
33(mn260::Tc4). In addition to a small amount of large
transcripts that presumably arose as a consequence of
transcription through the inserted Tc4, we found
three wild-type size transcripts. The larger two of
these, presumably identical to the two larger wild-type
mRNAs in their initiation, had the Tc4 insertion plus
28 nucleotides (including three nucleotides duplicated
with the insertion of Tc4) spliced out. Both of the
resulting transcripts thus contained a 25-nucleotide
deletion of exon VII, and hence a frameshift, in their
coding sequences compared to the wild-type tran-
scripts. The smallest unc-33(mn260) transcript dif-
fered from wild type in having an SL.1 trans-spliced
leader plus about 13 nucleotides added to the 5’
untranslated region. Since there are no ATG transla-
tional initiation codons within the additional nucleo-
tides, we presume that translation of this transcript
would be essentially normal. Translation of this mes-
sage may account for the slightly hypomorphic phe-
notype conferred by unc-33(mn260).

Each of the two larger unc-33(+) transcripts may
have its own promoter, each generating a transcript
that is ¢trans-spliced to SL1. Alternatively, it is possible
that a single promoter is used for both transcripts, in
which case the smaller transcript would be formed as
an alternatively spliced product, i.e., the 3’ splice site
immediately preceding exon V would be used either
for cis-splicing to exon IV (contributing to the 3.8-kb
message) or would be trans-spliced to SL1 to generate
the 3.3-kb message. The intron between exons IV and
V is large (570 nucleotides), and the ratio of trans-
spliced to cis-spliced message (at this 3’ splice site) is
low. Sites of transcriptional initiation were difficult to
pinpoint because of the trans-splicing of the messages;
no obvious TATA boxes were found immediately
upstream of either of the two larger messages. A
consensus promoter with CAT box and TATA box
was found 1.1 kb upstream of the beginning of the
3.8-kb message; however, the significance of these
sequences is not clear. We believe that the smallest
(2.8 kb) message must have its own promoter, because
it is initiated within an exon of the other messages.
No TATA box was found upstream of the transcrip-
tional initiation site, however. No repeated sequences
that would be candidates for transcriptional regula-
tory sites were found by comparisons of sequences
upstream of the transcripts. The only unusual re-
peated sequence that was noted is located in the 3’
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untranslated region of the transcripts. A 42-nucleo-
tide sequence starting at position 9374 has its inverse
complement repeated, with only a single mismatch,
starting at position 9445. These sequences could form
a stem-loop structure in the mRNA with a 42-bp stem
and a 28-nucleotide loop.

The splicing patterns found in the region of the
Tc4 insertion for the unc-33(mn260) mutant were
intriguing. Because the Tc4 insertion was only about
13 bp upstream of the wild-type initiation site for the
2.8-kb message, we surmise that the promoter for the
2.8-kb message was separated from its normal tran-
scriptional initiation site by the inserted Tc4 and that
transcription was initiated within the Tc4 element.
The splicing pattern found for the 3.3- and 3.8-kb
unc-33(mn260) messages indicates that a 3’ splice site
is situated at the 3" end of the Tc4 element and that
no 5’ splice site is present within the Tc4 sequence
(i.e., the region spanned by a cryptic 5’ splice site
within the unc-33 gene, upstream of the Tc4 insertion,
and a 3’ splice site at the very 3’ end of the Tc4
sequence was spliced out). The work of CONRAD ef al.
(1991) has led to the view that in C. elegans a message
with no 5’ splice site between the 5’ end of the
message and the first 3" splice site, a segment referred
to as an outron, should be trans-spliced. It may also
be important for the outron to be A-U rich (CONRAD
etal., 1991); Tc4 has 67% thymine and adenine (YuaN
et al. 1991). We therefore would expect, as was found,
that the transcript initiated within Tc4 would be trans-
spliced to SL1 using the same 3’ splice site as was used
for the cis-splicing of the larger transcripts.

It is curious that one end of the Tc4 element serves
as a 3’ splice site. Although the presence of some
larger transcripts in mn260 animals indicates that Tc4
is not always spliced out or is spliced out somewhat
slowly, most of the messages that are present have in
fact undergone splicing at the 3 splice site at the end
of Tc4, even though, apart from the consensus AG at
the intron/exon boundary, there is a poor match to
the consensus 3’ splice site (EMMONs 1988). Because
Tc4 has long terminal inverted repeats (YUAN et al.
1991), a 3’ splice site should be encountered at the
end of Tc4 regardless of the direction of transcription.
It has been shown that different Ds elements inserted
within exons of the waxy locus of maize can be spliced
out during transcription of the waxy gene, and that
the splice sites that are used can be either within and
near the ends of the transposon or within the waxy
gene itself (WESSLER 1991). This has led to the hy-
pothesis that transposons able to behave as introns
would have a strong selective advantage because they
would be able to insert into genes with little deleteri-
ous effect on gene expression. Tc4 is a rather poor
intron, however, as it must rely on a cryptic 5 splice
site, and only certain favorably placed 5’ splice sites

would be expected to be harmless for gene expression
(of course we would not have identified an unc-33
mutation in such cases).

The Tc4 transposon family was identified and char-
acterized by YUAN et al. (1991), who described two
Tc4 insertions, in unc-86 and ced-4. Both mutations
occurred spontaneously in the mutator strain TR679,
as did the two Tc4 insertions we have described in
unc-33. The ced-4 mutation was unstable in the TR679
genetic background (YUAN et al. 1991), as were both
of the Tc4 insertions in unc-33 that we have studied.
It seems clear that TR679 promotes the transposition
of Tc4 (YUAN et al. 1991), as well as other apparently
unrelated transposons (COLLINS, SAARI and ANDER-
SON 1987; CoLLINS, FORBES and ANDERSON 1989).
The two insertions (of two different Tc4 elements) at
the identical site within unc-33 suggests that the site
is a hot spot for Tc4 insertion. The trinucleotide
target for the insertions in unc-33 was identical to that
for the insertion in unc-86, TGA. Indeed, if we in-
clude the five bases on each side of the TGA target,
then the unc-33 target matches the unc-86 target at
11/13 bases. The same comparison between unc-33
and ced-4 gives only 7/13 matches (in either orienta-
tion). The unc-33 target matches exactly the consensus
CTNAG target suggested by YUAN et al. (1991) from
their inspection of the unc-86 and ced-4 targets.

According to our analysis, each unc-33 message can
encode a distinct polypeptide (523-, 679- and 854-
amino acid residues); each of the two smaller polypep-
tides is expected to be identical in sequence to a C-
terminal segment of the largest polypeptide. Indeed,
when polyclonal antibodies raised against unc-33 fu-
sion proteins made from a 2.1-kb ¢cDNA fragment
covering all three messages were used in Western
blots, three proteins were detected (W. L1 and J.
SHAw, unpublished). By computer analysis, the three
predicted polypeptides did not show significant amino
acid sequence similarity to any other peptides in the
databanks. Calculation of the hydrophobicity index
indicated that the N-terminal third and the C terminus
of the largest polypeptide are very hydrophilic and
that the middle segment is much more hydrophobic.
Interestingly, the highly negatively charged N-termi-
nal region of the largest polypeptide is the extreme N
terminus of the middle-sized polypeptide and is miss-
ing from the smallest polypeptide.

As noted in the Introduction, different mutant al-
leles of unc-33 have been shown to be defective in the
guidance and outgrowth of the axons of all or nearly
all neurons that have been inspected. The mutations
are all recessive to the wild-type allele and by genetic
and now molecular criteria are likely to be loss-of-
function mutations. On the basis of the observation
that neuronal microtubules were superabundant and
structurally abnormal in the anterior sensory den-
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drites of an unc-33 mutant that was analyzed by elec-
tron microscopy, HEDGECOCK et al. (1985) suggested
that the unc-33 gene encodes a component of the
neuronal cytoskeleton. In particular, it was suggested
that the unc¢-33 product may be a microtubule associ-
ated protein (MAP). Computer analysis of the putative
unc-33 proteins did not detect any domain homolo-
gous to the microtubule-binding domains identified
in MAP2, tau proteins or MAP1B. More and more
MAP genes have been identified and sequenced, and
not all of them have common domains for microtubule
binding (WICHE, OBERKANINS and HIMMLER 1991);
therefore, it is still possible that the unc-33 proteins
have an uncharacterized microtubule-binding region.
Another possibility is that the unc-33 products affect
some other cytoskeletal component, which in turn
affects neuronal microtubule number and structure.
Interactions between microtubules and intermediate
filaments may be mediated by proteins that are known
to bind to both of these components (MIYATA et al.
1986); other proteins bind microtubules and actin
filaments (GRIFFITH and POLLARD 1978). In any case,
the hypothesis that unc-33 affects the neuronal cyto-
skeleton suggests that the axonal guidance defects in
the unc-33 mutants are a secondary consequence of
defects in axonal outgrowth rather than a conse-
quence of misreading extracellular guidance cues.
According to this view, unc-33 proteins would be
expected to be intracellular; the unc-33 coding se-
quences support this view. We would also expect that
the mistakes in axonal guidance or branching and the
premature terminations in axonal outgrowth found in
unc-33 animals would all be cell autonomous. This
prediction could be tested by analysis of unc-33 genetic
mosaics (HERMAN 1989). Indirect immunofluores-
cence staining with antibodies to unc¢-33 protein has
revealed that the unc¢-33 proteins are distributed ex-
clusively within neuronal processes after early embry-
ogenesis (W. L1 and J. SHAW, unpublished) and sup-
ports the notion the unc-33 function is required in
neurons. Further investigations will be required to
determine whether the unc-33 proteins are in fact
associated with the neuronal cytoskeleton, to assess
the functional role unc-33 plays in developing C. ele-
gans neuronal processes, and to discover whether any
unc-33 homologs are involved in axonal outgrowth
and guidance in other animals.
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