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Analysis of novel alleles of brother of tout-velu, the Drosophila
ortholog of human EXTL3 using a newly developed FRT42D ovoP
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Abstract

The FLP/FRT system permits rapid phenotypic screening of homozygous lethal mutations in the
context of a viable mosaic fly. Combining this system with ovo? dominant female-sterile
transgenes enables efficient production of embryos derived from mutant germline clones lacking
maternal contribution from a gene of interest. Two distinct sets of FRT chromosomes, carrying
either the mini-white (w*™W) or rosy (ry*) and neomycin (neo®) transgenes are in common use.
Parallel ovo” lines were developed using the w*7W"s FRT insertions on the X and chromosomes
2R and 3L, as well as the ry*, neo”® FRT insertions on 2L and 3R. Consequently, mutations
isolated on the X, 2R and 3L chromosomes in a ry*, neo”® FRT background, are not amenable to
germline clonal analysis without labor-intensive recombination onto chromosome arms containing
a w*MWhs FRT. Here we report the creation of a new ovo? line for the ry*, neo® FRT insertion at
position FRT42D on chromosome 2R, through induced recombination in males. To establish the
developmental relevance of this reagent we characterized the maternal-effect phenotypes of novel
brother of tout-velu alleles generated on an FRT42D chromosome in a somatic mosaic screen. We
find that an apparent null mutation that causes severe defects in somatic tissues has a much milder
effect on embryonic patterning, emphasizing the necessity of analyzing mutant phenotypes at
multiple developmental stages.
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Introduction

The FLP/FRT system has been widely employed in Drosophilato generate clones of
homozygous mutant tissue in an otherwise heterozygous animal (Dang and Perrimon, 1992;
Golic, 1991; Golic and Lindquist, 1989; Griffin et al., 2014; Xu and Rubin, 1993; Xu and
Rubin, 2012). This mosaicism enables analysis of mutant phenotypes at different
developmental stages and in different tissues even if homozygosity for the mutation in the
entire animal would be lethal. Further, the combination of FRT-mediated recombination with
transgenes for the dominant ovo? allele, which causes cell-autonomous degeneration of
female germline cells, allows for efficient selection of mutant germline-clones and analysis
of maternal-effect phenotypes (Chou et al., 1993; Perrimon and Gans, 1983). Flippase-
induced FR7-mediated recombination in females transheterozygous for ovo? and a mutation
in a gene of interest results in mosaic ovaries, in which germline clones that lack ovo? and
are homozygous for the mutation survive to produce eggs, while all other germline cells are
eliminated by ovoP. Embryos derived from homozygous mutant eggs can be efficiently
analyzed for germline and maternal-effect phenotypes (Chou and Perrimon, 1996).

Two distinct sets of pericentric FRT insertions that are in common use permit clonal analysis
of greater than 95 percent of the Drosophila genome (Chou and Perrimon, 1996; Xu and
Rubin, 1993). FRT inserts generated by Xu and Rubin are marked with /7, nec” while
those created by Perrimon and co-workers are marked with w*™W/s \When ovoP, FRT
combinations were generated to facilitate germline mosaic analysis, parental FRT lines were
chosen based on proximity of their FRT insertion to the centromere. w*™WhS FRT stocks
were selected for the X chromosome, the right arm of the second chromosome (2R) and left
arm of the third chromosome (3L), while the ry*, neo” FRT inserts were used for autosomal
arms 2L and 3R (Chou and Perrimon, 1996; Xu and Rubin, 1993). Thus corresponding ovo?
versions are lacking for the Xu and Rubin FRT inserts on the X chromosome (FR719A), as
well as chromosomal arms 2R (FRT42D), and 3L (FRT80B). Consequently, mutations
generated on these FR7 chromosomes cannot be analyzed for maternal-effect phenotypes
without first going through the laborious process of recombining each mutation onto an FRT
chromosome from the Chou and Perrimon set. Despite their obvious usefulness to the
community, the underlying reason for the absence of these FRT ovoP chromosomes is that
they cannot be easily generated using standard genetic methods — females carrying ovo? are
sterile and meiotic recombination does not occur in Drosophila males. Additionally,
transgenic lines for ovoP genomic constructs are challenging to recover and complete
expressivity of the dominant female-sterile phenotype likely requires the presence of
multiple inserts (Chou et al., 1993). Here we report the creation of a new FRT42D ovoP line
using gamma irradiation induced male recombination. Furthermore, we demonstrate its
functionality by characterizing maternal-effect phenotypes of novel alleles of brother of tout-
velu (botv). The botv gene encodes an N-acetylglucosamine transferase-11 (Han et al., 2004;
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Kim et al., 2002; Takei et al., 2004) essential for synthesis of Heparan Sulfate Proteoglycan
(HSPG) glycosaminoglycan (GAG) sugar chains.

Results and Discussion

To generate a novel FRT42D ovoP chromosome, we used gamma irradiation to induce
recombination in males (Bateman, 1968; Chou and Perrimon, 1996) that were
transheterozygous for P{neoFRT}42D and P{FRT(W'S)}G13 P{ovoP1-18)2R. Briefly,
potential recombinants were identified by resistance to G418, thus selecting for
P{neoFRT}42D, as well as the presence of w* that marks the ovo? transgene (see Methods).
A total of four independent potential male recombinants were recovered from 380 surviving
males and balanced stocks were established that allow for the maintenance of a dominant
female-sterile (see Methods). We first confirmed the presence of ovo? in the recombinant
chromosome by assaying females from each stock for sterility. We also tested the ability of
the P{neoFRT}42D, P{ovoP1-1832R chromosome (abbreviated FRT42D ovoP) to produce
clones in wing discs in combination with an FR742D chromosome carrying a ubiquitously
expressed GFP transgene (Fig. 1). The recovery of mitotic clones lacking GFP expression
and neighboring twin spots showing high levels of GFP expression indicated that the
FRT42D insert was functional.

Next we wished to determine whether the newly generated FR742D ovoP stock could be
used successfully to recover mutant germline clones (GLCs). For this functional verification
we first decided to use borv*23, a previously characterized allele isolated on an FRT42D
chromosome in a somatic mosaic screen for genes involved in patterning the adult wing
(Takei et al., 2004). Botv acts together with the related Sister of tout velu (Sotv) and Tout
velu proteins to polymerize GAG chains on HSPG core proteins, which are required for
signaling by many growth factors. In humans mutations in the ffvand sofvhomologs Extl
and Ext2 result in Multiple Hereditary Exostoses a bone overgrowth syndrome (reviewed in
(Busse-Wicher et al., 2014). Molecular characterization of the botv*? allele, and the
observation that wing disc clones homozygous for botv#23 display substantial loss of
Hedgehog (Hh), Decapentaplegic and Wingless (Wg) activity, are both consistent with its
classification as a strong loss-of-function allele (Takei et al., 2004). However, the lack of an
FRT42D, ovoP stock, has prevented examination of the maternal-effect phenotype of this
allele. Null mutations in other botv alleles have been used to generate homozygous GLCs,
and embryos lacking both maternal and zygotic activity (M~/Z") display a characteristic
‘lawn of denticles’ cuticle phenotype caused by impairment of heparan sulfate biosynthesis
and consequent defects in Hh and W(g signaling pathways (Han et al., 2004; Takei et al.,
2004). To generate mutant germline clones, recombination was induced in larvae
heterozygous for FRT42D botv#23 and the newly generated FRT42D ovoP chromosome,
carrying a heat shock inducible Flippase transgene (HS-FLP). Adult female progeny were
crossed to FRT42D botv*23 males to produce embryos that lacked both maternal and zygotic
botv contributions (see Methods). As the males are heterozygous, only half of the GLCs
derived embryos lack both maternal and zygotic botv#23 activity and are expected to display
a mutant phenotype, while the remaining embryos fertilized by wild type sperm are
paternally rescued to viability. As shown in Fig. 2A, B inviable botv#23 M~/Z- embryos
display fused denticle bands and reduced naked cuticle consistent with disruption of HSPG
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biosynthesis and loss of Hh and Wg signaling, thus establishing the competence of the
FRT42D ovoP chromosome to generate GLCs.

We next used the FRT42D ovoP chromosome to characterize the maternal contributions of
six new botv alleles that were isolated in a genetic mosaic screen for growth regulating
genes (Hafen, 2004). For this screen, EMS mutagenenized FR742D males were crossed to
an eye-specific eyeless-Flippase (ey-FLP) driver and the progeny were analyzed for visible
phenotypes resulting from altered growth of the mosaic mutant eye tissue (Fig. 3). Six
independent mutations in botvwere recovered, and the molecular identities of the lesions
were determined by PCR amplification and sequencing of genomic DNA corresponding to
the coding regions (summarized in Table 1; (Rottig et al., 2005). We used the newly
generated FRT42D ovoP line in combination with each of the six alleles to analyze the
phenotypes resulting from loss of botvactivity in M~/Z embryos derived from GLCs. In
each case, save one, we recovered embryos at the expected frequency that exhibited a
characteristic loss of naked cuticle consistent with severe reduction of GAG polymerase
activity (Fig. 2C-H).

Two of the newly isolated alleles, botvV"-%3 and botV!"-28 are missense mutations (Table 1,
Fig. 4A). Of these, botvV"53is predicted to convert the first Aspartic acid (D) in the
signature DXD motif of the putative nucleotide sugar-binding domain into an Asparagine
(N) (Fig. 4C, red asterisk). This motif is conserved in all exostosin-like enzymes, and
indeed, in a wide spectrum of UDP-sugar-dependent glycosyltransferases (Breton et al.,
1998). The crystal structure of mouse ExtL2, a closely related enzyme, predicts that this
motif helps coordinate a catalytic Mn2* ion with the UDP sugar donor, and is therefore
expected to be required for catalytic activity (Negishi et al., 2003; Pedersen et al., 2003).
Consistent with this prediction, A~/Z-embryos derived from botvV’-53 GLCs exhibit a
strong loss-of-function phenotype (Fig. 2C). In the second missense allele botvV"/"-28 the
Arginine810 residue (R819) in the catalytic domain is converted to a cysteine (C) (Fig. 2D
and Fig. 4C, blue asterisk). All Botv orthologs examined, including orthologs from
Drosophila, sea urchin, and human, contain an R in this position. However, this residue is
not conserved in the paralogous GAG polymerase enzymes such as Ttv and Sotv (Fig. 4C,
blue residues). Instead, all Sotv orthologs contain an oppositely charged glutamic acid (E)
residue at this location. In Ttv orthologs a Threonine (T) is typically found in this position,
although this conservation is not absolute (e.g. Valine in Nasonia vitripennis and Aspartic
Acid in Ciona intestinalis, not shown). Therefore the R>C change in botvV"28 s likely to
affect a Botv-specific characteristic of the catalytic domain. Analysis of AM/~/Z~ embryos
derived from GLCs of this allele using the FRT42D ovoP stock reveals a moderately strong
loss-of-function phenotype (see Fig. 2D) consistent with the importance of an R at position
810.

The remaining four alleles contain nonsense mutations that are predicted to result in
truncated proteins lacking the entire catalytic domain (Fig. 4A and Table 1). Consistent with
this premise, M~/Z~ embryos derived from GLCs for three of the four alleles (bor/X-2,
bot"X42 and botv2R37) produced cuticle phenotypes similar to null alleles (Fig. 2E-G).
Surprisingly however, botv2R24 which contains a stop codon at residue 50 and thus
represents the best candidate for a null allele, produced embryos with a less severe cuticle
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phenotype. These embryos display only partially fused denticle belts and retain some naked
cuticle in each segment (Fig. 2H). To rule out the possibility that the weaker phenotype is
due to a zygotic modifier in the background, we analyzed embryos derived from GLCs in
HS-FLP; FRT42D botv2R24 FRT42D ovoP females crossed to males heterozygous for
bot/*23 (isolated in an independent screen on a different chromosomal background). The
botv*23 mutation is also predicted to result in a protein lacking the catalytic domain (Takei et
al., 2004), and, as we have shown above, M~/Z~ embryos for this allele display a null
phenotype (see Fig. 2B). We found that embryos derived from homozygous bon2”?4 GLCs
fertilized with botv#23 sperm (MPR24/2R24 . 72R24/423) 3150 showed a cuticle phenotype that is
less severe than botv M~/Z nulls, comparable to botVZR24 M/Z~ (MPR24ZR24. 72R24/2R24
animals (Fig. 21, compare with 2H). Furthermore, embryos with mutant phenotypes were
recovered at a frequency of 57% (n=49), while the remaining embryos were viable. This
observation rules out the possibility that the milder sotv2*24 GLC phenotype is caused by
insufficient paternal rescue. Thus, despite the lethality of bor2?24 homozygotes and
botvZR?in transto botvnull alleles, analysis of GLC embryos indicates that Boty2R24
protein retains partial function.

Several mechanisms could account for the hypomorphic phenotype of botZR24 M-/z-
embryos. For example, an alternative splicing event could eliminate the nonsense mutation
in some fraction of transcripts. However, to preserve the signal-peptide transmembrane
domain required for translocation into the endoplasmic reticulum (amino acids 57-76, Fig.
4B; (Kim et al., 2002), the alternate splice acceptor site would have to be located within
approximately 20 nucleotides of the mutant codon. To examine this possibility, we
performed RT-PCR on RNA isolated from wild type embryos using two forward primers
complementary to the 5" untranslated regions (5’UTR) and a reverse primer complementary
to a region downstream of the transmembrane domain (Fig. 4B). In each case, only a single
product of a size consistent with the cDNA sequence reported in Flybase was observed.
Parallel RT-PCR reactions performed with RNA isolated from bofv2R24 M/Z~ embryos also
produced single products indistinguishable in size from wild type (Fig. 5). Primers from the
sulfateless (sfl) gene were used as a control for RNA integrity (data not shown). This result
argues that the mild phenotype of botv2R24 results from a mechanism other than alternative
splicing. An alternative explanation for the less severe bofv2*24 GLC phenotype could be
occasional translational bypass of the nonsense stop codon. Low levels of stop-codon read-
through have been shown to be phenotypically relevant in yeast and may depend in part on
the regulation of translation termination factors as well as the nucleotide context of the stop
codon (Bonetti et al., 1995; Namy et al., 2001; von der Haar and Tuite, 2007). Comparative
genomics approaches to detect protein coding regions in 12 Drosophila species identified
283 potential examples of read-through of naturally occurring stop codons (Jungreis et al.,
2011), while ribosome profiling assays have identified an additional 300 read through events
in D. melanogaster (Dunn et al., 2013). An intriguing third possibility is that the botv
transcript may contain an Internal Ribosome Entry Site (IRES) within the coding region
upstream of the transmembrane domain capable of initiating translation at an AUG
downstream of the nonsense Figure 5. RT-PCR analysis does not indicate the presence of
alternative splicing in botv2R24 embryos

Genesis. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lujan et al.

Page 6

Agarose gel stained with ethidium bromide showing RT-PCR products from wild type and
botV2R24 M/ Z- (or MPR242R24 . 72R24/423) muytant embryos. Forward primers (F1 and F2)
and a single reverse primer (R1) downstream of the codon affected in bor/X-?Z and the
transmembrane domain were used (marked in Fig. 4B). Both the wild type and bon2R?4
M~/Z embryos show PCR products of the expected sizes (451 bp for F2-R1, and 540 bp for
the F1-R1 primer pairs). No amplicons corresponding to alternatively spliced transcripts
were detected in GLC derived embryos.

mutation. IRESes have already been shown to exist in the 5" UTRs of #tvand su/fateless (sfl)
another enzyme required for heparan sulfate biosynthesis. Furthermore, the 5’UTRs of a
large percentage of GAG biosynthetic enzymes from multiple species are exceptionally long
with multiple upstream AUG codons, consistent with the possibility they may contain IRES
elements as well (Bornemann et al., 2008). Although the 5'UTR from the botv transcript is
not unduly long, it contains two upstream AUGs, one of which creates a potential upstream
ORF. We note that even if the botv transcript contains IRES activity, it is not by itself
sufficient to rescue embryos from homozygous mutant GLCs to viability, suggesting either
that cap-dependent translation predominates, or that the mutation somehow compromises the
IRES function.

In summary, here we describe the generation and characterization of an FR742D ovoP line
on the right arm of the second chromosome. This line will facilitate analysis of the maternal
and early embryonic functions of the large number of mutations isolated in screens using the
FRT42D background (for example (Chen et al., 2005; Kagey et al., 2012; Pressman et al.,
2012), through efficient generation of GLCs. We have demonstrated the utility of this line
through analysis of a series of botvalleles isolated in a somatic screen for factors affecting
eye development. Ironically, while five of six botvalleles examined behave as strong loss-of-
function alleles in GLC analysis, the best candidate for a null allele based on sequence data
displays a hypomorphic GLC phenotype. This result underscores the importance of
examining, where possible, both early maternal-effect phenotypes, as well as late somatic
phenotypes when characterizing novel mutations, a process made feasible for mutations on
the FRT42D background by generation of the FR742D ovoP line described here.

METHODS

Drosophila Stocks and Male recombination

FRT42D, botv*23 flies were kindly provided by T. Tabata (University of Tokyo). All other
stocks were obtained from the Bloomington Stock Center (Indiana University, Bloomington,
Indiana).

For gamma-ray induced male recombination, males of the genotype FRTG13 ovoP
(P{FRT(W'S)}G13 P{ovoD1-18}2R/T(1,2)OR64/Cy0) were mated with FRT42D
(P{ry[+t7.2]=neoFRT}42D, ry[605]) females in plastic vials for 24 hours and the adults
removed. The resulting larvae were allowed to mature for 48-72 hours at 25°C before the
vials were gamma irradiated at a dose of 0.561 rads per minute for 3—4 minutes using a
Cs137 source (KS ERI Isomedix). Irradiated males that eclosed were singly mated to w/w™;
CyO,; TM3/ap*@virgins to recover potentially mutant chromosomes over the CyO balancer.
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Progeny were raised on G418 food to eliminate animals with the FR7G13 chromosome and
select for lines with the FRT42D insert, which carries neomycin resistance. G418-resistant
adult male progeny were scored for presence of w?*, which marks the ovo® transgene. Due to
the close chromosomal proximity of FRTG13and FRT42D insertion sites, recombinants
between the two loci are expected to be extremely rare. Analysis of 380 surviving males
yielded four independent potential male recombinants. w”* males were mated to w/w™;
OR64/CyO; TM3females to create stable stocks. The presence of OR64a dominant male
lethal in the stock ensures that only ovo? males and OR64 females contribute to the next
generation. Each of these lines was functionally assayed for the presence of the ovo® insert
(female sterility), as well as the ability to generate mitotic and germline clones in
conjunction with an FR742D chromosome.

G418 selection

G418 media was produced by mixing a G418 stock solution with molten standard cornmeal
fly food at 70°C, to achieve a final concentration of 1 mg/ml G418. Green food coloring was
added simultaneously to assess even distribution and mixing. 25 ml of food was dispensed
into each vial and stored at 4°C until used.

Wing disc, eye disc and germline clones

RT-PCR

Flies carrying the FRT42D ovoP line as well as a heat-shock inducible Flippase transgene on
the X chromosome were crossed to an FRT42D line carrying a ubiquitin-driven GFP
transgene. Mosaic wing disc clones were generated essentially as described previously
(Bornemann et al., 2004). Mosaic flies with mutant eyes and head capsules were generated
using the ey-FLP/FRT technique essentially as described in (Newsome et al., 2000). To
generate germ line clone embryos HS-FLP; FRT42D ovoPl CyO males were mated to y~ w™;
FRT42D botv*/CyO, KrGFP females; eggs were collected for two days, parents were
removed and Flippase expression was induced at first and second instar stages by heat
shocking larvae in food vials in a 37°C water bath for 1 hour on two consecutive days. Cy*
female progeny were crossed to appropriate y~ w™; FRT42D botv"/CyO, KrGFP males.
Embryos were collected on standard apple juice agar plates, and the chorion was manually
removed. 10-20 dechorionated embryos were mounted on a glass slide in 30 pl of 1:1 lactic
acid: Hoyer’s solution and incubated at 65°C overnight prior to analysis and photography.

bot2R?4 M-z~ embryos were obtained from y~, w™, HS-FLP: FRT42D ovoP/FRT42D
botvZR?4 mosaic mothers mated to FRT42D botv2R24/Cy0, Kr-Gald, UAS-GFP males. 250
500 wild type and bot2*24 mutant embryos were collected overnight on standard apple-
juice agar plates and dechorionated for 2 minutes in 50% bleach. Embryos lacking GFP
expression were selected using a Leica MZFLIII fluorescence microscope equipped with a
GFP filter. 250-500 embryos were homogenized in microfuge tubes using plastic pestles
(Contes) in 35 pl of 1% beta-mercaptoethanol-supplemented lysis buffer from the RNA Easy
kit (Qiagen). Homogenates were centrifuged at maximum speed for 3 minutes, the
supernatants transferred to a new tube, mixed with 350 pl of 70% ethanol, and passed
through the RNA Easy mini-column. RNA recovered according to the manufacturer’s
directions. RNA integrity was checked on a 0.7% agarose gel, and 1 pl of RNA was used as
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template for RT-PCR using the OneStep RT-PCR kit (Qiagen). The parameters used were:
30 minute incubation with reverse transcriptase, followed by denaturation at 95°C (15 min.),
35 cycles of denaturation at 95°C (1 min.), annealing at 55°C (1 min.) and extension at 72°C
(1 min.), with a final 10 min. incubation at 72°C for complete extension. The following
primers were used: botvF1 5" CTCCACTCGCGATAAAG 3’, botvF2 5’
CATTCCGGAGAGGCGTA 3/, botvR1 5" CTGTTTGCTCCCTAAGC 3/, SfIF1 5’
CAACAAAGTGTGTTCCGAGCC 3’, SflIR1 3" CGATATTGTCATATTGTCGTC 3'.
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Figure 1. Thenovel FRT42D ovoP chromosome effectively gener ates somatic wing disc clones
Male FRT42D ovoP flies carrying a heat-shock inducible Flippase transgene on the X

chromosome were crossed to females from an FR742D line carrying a GFP transgene under
control of the ubiquitin promoter. Larvae were heat-shocked at first and second instar stages
to induce Flippase expression. (A) Third instar wing disc showing clones of cells lacking
GFP expression (arrow) adjacent to twin-spots expressing high levels of GFP (intense
green). (B) Same disc as in A visualized using the DAPI channel to show tissue integrity.
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A. wild type B. botv*® m-, z)

C. botvV'%3 (m-, z) D. botv"28 (1, z)

E. botv*?' (-, z) F. botv*42 iy, z)

G. botvR7 (y-, z) H. botv®R? iy, z)

1. botv (M2R24/2R24, ZZR24/423 ) Js Sg I0830 M-, 2)

Figure 2. Germline clones generated using the FRT42D ovoP chromosome
Cuticle preparations of wild type (A) and mutant embryos derived from germ line clones

(B-). (B-1) FRT42D ovoP/CyO males carrying an X-linked heat-shock inducible Flippase
transgene were mated with females carrying a FRT42D chromosome bearing a specific botv
allele/ CyO. Progeny were heat-shocked to induce Flippase expression and allowed to
develop to adulthood. Straight-winged females were selected and backcrossed to males
heterozygous for the same mutant allele (B—H), or for otv#23, which was isolated on an
unrelated chromosomal background (I). To eliminate paternally rescued individuals (through
hatching), GLC embryos were recovered and allowed to develop for two days at room
temperature prior to mounting. (J) Embryo derived from females with homozygous sg/830
germ line clones, mated with heterozygous sg/%5%0/+ males.
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Wild type botv2R?¢ botv?R7

Figure 3. Loss of botv activity resultsin reduced growth of eyetissue
Dorsal (A-C) and lateral (D-F; G-I) views of mosaic heads generated using the ey-

FLP/FRT system. A—F are light microscope images while G-I are scanning electron
micrographs. Eyes and heads largely homozygous for either bot2?24 (B, E, H) or bot2R37
(C, F, 1) display a marked reduction in size compared to control (A, D, G) mosaic heads
generated with the isogenized FRT42D chromosome used in the genetic screen.
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A. Botv domain structure

2R24 IX.21 IX.42 2R37 VI.53 VIII.28

B. Botv N-terminus

Primer F1 -
agccctgcatcgcgttgccaacgaaacggactccactcgcgataagﬁtgtaaataaatga

gatattttggtggaatcgcgagctgaaactaatgccatgccaccggecgtacgaccttgge
Primer F2 - M P P A Y DL G
cattccggagaggcgtaccaacccctggacactggcagcggcggecggaaacgaagectgt
H S G E A Y Q P L DT G S G G G N E A C
gccccgaactcatcctecgegcaaateccgeccattcgatgggattecggacatectggatyg
A P N S S S A Q I R H S M G F R T S W M
cggcagttccgccgctacaaaCtgcccatggtgctgctgatgctgctgtttctcgtttcc
R Q F R R Y KL P M V )
tgcctagcataccgcatcctaagcgtggagcaagatgccccgccactggatctgcatcgt
: L. S V E Q D A P P L D L H R
agttcaccgctgctagatgcctacgaagatttcagcgccatgagagcaggagatctgaaa
s s p L L DAY E D F S A M R A G D L K
atgcgcatcgaggagatggttagaatcaagagcaccgtgtccgtggagttgecgecgaattg
M R I E EM V R I K s T Vv S VvV E L R E L
gagtcccgtcgccagaagctgcaatcggacattagccagtacaaccagaagatcgaggag
E S R R Q KL Q S DI S Q Y N Q K I E E
ctcaaacaggaactgcttagggagcaaacagaactggagcgcecctcaagatctececgtggag. ..

LKQEL‘LREQTELERLKISVE...
Primer R1

C. Catalytic Domain Alignments

Ext21
Extl3
Extl3
Extl3
Botv
Botv

Ext2
Ext2
Sotv
Sotv

MM —PQTANKMRNRLQVFPEVETNAVLMVébDTL—ISAQDLVFA%#&WQQFPDQIIGFVPRKHVSTS—SGIYSYGGFELQTPG
HS -RTEKNSLNNRFLPWNEIETEAILSIDDDAH-LRHDEIMFGFRVWREARDRIVGFPGRYHAWDI--PHQSWLYNSNYS--
XT -RTEKNSLNNRFLPWDQIETEAVLSIDDDAH-LRHDEIMFGFRVWREARDRIVGFPGRYHAWDI--PHRSWLYNSNYS--
SP -KTTVNSLNNRFLPYDEIETEAILSLDDDAH-LRHDEILFGFRVWRESRDRVVGFPGRYHAWDL-NYRNGFLYSANYS--
DM -RAPRNSLNNRFLPFDVIETEAVLSVDDDAH-LRHDEILFGFRVWREHRDRVVGFPGRYHAWDLGNPNGQWHYNSNYS--
DW -RAPRNSLNNRFLPFDVIETEAVLSVDDDAH-LRHDEILFGFRVWREHRDRVVGFPGRYHAWDLSS-NNMWHYNSNYS—-—
: —EGESKVMSSRFLPYDNIITDAVLSLDEDTV-LSTTEVDFAFTVWQSFPERIVGYPARSHFWDN--SKERWGYTSKWT-—
—-EGESKVMSSRFLPYDNIVTDAVLSLDEDTV-LSTTEVDFAFTVWQSFPERIVGYPARSHFWDS--AKERWGYTSKWT -~
—-DDQPKTMGRRFLPR-QFTTDAILSLDDDVM-LNSQEIDFAFDVWRSFPDRIVGFPARSHFWNS—-SKSKWVYTSKWS—-
TTEGRPSISQRFLPYDEIQTDAVLSLDEDAI-LNTDELDFAYTVWRDFPERIVGYPARAHFWDD--SKNAWGYTSKWT -~

D TTEGRPSISQRFLPYDEIQTDAVLSLDEDAI-LNTDELDFAYTVWRDFPERIVGYPARAHFWDD—-SKNAWGYTSKWT——
HS -RTAENKLSNRFFPYDEIETEAVLAIDDDIIMLTSDELQFGYEVWREFPDRLVGYPGRLHLWDH--EMNKWKYESEWT-—
XT -KTTENKLSNRFFPYSEIETEAVLAIDDDIIMLTSDELQFGYEVWREFPDRLVGYPGRLHLWDH--EMSKWKYESEWT--
DM -QTKENKLSNRFYPYPEIETEAILTIDDDIIMLTTDELDFGYEVWREFPDHIVGFPSRIHVWEN--VTMRWHYESEWT--
DW -QTQENKLSNRFFPYPEIETEAILTIDDDIIMLTTDELDFGYEVWREFPDHIVGFPSRIHVWDN--VTMRWHYESEWT--

Figure 4. Molecular lesionsin novel mutationsin the botv locus
(A) Domain structure of the Botv protein showing the transmembrane domain (gold), and

the glycosyltransferase catalytic domain (red). The relative locations of the nonsense
(bot2RZ4, potv 1X-21 porIX-42, hon/2R37) and missense (botvV"-53 and boryV!"-28) mutations
are indicated. (B) N-terminal sequence of the botv transcript with predicted protein in
single-letter code. The putative transmembrane domain is depicted in gold. Codons affected
by mutations bot2R24 (CAG to TAG) and bot/X-21 (CAA to TAA) are marked and
underlined in red. The predicted start codon and a possible IRES-mediated alternative start
codon are depicted and underlined in green. RT-PCR primers are indicated by arrows. (C)
Alignment of the catalytic glycosyltransferase domains from Botv, Ttv and Sotv orthologs in
multiple organisms using COBALT (Papadopoulos and Agarwala, 2007). The DXD Mn2*
metal ion coordination motif is in red. The red asterisk indicates the amino acid affected by
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the borvV"-53 mutation (D to N). Blue highlighting and the blue asterisk indicate the amino
acid altered by the botvV!"-26 mutation (R to C). The names and species abbreviations of
Botv orthologs are in dark blue, Ttv orthologs in gold and Sotv orthologs in green. Ext2L is
a related glycosyltransferase for which the catalytic domain crystal structure has been
solved. Note the absolute conservation of the residue affected in borvV""-28 as an R in Botv
homologs and as an oppositely charged E in Sotv orthologs. Species abbreviations are as
follows: MM, Mus musculus (mouse); HS, Homo sapiens (human); X7, Xenopus tropicalis
(frog); SF, Strongylocentrotus purpuratus (sea urchin); C/, Ciona intestinalis (sea squirt);
DM, Drosophila melanogaster, DW Drosophila willistoni.

Genesis. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lujan et al.

Page 16

—
%1—\— s i -
T X ¥ ¥ X
N N
e ' T | W

wt embryos botv?R? GLC

Figure 5. RT-PCR analysis does not indicate the presence of alternative splicingin botv2R24
embryos
Agarose gel stained with ethidium bromide showing RT-PCR products from wild type and

botV2R24 \r/Z- (or MPR24/ZR24 . 72R24/423) muytant embryos. Forward primers (F1 and F2)
and a single reverse primer (R1) downstream of the codon affected in bon/X-2X and the
transmembrane domain were used (marked in Fig. 4B). Both the wild type and bon2R?4
M~/Z embryos show PCR products of the expected sizes (451 bp for F2-R1, and 540 bp for
the F1-R1 primer pairs). No amplicons corresponding to alternatively spliced transcripts
were detected in GLC derived embryos.

Genesis. Author manuscript; available in PMC 2017 November 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lujan et al.

Table 1

Molecular lesions in botv alleles

Mutant allele  Codon altered  Predicted effect on protein
2R24 CAG to TAG Nonsense: Q 50 to Stop
1X.21 CAAto TAA Nonsense: Q 136 to Stop
1X.42 CGAto TGA Nonsense: R 242 to Stop
2R37 CAAto TAA Nonsense: Q 474 to Stop
VI.53 GAC to AAC Missense: D 795 to N
VII1.28 CGTto TGT Missense: R 810 to C
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