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Abstract 

 

Investigation of the role of VML in the establishment of Drosophila 

embryonic dorsal-ventral polarity 

 

Yuan Zhang, M.A. 

The University of Texas at Austin, 2012 

 

Supervisor:  David S. Stein 

 

Drosophila embryonic dorsal-ventral (D-V) polarity is defined by the expression 

of the gene pipe in the ventral cells of the follicular epithelium surrounding the 

developing oocyte. pipe encodes a sulfotransferase that transfers sulfate groups to several 

protein components of the vitelline membrane layer of the eggshell, including Vitelline 

Membrane-Like protein (VML). These sulfated proteins represent a ventral cue 

embedded in the eggshell, which, during embryogenesis, leads to the spatially-restricted 

activation of a serine protease cascade involving Gastrulation Defective (GD), Snake and 

Easter. Several important pieces of information missing from our understanding of 

Drosophila D-V patterning include the structures of the carbohydrates borne by the Pipe 

targets that represent the direct substrates for Pipe and how the Pipe-sulfated ventral cue 

triggers the spatially-regulated activation of the serine protease cascade.  Two major 

goals of my studies on VML are to elucidate the structures of Pipe-sulfated carbohydrates 

associated with VML and to identify proteins that interact with VML in a Pipe-dependent 

manner.  
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To achieve the first goal, I explored different purification systems to isolate VML 

and eventually found a way of partially purifying VML from Drosophila ovaries. Mass 

spectrometric analysis of the purified VML is underway to determine the carbohydrate 

structures on VML and the sites of Pipe-mediated sulfation. Future experiments will 

involve identification of putative enzymes responsible for the glycosylation of VML and 

examination of their requirements in D-V patterning.  

To identify interacting partners of VML, a strategy combining in vivo 

biotinylation of VML, reversible protein crosslinking and Streptavidin purification of 

crosslinked complexes will be used. In the second section of my studies, I have 

demonstrated that VML bearing a biotin acceptor peptide (BAP) tag can be efficiently 

biotinylated in vivo by co-expressing it with a biotin protein ligase BirA in the follicle 

cells. As an extension of the application of the approach, I also show that the Torso-like 

protein, which is localized to the poles of the vitelline membrane and whose polar 

localization is crucial for Drosophila terminal patterning, can also be biotinylated in vivo 

when the BAP-tagged protein is co-expressed with BirA in the follicle cells. 
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Chapter 1:  General Introduction 

DROSOPHILA OOGENESIS 

Drosophila oogenesis occurs within the female ovary, which consists of 16 to 20 

ovarioles. Each ovariole acts as an individual egg assembly line, with younger egg 

chambers near the anterior and a series of progressively older egg chambers moving 

towards the posterior. The Drosophila oocyte develops within an egg chamber, which 

consists of a cluster (cyst) of 16 germline cells surrounded by an epithelial monolayer of 

somatic follicle cells. The egg chamber originates from within the most anterior region of 

the ovariole, a region called the germarium where the germline stem cells (GSCs) reside 

(Figure 1-1). A GSC divides asymmetrically to produce a new stem cell and a posterior 

cystoblast. The cystoblast undergoes four rounds of mitoses with incomplete cytokinesis 

to generate 16 germline cells that remain connected through large cytoplasmic bridges 

called ring canals. Among the 16 germline cells, one of the two cells with ring canal 

connections to four other cells differentiates into an oocyte while the remaining 15 cells 

become nurse cells (Figure 1-1). By the time the cystoblast completes the four rounds of 

mitoses, the 16-cell cyst is encapsulated by somatic follicle cells to produce a stage-1 egg 

chamber that is ready to bud off from the germarium (Dobens and Raftery, 2000; 

Spradling, 1993). At this stage, the oocyte moves to the posterior end of the cyst in a 

process mediated by homophilic interaction between DE-Cadherin expressed in the 

oocyte and in a subpopulation of terminal follicle cells at the posterior of the egg 

chamber (Godt and Tepass, 1998; Gonzales-Reyes et al., 1995). The posterior placement 

of the oocyte is a critical event during oogenesis, since it is required for the subsequent 

anterior-posterior (A-P) patterning of the follicle cell epithelium, the oocyte itself, and 

ultimately the embryo. When the newly formed egg chamber buds off from the 
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germarium, it moves posteriorly and progresses through 14 defined stages of 

development until it is mature at stage 14 to exit the ovariole during oviposition. Thus, 

each ovariole contains a linear array of egg chambers at different stages of development 

with each egg chamber connected to its neighbors through several specialized follicle 

cells called stalk cells (Figure 1-1). 

During Drosophila oogenesis, the oocyte itself is inactive in transcription. Most  

 

 

Figure 1-1. Drosophila early oogenesis (Horne-Badovinac and Bilder, 2005). The egg 

chamber, in which the Drosophila oocyte develops, originates from within 

the most anterior region of the ovariole, the germarium. Germline stem cells 

residing at the anterior tip of the germarium produce a cystoblast with each 

division. The cystoblast undergoes four rounds of mitoses to generate a cyst 

of 16 interconnected germline cells. Among the 16 cells, one of the two cells 

with four connections to other cells differentiates as an oocyte and the other 

15 become nurse cells. By the time the cystoblast completes the four rounds 

of mitoses, the 16-cell cyst is encapsulated by somatic follicle cells to 

produce a stage-1 egg chamber. The follicle cells also help orient the oocyte 

to the posterior end of the cyst. When the newly formed egg chamber buds 

off from the germarium, it moves posteriorly and progresses through 14 

defined stages of development. Egg chambers at different stages of 

development are connected through several specialized follicle cells called 

stalk cells. 
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of the RNAs, proteins and organelles necessary for oocyte development and maturation 

and for early embryogenesis are produced by the nurse cells. Nurse cells undergo several 

rounds of endoreplication (DNA synthesis occuring in the absence of cytokinesis) to 

become polyploid.  Some of the RNAs provided by the nurse cells to the oocyte carry 

patterning information that is important for embryogenesis. During stage 11, nurse cells 

dump all of their cytoplasmic contents into the oocyte through ring canals and then 

degenerate. 

Follicle cells actively proliferate through the early stages of oogenesis until, at the 

end of stage 6, they cease dividing and undergo three rounds of endoreplication to 

become polyploid (Dobens and Raftery, 2000). At stage 9, the vast majority of follicle 

cells migrate posteriorly to cover the oocyte. By stage 10A, only about 50 follicle cells 

stretch to form a thin epithelium to cover the nurse cells while about 1,000 columnar 

follicle cells form a thick layer over the oocyte.  At stage 10B, several follicle cells that 

lie over the nurse cell-oocyte boundary migrate centripetally between the oocyte and the 

nurse cells to cover the anterior of the oocyte. Thus, the oocyte is completely enveloped 

by follicle cells. At stage 14 when the mature egg chamber exits the ovariole, follicle 

cells degenerate (Nezis et al., 2000). 

Follicle cells carry out three main functions during oogenesis. Yolk protein 

precursors called vitellogenins are mainly synthesized by the fat body, the fly analogue of 

the liver, and secreted into the hemolymph. Follicle cells transport vitellogenins from the 

hemolymph into the space between the oocyte and the follicle cells. These proteins are 

taken up by the oocyte through endocytosis. In addition to transporting fat body-derived 

vitellogenins, follicle cells also synthesize some vitellogenins that are taken up by the 

oocyte. A second function of the follicle cells is to secrete and pattern the eggshell. The 

eggshell has two layers with the inner layer being the vitelline membrane and the outer 
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layer, the chorion. Protein components of the vitelline membrane are synthesized and 

secreted during stages 9 to 10, while proteins that construct the chorion are produced and 

secreted during stages 12 to 14. Thirdly, follicle cells express informational molecules 

that are required for the pattern formation of the embryo. 

The egg chamber has its intrinsic anterior-posterior (A-P) and dorsal-ventral (D-

V) axes as a result of two signaling events, both of which require a Transforming Growth 

Factor (TGF)-α-like molecule gurken (Gonzalez-Reyes et al., 1995; Neuman-Silberberg 

and Schupbach, 1993; Shmueli et al., 2002). The gurken gene is transcribed in the nurse 

cells. The gurken mRNA is transported from the nurse cells into the oocyte and translated 

into the Gurken protein which, when secreted, activates the Drosophila Epidermal 

Growth Factor Receptor (EGFR) Torpedo in the neighboring follicle cells (Ghiglione et 

al., 2002; Gonzalez-Reyes et al., 1995). In the first signaling event requiring Gurken-

Torpedo pathway, the oocyte is already at the posterior end of the 16-cell cyst and gurken 

mRNA is localized to the posterior margin of the oocyte (Cox and Spradling, 2003). The 

posteriorly produced Gurken protein induces the adjacent follicle cells to adopt a 

posterior cell fate (Roth et al., 1995). Thus, the A-P polarity of the egg chamber is 

defined. The posterior follicle cells then send a signal back to the oocyte, resulting in the 

re-polarization of the oocyte microtubule network extending from the anterior to the 

posterior pole (Roth et al., 1995). Maternal transcripts bicoid and oskar are directed to the 

opposite poles of the oocyte through their association with minus- or plus-end-directed 

microtubule motor proteins (Berleth et al., 1988; Ephrussi et al., 1991; Kim-Ha et al., 

1991; St Johnston et al., 1989). The A-P asymmetry of the oocyte is thus established. 

During the microtubule cytoskeletal reorganization, the oocyte nucleus moves anteriorly 

and to the prospective dorsal side of the oocyte. The random point on the anterior 

circumference to which the oocyte nucleus moves becomes the anterior-dorsal corner of 
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the oocyte (Roth et al., 1995). The gurken mRNA also moves and becomes localized to 

the dorsal anterior side of the oocyte nucleus (MacDougall et al., 2003; Roth et al., 1995). 

In a second signaling event, the dorsally produced Gurken protein induces the overlying 

follicle cells to take on a dorsal fate. This second dorsalizing Gurken signal polarizes the 

egg chamber along the D-V axis and regulates the expression of genes in the follicle cells 

that are required for D-V patterning in both the embryo and the eggshell (Gonzalez-

Reyes et al., 1995; James et al., 2002; Peri et al., 2002; Roth et al., 1995; Sen et al., 

1998). 

 

THE FORMATION OF THE DORSAL-VENTRAL AXIS DURING EMBRYOGENESIS 

The shape of the Drosophila egg shows the D-V polarity at the time when it is 

laid. The eggshell is curved on one side, corresponding to the prospective ventral side of 

the embryo, and flattened on the dorsal side with a pair of respiratory dorsal appendages. 

In the embryo, cells at different positions along the D-V axis are fated to generating four 

distinct regions: cells at the ventral midline become muscle and other mesodermal 

derivatives; ventrolateral cells give rise to ventral epidermis and the ventral nerve chord; 

dorsolateral cells give rise to dorsal epidermis, and cells at the dorsal midline form the 

extraembryonic amnioserosa. Genes that are required for establishing embryonic D-V 

polarity fall into two classes: maternal effect genes and zygotic genes. 

Genetic screens have been carried out that allow the identification of a group of 

12 maternal effect genes as required for establishing the embryonic D-V polarity: 11 

genes collectively known as dorsal group and cactus (Anderson and Nusslein-Volhard, 

1984; Roth et al., 1991). Females homozygous for loss-of-function alleles of dorsal group 

genes produce dorsalized embryos in which cells at a given position adopt a fate that is 
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normally assumed by more dorsal cells in the wild-type embryo. Completely dorsalized 

embryos lack all lateral and ventral pattern elements and differentiate into hollow tubes 

of dorsal epidermis (Anderson and Nusslein-Volhard, 1984). In contrast, Females 

homozygous for loss-of-function alleles of cactus produce ventralized embryos (Roth et 

al., 1991). Strongly ventralized embryos differentiate cuticle in which ventral denticle 

bands encircle the embryo. Subsequent studies identified additional genes as involved in 

D-V pattern formation. The identities and functions of 19 genes that participate in 

embryonic D-V patterning are shown in Table 1-1. The spatial and functional 

relationships between some of these gene products are shown in Figure 1-2. 

Among the 12 genes initially identified, pipe (Sen et al., 1998; Stein et al., 1991), 

windbeutel (wind) (Konsolaki and Schupbach, 1998; Nilson and Schupbach, 1998; Sen et 

al., 2000) and nudel (ndl) (Hong and Hashimoto, 1995) are required to be expressed in 

the somatic follicle cells while other genes are expressed in the germline (Stein et al., 

1991). The transcription of these other genes is confined to the nurse cells during 

oogenesis.  The transcripts are transported into the oocyte and are not translated until 

embryogenesis starts. 

The Toll gene encodes a transmembrane receptor that is uniformly distributed in 

the embryonic membrane (Hashimoto et al., 1991). The ventrally restricted activation of 

Toll receptor is the key event in the establishment of embryonic D-V axis (Anderson et 

al., 1985a; Anderson et al., 1985b). Epistasis experiments have shown that seven of the 

12 genes act upstream of Toll, including somatically-required pipe, wind, nudel, and 

germline-expressed gastrulation defective (gd) (Konrad et al., 1998), snake (snk) 

(DeLotto and Spierer, 1986), easter (ea) (Chasan and Anderson, 1989) and spätzle (spz) 

(Morisato and Anderson, 1994; Schneider et al., 1994). The protein products of gd, snk, 

ea and spz are produced in their precursor forms and secreted into the fluid-filled space  
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Gene Protein identity Function 

windbeutel * Molecular chaperone Folding and Golgi localization of Pipe 

pipe * Sulfotransferase 
Sulfation on vitelline membrane 

proteins 

vitelline 

membrane-like 

Vitelline membrane 

protein 
Sulfation target of Pipe 

papss PAPS synthetase Production of PAPS 

slalom Golgi transporter Import of PAPS into Golgi 

nudel * Serine protease Cleavage of GD ? 

gastrulation 

defective * 
Serine protease Cleavage and activation of Snake 

snake * Serine protease Cleavage and activation of Easter 

easter * Serine protease Cleavage and activation of Spätzle 

serpin27A 
Serine protease 

inhibitor 
Inhibition of Easter 

seele Saposin-like 
Easter localization and processing in 

perivitelline space 

spätzle * NGF-like Ligand for Toll receptor 

Toll * 

Thrombin receptor 

extracellularly, IL-1 

receptor intracellularly 

Recruitment of Weckle 

weckle Adaptor 
Recruitment of Myd88/Tube 

heterodimer 

myd88 Adaptor Binding to Toll, Tube and Weckle 

tube * Adaptor Recruitment of Pelle 

pelle * Serine/threonine kinase Phosphorylation of Cactus 

cactus IκB-like Inhibition of Dorsal nuclear entry 

dorsal * 
NF-κB transcription 

factor 

Regulation of transcription of zygotic 

genes 

Table 1-1. Genes involved in embryonic dorsal-ventral pattern formation. 19 genes 

have been identified that encode proteins involved in the formation of 

embryonic D-V polarity in Drosophila (modified from Zhenyu Zhang, 

unpublished). The 11 founding members known collectively as the dorsal 

group are marked with asterisks. 
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Figure 1-2. Spatial and functional relationships between maternal effect gene 

products involved in embryonic D-V patterning (modified from Jason 

Goltz, unpublished). On the left is a diagram showing a cross-sectional view 

of a syncytial blastoderm embryo within the two-layered eggshell. On the 

right is a flow diagram showing the hierarchical relationship of some 

maternal effect gene products involved in embryonic D-V patterning. Pipe, 

Wind, Nudel, Papss, Sll and VML are expressed in the follicle cells during 

oogenesis. Gastrulation Defective, Snake, Easter, Späztle and Serpin27A act 

in the perivitelline space of the egg. Toll is distributed throughout the 

embryonic membrane. Weckle, Myd88, Tube, Pelle, Cactus and Dorsal 

function within the embryo. 

between the embryonic membrane and the vitelline membrane layer of the eggshell, the 

so-called perivitelline space. GD, Snk and Ea are serine proteases that act sequentially to 

form a proteolytic cascade in which GD cleaves and activates Snk, which then cleaves 

and activates Ea (Chasan et al., 1992; Han et al., 2000; Jin and Anderson, 1990; Sen et 
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al., 1998; Smith and DeLotto, 1994). The active Ea processes Spz precursor into the 

active ligand for Toll receptor (Morisato and Anderson, 1994; Schneider et al., 1994). 

The activity of pipe, wind and ndl is required for localizing the activation of the serine 

protease cascade and of Toll receptor to the ventral side of the embryo (Schneider et al., 

1994; Stein and Nusslein-Volhard, 1992; Stein et al., 1991). 

The activation of Toll initiates an intracellular signaling pathway that leads to the 

graded nuclear entry of the Drosophila NFκB transcription factor Dorsal which is 

capably of activating and repressing different zygotic patterning genes along the D-V 

axis. In the absence of Toll signaling, Dorsal and its antagonist Cactus, an IκB-like 

molecule, form a complex throughout the cytoplasm of the embryo (Roth et al., 1989; 

Rushlow et al., 1989; Steward, 1989). Upon Toll activation, a heterodimeric complex of 

two adaptor proteins, Myd88 and Tube, is recruited to the activated Toll (Towb et al., 

1998) in a process mediated by a membrane-associated protein, Weckle (Chen et al., 

2006). The Toll-Weckle-Myd88-Tube complex then recruits a protein kinase Pelle (Chen 

et al., 2006; Hu et al., 2004). The local aggregation of Pelle leads to its 

autophosphorylation (Norris and Manley, 1996; Shen and Manley, 1998; Sun et al., 2004; 

Towb et al., 2001) and phosphorylation of Cactus (Reach et al., 1996). The 

phosphorylated Cactus undergoes ubiquitin-mediated degradation and releases Dorsal on 

the ventral side of the embryo (Belvin et al., 1995; Bergmann et al., 1996; Reach et al., 

1996). Dorsal translocates from the cytoplasm into the nuclei in a graded manner, 

generating a nuclear concentration gradient with high levels in the ventral nuclei and 

progressively lower levels in the lateral nuclei, and no detectable protein in dorsal nuclei 

(Roth et al., 1989; Rushlow et al., 1989; Steward, 1989). This gradient subdivides the 

axis into distinct regions by regulating the expression of key zygotic regulatory genes 

which initiate the differentiation of various tissues. 
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Dorsal acts as both a transcriptional activator and repressor. The high levels of 

Dorsal in the ventral region establish the mesoderm by activating the expression of snail 

and twist (Ip et al., 1992; Jiang et al., 1991; Kosman et al., 1991). Intermediate and low 

levels of Dorsal in the lateral region specify neuroectoderm by activating rhomboid (rho), 

single minded (sim) and short gastrulation (sog) (Markstein et al., 2004; Stathopoulos et 

al., 2002; Stathopoulos and Levine, 2005). Finally, the lack of Dorsal in the dorsal region 

allows the expression of genes required for the formation of dorsal ectoderm and 

amnioserosa, like decapentaplegic (dpp) and zerknüllt (zen), which are repressed by 

Dorsal in the ventral and lateral regions (Jiang et al., 1993; Jiang et al., 1992; Kirov et al., 

1993; Pan and Courey, 1992). After the initial expression controlled by Dorsal, the 

zygotic genes also regulate the transcription of one another to further define their 

expression domains. 

 

THE EMBRYONIC D-V POLARITY IS DEFINED BY THE EXPRESSION OF PIPE IN THE EGG 

CHAMBER 

As described above, the three dorsal group genes, pipe, windbeutel and nudel, are 

required to be expressed in the somatic follicle cells (Konsolaki and Schupbach, 1998; 

Nilson and Schupbach, 1998; Sen et al., 2000; Stein et al., 1991). The pipe gene is 

expressed in the ventral follicle cells during stage 10 of oogenesis (Sen et al., 1998), and 

Pipe protein is the first dorsal group gene product that shows an asymmetric distribution 

along the D-V axis of either the egg chamber or the embryo. This ventrally-restricted 

expression of pipe is a result of transcriptional regulation mediated via Gurken/Torpedo 

signaling that defines the D-V polarity of the egg chamber (Sen et al., 1998). In gurken 

mutants, pipe mRNA is present throughout the follicle cell layer (Sen et al., 1998). A 

transgene that encodes the E. coli lacZ gene under the control of transcriptional 
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regulatory sequence of pipe shows the same Gurken-dependent expression pattern as pipe 

(Sen et al., 1998). Activation of EGFR signaling in dorsal follicle cells represses the 

expression of pipe: in follicle cell clones homozygous for ras or raf loss-of-function 

mutations, pipe is expressed cell-autonomously even in the dorsal and lateral regions of 

the follicular layer (James et al., 2002; Peri et al., 2002). Clones expressing a Gurken-

independent activated form of EGFR lead to cell-autonomous repression of pipe 

expression (Peri et al., 2002). 

The spatially-restricted expression of pipe in the follicular layer defines the 

ventral side of the embryo (Sen et al., 1998). The pipe locus encodes 10 protein isoforms 

of Pipe, resulting from alternative splicing of the primary transcript (Sergeev et al., 

2001).  Only one of the isoforms, Pipe-ST2, is essential for D-V patterning (Zhu et al., 

2005). Of the 10 isoforms, only Pipe-ST2 can restore ventral and lateral pattern elements 

to the progeny of pipe mutant females (Zhang et al., 2009b). Uniform expression of a 

transgene encoding Pipe-ST2 in the follicle cell layer leads to ventralization of the 

progeny embryos, while directed expression of this transgene in the dorsal follicle cells of 

otherwise pipe mutant females can invert the D-V polarity of the resulting embryos with 

respect to the intrinsic D-V polarity of the eggshell (Sen et al., 1998). The spatially-

restricted expression of pipe-ST2 is sufficient to define the D-V polarity of the progeny 

embryo, and its ventral expression is responsible for localizing the activation of serine 

protease cascade and ultimately Toll receptor to the ventral side of the embryo. I will 

hereafter refer to this isoform as Pipe since it is the only isoform essential for the process 

of D-V pattern formation. 

How is the information of spatially restricted expression of pipe conveyed into the 

developing egg and the future embryo, resulting in the formation of D-V axis in the 

embryo? Pipe shares sequence homology with the vertebrate enzymes heparan sulfate 2-
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O-sulfotransferase (HS2ST) and dermatan/chondroitin sulfate 2-O-sulfotransferase 

(D/CS2ST), two Golgi resident proteins that mediate the sulfation of glycosaminoglycan 

(GAG) side chains of proteoglycans (Kobayashi et al., 1997; Kobayashi et al., 1999; Sen 

et al., 1998). Proteoglycans are glycoproteins with one or more GAGs attached to a 

protein core. GAGs are unbranched polysaccharides consisting of specific disaccharide 

repeats in which a hexose or hexuronic acid is linked to a hexosamine. HS2ST and 

D/CS2ST mediate the transfer of a sulfate group to the 2-O position of the uronic acid 

residues in their respective GAG substrates (Kobayashi et al., 1997; Kobayashi et al., 

1999). 

The sequence similarity between Pipe and HS2ST and D/CS2ST initially 

suggested that Pipe might act in the follicle cells to sulfate a proteoglycan carrying HS or 

D/CS side chains. Subsequent studies have confirmed that Pipe acts as a sulfotransferase 

in ventral follicle cells, but have ruled out HS or D/CS as the substrates for the 

sulfotransferase activity of Pipe. 

Functional studies of the genes required for the synthesis and transport of 3’-

phosphoadenosine 5’-phosphosulfate (PAPS), the universal sulfate donor in sulfation 

reactions, have shown that embryonic D-V patterning requires sulfotransferase activity in 

the follicle cell layer, consistent with the idea that Pipe acts as a sulfotransferase.  These 

genes are PAPS synthetase (papss), which encodes the enzyme responsible for production 

of PAPS (Jullien et al., 1997), and slalom (sll), which encodes the protein that transports 

PAPS into the Golgi (Luders et al., 2003). Females carrying follicle cell clones 

homozygous for loss-of-function alleles of sll produce dorsalized embryos (Luders et al., 

2003), demonstrating a need for PAPS to be transported into the Golgi of the follicle 

cells. Females with egg chambers in which both the germline and clones of follicle cells 

are mutant for papss produce dorsalized embryos (Zhu et al., 2007), indicating PAPS is 
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required in the ovary for embryonic D-V patterning. In the case of papss, it is necessary 

to generate follicle cell clones in an egg chamber that also lacks papss expression in the 

germline, because PAPS produced by the germline can rescue papss mutant follicle cells, 

possibly because PAPS is small enough to be able to pass through the gap junctions 

between the wild-type oocyte and the mutant follicle cells (Zhu et al., 2007). 

Additional evidence that suggests Pipe acts as a sulfotransferase comes from 

studies of Alcian Blue staining in the embryonic salivary glands. Alcian Blue is a 

histochemical dye that stains highly sulfated molecules. The presence of Alcian Blue-

stained material in the salivary glands requires the activity of papss and sll (Zhu et al., 

2005), indicating that the stained material is sulfated and is generated in the Golgi. Also, 

its presence in the salivary glands is dependent on the activity of the pipe gene (Zhu et 

al., 2005), supporting the idea that one or more of the Pipe isoforms are sulfotransferases 

that are responsible for the production of this sulfated material in the salivary glands. 

Another critical piece of evidence that Pipe functions as a sulfotransferase comes 

from analysis of pipe mutant alleles. Both pipe
1
 and pipe

7
 alleles affect valine 123, which 

is located within the predicted binding site for PAPS (Zhu et al., 2005). pipe
1 

carries a 

non-conservative substitution of an aspartic acid residue for valine and results in an 

apparently non-functional protein. Embryos derived from pipe
1
 females are completely 

dorsalized. In contrast, pipe
7
 carries a relatively conservative substitution of an isoleucine 

for valine and thus represents a hypomorphic allele. pipe
7 

mutant females produce 

embryos that are weakly dorsalized. This led to the hypothesis that mutations at valine 

123 resulted in reduction of the affinity of Pipe protein for PAPS and treatments that 

would further reduce the availability of PAPS to the mutant Pipe protein would lead to an 

increase in the severity of dorsalization of progeny embryos. When pipe
7
 females were 

fed with sodium chlorate, a compound known to inhibit the activity of PAPS synthetase, 
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they produced more severely dorsalized embryos than the untreated pipe
7
 females (Zhu et 

al., 2005). This finding that the pipe
7
 phenotype is sensitive to the availability of PAPS 

suggests that pipe
7
 encodes a protein with reduced affinity for PAPS, which strongly 

supports a role of Pipe as sulfotransferase. Taken together, this data suggests a model in 

which Pipe-mediated sulfation of a target molecule in the ventral follicle cells is essential 

for embryonic D-V pattern formation. 

Despite the fact that Pipe shows sequence homology to HS2ST and D/CS2ST, HS 

and D/CS GAGs are not the substrates of Pipe. This is supported by the findings that 

genes involved in the synthesis or modification of HS and D/CS GAGs do not need to be 

expressed in the follicle cells in order for progeny embryos to produce normal D-V 

polarity (Zhu et al., 2005; Zhu et al., 2007). The gene sugarless (sgl) encodes the 

Drosophila UDP-glucose-6 dehydrogenase, which converts UDP-glucose to UDP-

glucuronic acid, a required step in the synthesis of uronic acids present in both HS and 

D/CS (Binari et al., 1997; Hacker et al., 1997; Haerry et al., 1997). Sulfateless (sfl) 

encodes a protein with similarity to vertebrate N-deacetylase/N-sulfotransferases, which 

are known to mediate the deacetylation and sulfation of the N-acetyl group on N-

acetylglucosamine of HS (Lin and Perrimon, 1999). fringe connection (frc) encodes a 

transporter required for the Golgi uptake of nucleotide-sugars involved in the synthesis of 

GAGs (Goto et al., 2001; Selva et al., 2001). Females carrying follicle cell clones mutant 

for sgl, sfl or frc do not produce dorsalized embryos (Zhu et al., 2005). These 

observations were further confirmed by the findings that females carrying both germline 

and follicle cell clones mutant for sgl or sfl did not produce dorsalized progeny (Zhu et 

al., 2007), strongly arguing against HS or D/CS as the substrates of Pipe. Consistent with 

this data, the production of the pipe-dependent sulfated material in the embryonic 

salivary glands does not require the expression of these three genes (Zhu et al., 2005). 
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Taken together, HS and D/CS GAGs are not the sulfation targets of Pipe and are 

dispensable for D-V pattern formation. The target of Pipe may be a different species of 

GAG, or another class of glycoprotein, glycolipid or even a free carbohydrate moiety. 

Using a metabolic radiolabeling method, Zhang et al. have identified some protein 

components of the vitelline membrane of the eggshell as the enzymatic and functional 

targets of Pipe (Zhang et al., 2009a). They reasoned that when radioactive [
35

S]Na2SO4 

was used as the source of sulfate group, the enzymatic target of Pipe would be sulfated 

and thus radiolabeled in a Pipe-dependent manner in the female ovary. Females were fed 

on yeast containing [
35

S]Na2SO4  and their ovarian extracts were subjected to 

autoradiography for the examination of the radiolabeling patterns.  Although no 

differences in the sulfation patterns were observed in extracts from wild-type and pipe 

mutant females, extracts from females expressing a transgene of pipe throughout the 

follicle cell layer exhibited a strongly labeled band which was identified by mass 

spectrometry as the vitelline membrane-like (VML) protein (Zhang et al., 2009a). A 

mutation containing a P-element insertion in the VML open reading frame, Vml
EPgy2

, 

resulted in the loss of this radiolabeled band from the ovarian extracts of [
35

S]Na2SO4 -

fed females that overexpressed pipe, confirming that this strongly labeled band 

corresponded to VML. vml mRNA is expressed uniformly throughout the follicle cell 

layer of stage 10 egg chambers, a stage at which pipe is expressed. After secretion into 

the extracellular space between the follicle cells and the oocyte, VML protein became 

stably incorporated into the vitelline membrane nearby its site of synthesis in the follicle 

cell layer (Zhang et al., 2009a). This stable incorporation of VML into the vitelline 

membrane near its site of synthesis is crucial because it allows the positional information, 

in the form of ventrally sulfated VML, to be stably maintained through subsequent 

oogenesis and early embryogenesis, until the time when this positional signal is required 
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to regulate the activity of the serine protease cascade. Surprisingly, females homozygous 

for Vml
EPgy2

 did not produce dorsalized embryos, suggesting that VML might act 

redundantly with other substrates of Pipe. Using the hypomorphic pipe
7
 allele, they 

showed that reduction or elimination of VML expression enhanced the dorsalized 

phenotype associated with pipe
7 

(Zhang et al., 2009a), suggesting that VML was a 

functional target of Pipe and VML was involved in D-V patterning. Further investigation 

revealed that additional protein components of the vitelline membrane also underwent 

Pipe-dependent sulfation. A reduction of the expression of genes encoding some of these 

vitelline membrane proteins in the sensitized pipe
7
 background led to more severe 

dorsalization of the resulting embryos than the effect of pipe
7
 alone (Zhang et al., 2009a), 

suggesting that these vitelline membrane proteins that were sulfated by Pipe also 

participated in the process of D-V patterning. Taken together, VML and several other 

vitelline membrane proteins are the sulfation substrates and functional targets of Pipe and 

they act redundantly to regulate the embryonic D-V pattern formation. 

Consistent with Pipe being a sulfotransferase that mediates sulfation of 

carbohydrates on its targets and VML being a sulfation target of Pipe, VML is shown to 

be a glycoprotein. Analysis of the amino acid sequence of VML reveals that VML carries 

an N-terminal predicted signal peptide, a C-terminal stretch of 25 amino acids that shows 

similarity to the “VM domain” found in several other vitelline membrane proteins, and a 

central region that contains many repeats of amino acid sequence SYSAPAAP. 

Strikingly, the central region of VML contains 127 serine residues and 4 threonine 

residues that are predicted to undergo O-linked glycosylation (Zhang et al., 2009a). The 

predicted molecular weight of VML, based on its amino acid sequence, is 56 KDa while 

its observed apparent size on SDS-PAGE is approximately 120 KDa, suggesting that it is 

highly glycosylated (Zhang et al., 2009a). Treatment with a commercial deglycosylation 
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kit results in a reduction of the apparent size of VML (Y. Cho, unpublished), confirming 

that it is glycosylated. Although HS and D/CS GAGs have been ruled out as sulfation 

targets of Pipe, the nature of the carbohydrates that VML bears that represent the direct 

substrates of Pipe is not known yet. One of the goals of my study of the role of VML in 

D-V patterning is to identify the carbohydrates and any modifications associated with 

VML that carry the ventralizing signal leading to the ventral activation of the serine 

protease cascade in the embryo. 

Surprisingly, recent studies have shown that the first Pipe-dependent and thus 

ventrally restricted step in the serine protease cascade is the cleavage of Ea zymogen by 

activated Snk (Cho et al., 2010). Processing of transgenically expressed, tagged versions 

of GD, Snk, Ea and Spz was examined in different dorsal group gene mutant 

backgrounds. In pipe maternal mutants, GD and Snk were processed while Ea and Spz 

failed to be processed (Cho et al., 2010), suggesting that the processing of Ea zymogen is 

dependent on pipe activity. Over-expression of a transgene encoding pipe throughout the 

follicle cell layer leads to an increase in the processing of Ea and Spz but not the 

processing of Snk (Cho et al., 2010). Moreover, co-immunoprecipitation (co-IP) 

experiments have shown that Snk and Ea are in a stable complex independently of pipe 

activity, although, in pipe maternal mutants, Ea is not processed even when it is bound to 

Snk (Cho et al., 2010), indicating that pipe activity is required not for Snk and Ea to 

interact with one another, but for their interaction to be productive to activate Ea. 

Subsequent studies have further demonstrated that GD function is directly 

required for Ea processing (Cho et al., 2012). GD carries out two functions in D-V 

patterning. Its C-terminal region has catalytic activity to process and activate Snk while 

its N-terminal region is associated with a second non-catalytic activity that is essential for 

the processing of Ea by Snk (Cho et al., 2012), a process shown previously to depend on 
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pipe activity and the Pipe-sulfated cue in the ventral vitelline membrane. There exist two 

classes of gd alleles: gd
10 

class alleles, including gd
10

, carry mutations within the C-

terminal domain that disrupt GD’s catalytic activity; gd
2
 class alleles, including gd

2
, carry 

mutations in the N-terminal region of the protein (Ponomareff et al., 2001). Although 

alleles of both classes can dorsalize progeny embryos, when put in trans, they are capable 

of complementing one another, leading to the production of rescued embryos with some 

ventral or lateral pattern elements (Ponomareff et al., 2001). This observation suggests 

the two regions of GD are associated with two distinct functions. In gd
2
 maternal 

mutants, Snk is processed while Ea is not (Cho et al., 2012), indicating that the second 

function of GD, which is disrupted in gd
2
-encoded protein (GD2), is normally required 

for the processing of Ea. Over-expression of wild-type GD or catalytically inactive GD, 

both of which retain an intact N-terminal region, in otherwise wild-type background leads 

to an increase in Ea processing and ventralization of progeny embryos, while over-

expression of GD2 or the N-terminal deleted, preprocessed forms of GD has no effect on 

Ea processing or the embryonic phenotype (Cho et al., 2012), suggesting that the second 

function of GD is associated with its N-terminal region and is essential for the processing 

of Ea. 

The observation that Ea processing depends on pipe activity and requires the 

second extracatalytic function of GD suggests that GD may represent the link between 

the Pipe targets and the ventrally restricted activation of Ea. Evidence for this hypothesis 

comes from transplantation experiments in which perivitelline fluid containing GFP-

tagged, different forms of GD protein is injected into the perivitelline space (PVS) of 

recipient embryos from different maternal backgrounds. Transplantation of wild-type 

GD-GFP into PVS of wild-type embryos results in ventral enrichment of GD-GFP 

regardless of the site of injection (Cho et al., 2012). This ventral localization relies on 
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pipe activity and requires the second function of GD. GD-GFP, when injected into pipe 

mutant-derived embryos, shows uniform distribution in the PVS (Cho et al., 2012). GD2-

GFP and other gd
2
 class-encoded, tagged mutant proteins, all of which lack the second 

extracatalytic activity of GD, does not exhibit any observable ventral localization when 

transplanted into wild-type embryos (Cho et al., 2012). In contrast, a catalytically inactive 

form of GD-GFP shows ventral localization similar to that of wild-type GD-GFP (Cho et 

al., 2012). These data strongly suggest that the second function of GD is to interact with 

the Pipe targets in the ventral vitelline membrane via its N-terminal region to bring about 

its localization and that this interaction is necessary for the productive interaction 

between Ea and Snk. Consistent with this proposed model, GD is shown to be in 

complexes with both Snk and Ea (Cho et al., 2012). 

GD itself undergoes proteolytic processing, which used to be believed as required 

for activating its catalytic activity on Snk. Recent studies have instead shown that Snk 

processing does not require GD to be processed and that the cleavage of GD may be 

associated with its second function (Cho et al., 2012). Although the precise site at which 

GD is cleaved is not known yet, ectopic cleavage of GD into different sized fragments 

abrogates the ventral localization pattern (Cho et al., 2012), suggesting that the cleavage 

of GD at a specific site is required for its ventral localization, possibly to expose 

determinants that interact with the Pipe targets. Although all the gd
2 

class-encoded 

proteins do not show ventral localization, they differ with respect to their cleavage 

patterns. GD2 and gd
TN124

-encoded protein are not processed while gd
3
- and gd

LU119
-

encoded proteins are (Cho et al., 2012), indicating that gd
2
 and gd

TN124
 may affect amino 

acids required for the normal cleavage of GD while gd
3
 and gd

LU119
 may represent lesions 

within the determinants, which may directly interfere with their interaction with the Pipe 

targets. 
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Cho et al. propose a model to explain how the function of GD leads to the ventral 

processing of Ea by Snk (Cho et al., 2012). In this model (Figure 1-3), GD is processed to 

generate a C-terminal protease domain and an N-terminal fragment that interacts with the 

Pipe-sulfated ventral cue to localize GD to the ventral region of the perivitelline space. 

GD, Snk and Ea zymogen are in stable complexes although the interaction alone is not 

sufficient for Snk to process Ea. The ventrally localized GD may play a direct role in 

promoting a productive interaction between Snk and Ea. The localization of GD may act 

to locally concentrate Snk and/or Ea and bring them into proximity, or the interaction 

with the Pipe-sulfated ventral cue may induce a conformational change of GD that results 

in an enhancement of Snk activity or an increased susceptibility of Ea to cleavage by Snk, 

or the conformational change of GD may bring Snk and Ea zymogen into productive 

juxtaposition to allow processing of Ea by Snk. To test this model, one needs to first 

address if GD binds directly to the Pipe targets such as VML. The second goal of my 

study of the function of VML is to examine if GD, or other dorsal group proteins, or 

some other unknown proteins interact with VML in a Pipe-dependent manner to pass on 

the ventralizing signal that VML bears. 

 

DROSOPHILA TERMINAL PATTERN FORMATION 

The mechanism used to pattern the embryo along the D-V axis is similar to the 

one employed to define structures at the two ends of the embryo along the A-P axis, the 

acron (the terminal portion of the head including the brain) and the telson (the tail). The 

terminal pattern formation similarly depends on spatially-restricted activation of a 

receptor that is uniformly distributed in the embryonic membrane. A group of maternal 

effect genes, the terminal group, has been identified as involved in terminal patterning.  
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Figure 1-3. Proposed model for the contribution of GD function to the ventral 

processing of Ea by Snk (Cho et al., 2012).  GD is processed by Nudel. GD 

cleaves Snk. The processed GD binds to the Pipe-sulfated proteins in the 

ventral vitelline membrane (VM), including VML. The ventrally localized 

GD brings together Snk and Ea zymogen, leading to the cleavage of Ea. The 

processed Ea cleaves Spz to generate an active ligand for Toll receptor in 

the embryonic membrane (EM). 

Loss-of-function mutations in terminal group genes lead to the loss of the acron, telson 

and the most posterior abdominal segment (Klingler et al., 1988). Among the terminal 

group genes, torso encodes a receptor tyrosine kinase that is evenly distributed in the 

embryonic membrane (Casanova and Struhl, 1989; Sprenger et al., 1989). Dominant 



 22 

gain-of-function alleles of torso that confer constitutive activity result in the expansion of 

the acron and telson at the cost of segmented body regions (Casanova and Struhl, 1989; 

Klingler et al., 1988). The Torso receptor is activated only at the two ends of the embryo 

as a result of the localized formation of its activating ligand. Activation of Torso at the 

two ends is transmitted inside the embryo via the RAS/RAF/MAPK signaling pathway to 

induce the transcription of two zygotic gap genes, tailless and huckebein, at the two poles 

of the embryo through local inhibition of two repressors that are present throughout the 

cytoplasm of the embryo (Cinnamon et al., 2008; Duffy and Perrimon, 1994; Jimenez et 

al., 2000; Paroush et al., 1997). 

The product of the trunk (trk) gene is most likely the ligand for Torso. trk mRNA 

is uniformly distributed in the cytoplasm of the embryo and the Trk protein is secreted 

into the perivitelline space (Casanova et al., 1995). A C-terminal fragment of Trk retains 

Trk activity and is sufficient to activate Torso signaling (Casali and Casanova, 2001), 

suggesting that a proteolytic cleavage of Trk is necessary to transform the Trk protein 

into an active ligand for Torso. Also, the uniform distribution of Trk in the perivitelline 

space suggests a requirement for a mechanism of spatially-restricted activation of Trk. 

This mechanism is believed to be provided by the activity of torsolike (tsl) (Nusslein-

Volhard et al., 1987). Tsl is expressed in subpopulations of follicle cells adjacent to the 

two ends of the developing oocyte (Savant-Bhonsale and Montell, 1993). It is secreted 

from the terminal follicle cells and becomes tightly localized to the two poles of the 

vitelline membrane (Stevens et al., 2003).  It is believed that the localization of Tsl at the 

two ends of the egg promotes the spatially-restricted activation of Trk, the putative ligand 

for Torso. However, the mechanism through which Tsl activates Trk is not clear. 

Identification of proteins that interact with Tsl will lead to better understanding of how 

Tsl exerts its function during terminal patterning. 
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Chapter 2:  Elucidation of the structures of the Pipe-sulfated 

carbohydrates associated with VML 

INTRODUCTION 

The D-V axis formation in Drosophila requires the activity of some maternal 

effect genes, including 11 genes known collectively as the dorsal group and cactus 

(Anderson and Nusslein-Volhard, 1984; Roth et al., 1991). Among the dorsal group gene 

products, Pipe is the first one to show an asymmetric distribution along the D-V axis in 

either the egg chamber or in the embryo. Pipe is expressed in the ventral follicle cells 

during oogenesis (Sen et al., 1998). The expression of Pipe defines the ventral side of the 

embryo. Misexpression of Pipe disrupts the normal D-V polarity in the embryo (Sen et 

al., 1998). It is believed that the ventral expression of Pipe provides a polarizing cue that 

later leads to the ventrally-restricted activation of a serine protease cascade in the 

embryo. 

Pipe is a sulfotransferase. Consistent with this, follicular expression of PAPS 

synthetase and a Golgi transporter that mediates the uptake of PAPS into the Golgi is 

required for D-V patterning (Luders et al., 2003; Zhu et al., 2007). A hypomorphic pipe
7
 

allele carries a conservative mutation of an amino acid located within the predicted 

binding site for PAPS, generating a protein with reduced binding affinity for PAPS (Zhu 

et al., 2005). Pharmacological treatment that decreases the availability of PAPS enhances 

the mutant phenotype associated with pipe
7
 (Zhu et al., 2005). It is believed that Pipe 

mediates the sulfation of carbohydrates borne by its target(s). 

Pipe shows sequence similarity to two vertebrate GAG-modifying enzymes, 

heparan sulfate 2-O-sulfotransferase (Kobayashi et al., 1997) and dermatan/chondroitin 

sulfate 2-O-sulfotransferase (Kobayashi et al., 1999). However, heparan sulfate and 

dermatan/chondroitin sulfate are not the targets of Pipe since genes involved in the 
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synthesis or modification of these GAGs do not need to be expressed in the follicle cells 

(Zhu et al., 2005; Zhu et al., 2007). The nature of the carbohydrates that represent the 

direct targets of Pipe remains unclear. 

Using a radioactive labeling method, Zhang et al. have identified several protein 

components of the vitelline membrane as the enzymatic and functional targets of Pipe 

(Zhang et al., 2009a). VML was first identified to undergo Pipe-dependent sulfation. A 

vml mutation, Vml
EPgy2

, enhances the dorsalized phenotype associated with pipe
7
, 

demonstrating the involvement of VML in D-V patterning.  Females homozygous for 

Vml
EPgy2

 do not produce dorsalized progeny, indicating that VML is not essential for D-V 

patterning (Zhang et al., 2009a). Using a modified protocol for enriching the insoluble 

extracellular matrix and eggshell proteins, these researchers identified additional proteins 

of the vitelline membrane as substrates for Pipe activity. These proteins are shown to also 

participate in D-V patterning since a reduction of expression of genes encoding some of 

these proteins also enhances the pipe
7
-associated mutant phenotype (Zhang et al., 2009a). 

A scenario has been proposed to explain how Pipe expression in the ventral 

follicle cells leads to spatially-restricted activation of the serine protease cascade in the 

embryo (Zhang et al., 2009a). According to this model, VML and other vitelline 

membrane proteins are expressed and glycosylated in all the follicle cells. They are 

sulfated by Pipe on their carbohydrate moieties only in the ventral follicle cells. 

Following modification, they are secreted into the space between the follicle cells and the 

oocyte and become stably associated with the vitelline membrane nearby their site of 

synthesis in the follicle cell layer. During embryogenesis, these sulfated proteins lead to 

the ventral activation of one or more of the serine proteases in the perivitelline space by 

an unknown mechanism. The activation of this cascade leads to the ventral activation of 

Toll and ultimately to the formation of a gradient of nuclear concentrations of Dorsal 
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which regulates the transcription of zygotic patterning genes to establish D-V axis 

(Morisato and Anderson, 1994; Roth et al., 1989; Rushlow et al., 1989; Schneider et al., 

1994; Steward, 1989). 

VML exhibits some features consistent with its role as the target of Pipe that 

transmits the polarizing signal from the follicle cells to the future embryo. It is expressed 

uniformly throughout the follicle cell layer at a stage when Pipe is expressed (Zhang et 

al., 2009a). After secretion, it is stably incorporated into the vitelline membrane adjacent 

to its site of synthesis in the follicle cell layer (Zhang et al., 2009a). It is glycosylated as 

indicated by its apparent observed size on SDS-PAGE which is much larger than its 

predicted size (Zhang et al., 2009a) and confirmed by a reduction of its apparent size 

upon deglycosylation treatment (Y. Cho, unpublished). However, the structures of the 

carbohydrates that VML bears and the sites of Pipe-mediated sulfation remain unknown. 

To characterize the pattern of glycosylation and the Pipe-mediated sulfation of 

VML, our strategy is to isolate sufficient amount of VML and, in collaboration with Dr. 

Michael Tiemeyer at the University of Georgia, carry out mass spectrometric analysis to 

determine the structures of the sulfated carbohydrates associated with VML. The 

Tiemeyer lab is experienced in characterizing carbohydrate structures in Drosophila 

using mass spectrometry. Based on their experience, a Coomassie Blue-stained gel slice 

containing VML should be sufficient for carrying out structural analysis. VML isolated 

from wild-type, pipe
-
 and pipe-overexpressing backgrounds will be subjected to 

independent assessment of their carbohydrate structures and the outcomes will be 

compared for the determination of the sites of Pipe-mediated sulfation. 

VML is an eggshell protein and is highly insoluble, which poses a challenge to 

obtaining sufficient quantities of purified protein for mass spectrometric analysis. In this 

chapter, I will describe the different purification methods I have tested to try to isolate 
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VML from Drosophila ovaries. And I found that a protocol used by Zhang et al. to 

identify additional protein targets of Pipe, which is specially designed for enriching the 

insoluble extracellular matrix and eggshell proteins (Fakhouri et al., 2006; Zhang et al., 

2009a), could be used to partially purify VML. Coomassie Blue-stained gel slices 

containing the control or experimental samples of VML have been sent to and processed 

by the Tiemeyer lab and the structural analysis is underway. 

 

RESULTS 

Attempts to purify GFP- or RFP-tagged VML using GFP- or RFP-Trap assays 

Our lab has previously made transgenic flies that can express VML bearing a C-

terminal tag, either Green Fluorescent Protein (GFP) or Red Fluorescent Protein (RFP), at 

high levels in female ovaries. I tested the purification of these fusion proteins with 

Chromotek-GFP/RFP-Trap
TM

 which is based on the specific recognition and binding of 

GFP or RFP by their respective antibodies conjugated to agarose beads. Extracts from 15 

pairs of ovaries expressing VML-GFP or VML-RFP were subjected to Trap assays 

followed by Western blot with anti-GFP (for VML-GFP) or anti-VML (for VML-RFP) 

antibodies (Figure 2-1). I was able to detect both fusion proteins at a position 

corresponding to their heavily glycosylated states and the presence of their respective 

tags. As expected, only a small portion of each of the fusion proteins was soluble while 

the majority of the protein was in the pellet following homogenization and centrifugation. 

The soluble fraction of the two fusion proteins was successfully enriched by the 

respective Traps. 

For mass spectrometric analysis, VML needs to be enriched to such a level as to 

be detectable by Coomassie Blue staining. Nearly 1,300 pairs of VML-GFP-expressing  
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Figure 2-1. GFP trap (A) and RFP trap (B) of GFP- or RFP-tagged VML. Ovaries 

expressing VML-GFP or VML-RFP were homogenized followed by high-

speed centrifugation. The resulting supernatant (input) was incubated with 

antibody-conjugated beads in respective Trap assays. The pellet was 

dissolved in protein loading buffer. Proteins that were bound by the beads 

were released by boiling in protein loading buffer. GFP-tagged Ea was used 

as a positive control in GFP Trap. In parallel experiments, ovarian 

homogenates were boiled briefly before centrifugation, to test if it would 

increase VML solubility, and then subjected to manipulations as described 

above (indicated by *). For both VML-GFP and VML-RFP, only a small 

portion of the protein was soluble (input) while the majority of the protein 

was in the pellet. The soluble fraction of each of the fusion proteins was 

enriched by the respective Traps. 

ovaries were dissected and subjected to GFP-Trap followed by SDS-PAGE and 

Coomassie Blue staining. Several protein bands appeared within the range of the size of 

VML-GFP. Individual bands were cut out, transferred onto nitrocellulose membrane and 

blotted with anti-VML antibody. However, none of the bands could be detected by anti-

VML antibody. It is possible that the fixative treatment during staining significantly 

reduced the efficiency of proteins being transferred from the acrylamide gel onto the 
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nitrocellulose membrane, or the Coomassie Blue stain associated with the proteins 

prevented the detection of VML by its antibody. To carry out parallel Trap assays with 

vml 
-
, wild-type and VML-GFP-expressing ovaries and compare their staining patterns 

can provide a means of determining the specific band corresponding to VML-GFP. 

However, I consider this method less advisable for the reason that the low solubility of 

VML under physiological conditions in which Trap assays need to be performed and thus 

the low recovery of the protein from the assays entail the dissection of thousands of 

ovaries,  which is relatively time-consuming and labor-intensive. An alternative method 

will be to increase the solubility of VML and isolate it under denaturing conditions, in 

which case the sulfated carbohydrates on VML will remain unaffected and the purified 

denatured protein can still be used for the structural analysis. 

 

Attempts to purify 6Xhistidine-tagged VML under denaturing conditions 

A protein bearing a polyhistidine tag can be captured by Ni
2+

-charged affinity 

resin through the high-affinity binding of the tandem histidines to the immobilized metal 

ions. After washing away non-selectively bound proteins, the protein of interest can then 

be eluted or displaced from the resin with a reduction in pH or the addition of a 

competitive molecule imidazole. Polyhistidine-tagged proteins can be purified even under 

denaturing conditions since the interaction between histidines and the metal ions does not 

depend on the 3-dimensional structure of the protein or the tag and can sustain under 

stringent denaturing conditions. 

Starting with the transgenic flies our lab has previously made to express VML 

with a C-terminal 6Xhistidine tag (VML-His), I generated flies that expressed VML-His 

in the absence of endogenous VML expression so that the only source of VML to be 
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sulfated by Pipe would be VML-His expressed from the transgene. Ovarian extracts 

containing VML-His were prepared in denaturing buffer and fractionated into supernatant 

and pellet after high-speed centrifugation. The supernatant was applied to Ni
2+

-charged 

affinity resin so that VML-His could bind to the beads and be retained while the unbound 

materials would be carried away from the beads with the flow. Non-selectively bound 

proteins were washed away with a slight reduction in pH and then a low concentration 

(10mM) of imidazole. Proteins that bound specifically and strongly were finally eluted 

with 300mM of imidazole. The entire procedure was carried out with denaturing buffers. 

An aliquot of sample taken at each step was analyzed by Western blot with anti-VML 

antibody (Figure 2-2). 

As seen with Western blot, VML-His showed increased solubility in denaturing 

buffer as compared to the solubility of VML-GFP or -RFP in non-denaturing buffer, 

although a complete solubility of VML-His could not be achieved.  Unexpectedly, most 

of the soluble VML-His was not bound or retained by the affinity resin and appeared in 

the “unbound” fraction. Only a small portion of the soluble VML-His bound strongly to 

the resin, sustained the washing steps and was eluted and concentrated in the final 

“elution” fraction.  I suspect two possible reasons to account for the observed weak 

binding of VML-His to the beads. One possibility is that the 6XHis tag was processed 

away from VML-His in more mature egg chambers during the process of eggshell 

maturation, in which extensive rearrangement, proteolysis and crosslinking of eggshell 

proteins occur, while VML-His in young egg chambers still retains the tag. However, the 

finding that fluorescently-labeled VML (VML-GFP and VML-RFP) can be detected in 

the vitelline membrane argues against this. Alternatively, the 6XHis tag may remain 

attached to VML, but the complex carbohydrate structures on VML may somehow 

restrict the access of the resin to the small tag, resulting in an impaired binding capacity. 
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Figure 2-2.  Purification of 6XHis-tagged VML under denaturing conditions. 
Ovarian extracts were prepared from females expressing VML-His from the 

transgene without endogenous VML expression. VML-His was quite 

soluble in denaturing buffer (supernatant) although its solubility was not 

complete since a significant portion of the protein was found in the pellet. 

The supernatant was applied onto Ni
2+

-charged affinity resin. Most of the 

soluble VML-His could not be bound or retained by the resin (unbound). 

Subsequent washing steps employing a slight reduction in pH (pH6.0 wash) 

and the addition of 10mM of imidazole (low [imidazole] wash) caused 

dissociation of a small amount of bound VML-His from the resin. Only a 

small fraction of VML-His bound to the resin strongly and specifically, 

sustained the washing steps and was finally eluted and concentrated with the 

addition of 300mM of imidazole (high [imidazole] elution). 

The two purification systems I described above both operate to isolate proteins 

that are solubilized in the appropriate working solutions, a feature that limits their 

application in my attempts to obtain large quantities of an eggshell protein. This leads us 

to consider different strategies that can be used to isolate VML. Instead of extracting the 

soluble protein, I can try enriching and purifying the predominant, insoluble portion of 

VML. 
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Partial purification of VML using an extracellular matrix and eggshell protein 

enrichment protocol 

A protocol initially developed by Fakhouri et al. to isolate the extracellular matrix 

and eggshell proteins has been modified and used by Zhang et al. to identify additional 

vitelline membrane proteins that are sulfated by Pipe (Fakhouri et al., 2006; Zhang et al., 

2009a). It involves several rounds of low-speed centrifugation of ovarian extracts. Pellets 

are always retained. After digestion with DNase I and RNase A, a high-speed 

centrifugation finally separates the insoluble eggshell proteins from the soluble ones. 

Ovarian extracts prepared from vml 
-
, wild-type and pipe-overexpressing females 

were subjected to treatments according to the above procedure.  The final pellets were 

obtained after the high-speed centrifugation and analyzed by SDS-PAGE followed by 

Coomassie Blue staining or by Western blot with anti-VML antibody (Figure 2-3).  In the 

Coomassie Blue-stained gel, a strong protein band migrating at the position of the 

apparent size of VML was present in the extracts from wild-type females, but not in those 

from vml 
-
 females. This protein was detected by anti-VML antibody in Western blot, 

confirming that it was VML.  In the extracts from pipe-overexpressing females, VML 

appeared as a broader band with some of the protein showing retarded migration. This is 

consistent with a situation in which an unusually high level of Pipe expression driven by 

the strong Cy2Gal4 driver and the resulting elevation of sulfotransferase activity in the 

follicle cells lead to more extensive sulfation of the carbohydrates on VML, affecting the 

migratory behavior of these molecules in SDS-PAGE. Individual gel pieces that 

contained VML from wild-type extracts, control sample at the corresponding position 

from vml 
-
, and the broader band of VML from pipe-overexpressing extracts were cut out 

and sent to the Tiemeyer lab for mass spectrometric analysis. 
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Figure 2-3. Partial purification of VML using an extracellular matrix and eggshell 

protein enrichment protocol. Ovarian extracts prepared from vml 
-
, wild-

type and pipe-overexpressing females were subjected to treatments designed 

to isolate the insoluble proteins from the extracellular matrix and the 

eggshell. The final pellets were analyzed by SDS-PAGE followed by 

Coomassie Blue staining (A) or by Western blot with anti-VML antibody 

(B). VML was successfully enriched as a strong band in the extracts from 

wild-type females, but not in the extracts from vml 
-
 females. In pipe-

overexpressing extracts, VML appeared as a broader band with some of the 

protein showing retarded migration. Gel pieces that contained VML from 

wild-type extracts, control sample from vml 
-
 extracts at the corresponding 

position, and the broader band of VML from pipe-overexpressing extracts 

(dashed open rectangles) were excised and sent to our collaborator for mass 

spectrometric analysis of the sulfated carbohydrate structures on VML. Note 

that the two protein bands present uniquely in pipe-overexpressing extracts 

(arrows) were identified by mass spectrometry as fragments of Defective 

chorion-1 (Dec-1), a structural protein of the eggshell which is not involved 

in embryonic D-V patterning. 
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I also noticed two protein bands that were present only in pipe-overexpressing 

extracts, but not in vml 
-
 or wild-type extracts, in Coomassie Blue-stained gel.  They were 

subsequently identified by mass spectrometry as fragments of Defective chorion-1 (Dec-

1), a structural protein of the eggshell (Hawley and Waring, 1988).  Dec-1 is not involved 

in embryonic D-V patterning. A mutation affecting dec-1 does not enhance the severity 

of pipe
7
 mutant phenotype (Zhang et al., 2009a).  It is likely that, with Pipe 

overexpression, the unusually high level of VML sulfation somehow affects the integrity 

or the composition of the eggshell. Since the eggshell morphogenesis is not our main 

focus, the mechanism behind the structural change of Dec-1 is not further investigated. 

 

FUTURE WORK 

Based on the information from mass spectrometric analysis, Drosophila proteins 

likely to be involved in the glycosylation of VML will be identified. The activity of the 

identified glycosyltransferases will then be reduced or eliminated in the follicle cells and 

the D-V patterning of the resulting embryos will be examined to determine if the 

characterized carbohydrate structures are relevant to D-V patterning. If mutations of 

putative glycosyltransferase genes are available, FLP/FRT site-directed recombination 

system will be used to generate mutant follicle cell clones and their effects on embryonic 

D-V patterning will be examined. For genes for which mutations are not available, tissue-

specific Gal4 and UAS-driven RNAi constructs will be used to specifically knock down 

gene expression in the follicle cells. The resulting embryos will be examined for their 

gastrulation patterns and the cuticle morphologies. If dorsalized phenotype is observed, it 

will provide evidence that the identified carbohydrate structures are functionally relevant 

to D-V patterning of the embryo. 
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MATERIALS AND METHODS 

GFP/RFP-Trap 

15 pairs of ovaries expressing VML-GFP or VML-RFP were dissected in PBS 

and homogenized in 100 µl of lysis buffer (10 mM Tris·Cl, pH7.5, 150 mM NaCl, 0.5 

mM EDTA, 0.1% SDS, 0.5% NP40 containing 1X protease inhibitor cocktail). The 

homogenates were centrifuged at 13,500 rpm for 10 min at 4
o
C. The supernatant was 

transferred to 10 µl of GFP/RFP-Trap beads (Chromotek, Planegg-Martinsried, 

Germany) pre-equilibrated in dilution buffer (10 mM Tris·Cl, pH7.5, 150 mM NaCl, 0.5 

mM EDTA containing 1X protease inhibitor cocktail), and the total volume was brought 

up to 500 µl with the addition of dilution buffer. The mixture was then incubated with 

gentle rotation for 2 hrs at 4
o
C, followed by centrifugation at 2,500 rpm for 2 min at 4

o
C. 

The supernatant was discarded and the pellet was washed three times with dilution buffer. 

The final pellet was resuspended in 10 µl of 2X protein loading buffer and boiled for 10 

min at 95
 o

C to dissociate the bound proteins from the beads. Different samples were 

analyzed by 8% SDS-PAGE followed by Western blot. 

 

Affinity purification of 6XHis-tagged VML 

0.5 ml (1 Column Volume/CV) of Ni
2+

-charged affinity beads (His-Select Nickel 

affinity Gel, Sigma-Aldrich, St. Louis, MO) were washed and equilibrated in binding 

buffer (50 mM Na·PO4, pH 7.8, 500 mM NaCl, 8M urea containing 1X protease inhibitor 

cocktail). 190 pairs of ovaries expressing 6XHis-tagged VML in the absence of 

endogenous VML expression were dissected in PBS and homogenized in 1.5 ml of 

binding buffer. The homogenates were centrifuged at 13,000 rpm for 30 min at 4
o
C. The 

resulting supernatant was loaded onto the pre-equilibrated beads and the unbound 
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materials that flowed through the column were collected. The beads were then washed 

with 8 CV of binding buffer, 5 CV of pH6.0 wash buffer (50 mM Na·PO4, pH 6.0, 500 

mM NaCl, 8M urea), and 5 CV of low [imidazole] wash buffer (50 mM Na·PO4, pH 6.0, 

500 mM NaCl, 8M urea, 10 mM imidazole). Proteins that bound strongly and specifically 

to the beads were finally eluted with 1 CV of high [imidazole] elution buffer (50 mM 

Na·PO4, pH 6.0, 500 mM NaCl, 8M urea, 300 mM imidazole). An aliquot of sample 

taken at each step was examined by 7% SDS-PAGE followed by Western blot. 

 

Purification of VML from ovarian extracellular matrix and eggshell preparations 

Partial purification of VML from ovarian extracellular matrix and eggshell 

preparations was carried out according to the protocol described by Zhang et al. (Zhang 

et al., 2009a). 100 pairs of ovaries from females of the indicated genotype were dissected 

and used in each assay. The final pellet was dissolved in 35-40 µl of 3X protein loading 

buffer and subjected to 7% SDS-PAGE followed by Coomassie Blue staining (EZBlue 

Gel Staining Reagent, Sigma-Aldrich, St. Louis, MO) or by Western blot. 

 

Western blot 

The anti-serum raised in guinea pig against VML was generated by Zhenyu 

Zhang. The primary antibody (1:1,000) was detected by HRP-conjugated goat anti-guinea 

pig antibody (1:30,000), and the signal was detected using Pierce SuperSignal Detection 

System (Pierce, Rockford, IL). For detection of GFP-tagged VML, mouse monoclonal 

antibody against GFP (1:1,000) (Santa Cruz Biotechnology, Santa Cruz, CA) and HRP-

conjugated goat anti-mouse IgG (1:5,000) (Thermo Scientific, Rockford, IL) were used. 
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Chapter 3:  Identification of proteins that interact with VML 

INTRODUCTION 

Drosophila embryonic D-V polarity is defined by the asymmetric expression of 

Pipe in the egg chamber. Pipe is expressed in ventral cells of the follicular epithelium that 

surrounds the developing oocyte (Sen et al., 1998). It is a sulfotransferase that transfers 

sulfate groups to several vitelline membrane proteins including VML (Zhang et al., 

2009a; Zhu et al., 2005). These sulfated vitelline membrane proteins represent a ventral 

cue that persists through subsequent oogenesis and early embryogenesis until the time 

when it is needed to somehow trigger the activation of a serine protease cascade on the 

ventral side of the embryo. GD, Snk and Ea are produced as zymogens and are secreted 

into the perivitelline space surrounding the embryo. On the ventral side, GD cleaves and 

activates Snk, which then cleaves and activates Ea (Chasan et al., 1992; Han et al., 2000; 

Jin and Anderson, 1990; Sen et al., 1998; Smith and DeLotto, 1994). The active Ea 

processes Spz precursor into an active ligand for Toll receptor (Morisato and Anderson, 

1994; Schneider et al., 1994).  The ventral activation of Toll is transmitted inside the 

embryo, leading to the formation of a ventral-to-dorsal nuclear gradient of Dorsal that 

specifies different cell fates along the D-V axis (Roth et al., 1989; Rushlow et al., 1989; 

Steward, 1989). 

It is not known how the Pipe-sulfated vitelline membrane proteins lead to the 

ventral activation of the serine protease cascade in the embryo. Recent studies show that 

the first Pipe-dependent and thus ventrally-restricted step in the serine protease cascade is 

the cleavage of Ea by Snk (Cho et al., 2010). In pipe mutant background, the cleavage of 

GD and Snk was not affected while the cleavage of Ea and Spz was abolished (Cho et al., 

2010). Overexpression of pipe throughout the follicle cell layer led to an increase in the 

processing of Ea and Spz, but not the processing of Snk (Cho et al., 2010). Interestingly, 
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GD has been found to be directly involved in the processing of Ea by Snk. The existence 

of two complementing classes of gd alleles, one carrying mutations in the C-terminal 

catalytic domain (gd
10

 class) and the other representing lesions in the N-terminal region 

(gd
2
 class), suggests two distinct functions associated with the two regions of GD protein 

(Ponomareff et al., 2001). In gd
2
 maternal mutants, Ea failed to be processed while Snk 

was processed normally (Cho et al., 2012). Overexpression of different forms of GD with 

an intact N-terminal region in otherwise wild-type background caused an increase in Ea 

processing and ventralization of progeny embryos, while overexpression of the N-

terminal defective or truncated forms of GD did not perturb Ea processing or the 

embryonic phenotype (Cho et al., 2012). These observations show that the N-terminal 

region of GD performs a second, non-catalytic function that is required for the processing 

of Ea by Snk (Cho et al., 2012). 

The simultaneous requirements of Ea processing for pipe activity and the second 

function of GD suggest GD as a possible link between the Pipe targets and the ventral 

activation of the serine proteases. Evidence for this hypothesis comes from findings that 

GD shows a ventral localization pattern that is dependent on pipe activity and its second 

function (Cho et al., 2012). Wild-type GD-GFP, as well as gd
10

 class-encoded GD-GFP, 

when injected into the perivitelline space of otherwise wild-type embryos, exhibited 

ventral localization. Injection of wild-type GD-GFP into pipe mutant-derived embryos 

did not result in any observable localization pattern. The gd
2
 class-encoded, N-terminal 

defective forms of GD-GFP similarly did not show ventral localization when transplanted 

into wild-type recipient embryos (Cho et al., 2012). A model has been proposed in which 

GD interacts with the Pipe targets in the ventral vitelline membrane via its N-terminal 

region to bring about its ventral localization and this interaction is essential for the 

processing of Ea by Snk (Cho et al., 2012). 
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GD, Snk and Ea have been shown to exist in stable complexes with one another 

even in the absence of pipe activity, although, without pipe activity, Ea is not processed 

(Cho et al., 2012; Cho et al., 2010). It is possible that pipe activity is required for the 

interactions between these proteins to be productive so that Ea can be processed and 

activated, and the interaction between GD and the Pipe targets somehow induces such a 

productive interaction to occur. To find out whether GD, or other serine proteases, or 

some unknown proteins interact with the Pipe targets such as VML and, if so, how they 

interact will lead to better understanding of the mechanism behind the ventrally-

restriction activation of the serine protease cascade in the embryo. 

To identify proteins that interact with VML, we will use a strategy that combines 

inducible in vivo biotinylation of VML, reversible protein crosslinking and Streptavidin 

affinity purification of crosslinked complexes under denaturing conditions. BirA is an E. 

coli biotin protein ligase that attaches biotin to a specific 15-amino acid biotin acceptor 

peptide (BAP). in vivo biotinylation will be carried out by co-expressing VML bearing a 

BAP tag at the N or C terminus and BirA carrying an N-terminal signal peptide and a C-

terminal ER-retention signal, in the follicle cells using tissue-specific Gal4/UAS system. 

2-4-hr eggs from females expressing BAP-tagged VML and BirA will be treated with 

formaldehyde to reversibly crosslink VML to its interacting proteins. The biotinylated 

VML together with any proteins to which it has been crosslinked will be purified by 

Streptavidin affinity chromatography under denaturing conditions. Linkages between 

VML and co-purified proteins will be severed by boiling of the material in protein 

loading buffer. Streptavidin from bacteria and its avian homologue Avidin bind biotin 

with extremely high affinity, irreversibility and incredibly high specificity. This 

interaction represents the strongest non-covalent interaction known so far and can sustain 

under very stringent denaturing conditions. Franco et al. have recently reported a similar 
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approach based on in vivo biotinylation of ubiquitin and NeutrAvidin (a commercial 

derivative of Streptavidin) purification in denaturing conditions to isolate neuronal 

ubiquitinated proteins from Drosophila embryos (Franco et al., 2011). 

BAP-tagged VML expressed in wild-type, pipe
-
 or pipe-overexpressing females 

will be subjected to the same manipulation in parallel experiments. The purified materials 

from these experiments will be analyzed by Western blot to determine if GD, Snk, Ea or 

Spz interacts with VML in a Pipe-dependent manner, or by Coomassie Blue staining to 

reveal proteins that are present only in wild-type and pipe-overexpressing background. 

Such protein bands will be excised and subjected to mass spectrometric analysis for 

identification. 

In some aspects, VML resembles Tsl which functions during terminal patterning. 

Both proteins carry positional information that is necessary to trigger the spatially-

restricted activation of a uniformly-distributed receptor in the embryonic membrane. In 

terminal patterning, Tsl is expressed in two patches of follicle cells adjacent to the two 

ends of the developing oocyte (Savant-Bhonsale and Montell, 1993). After secretion, it 

becomes stably localized to the two poles of the vitelline membrane facing the embryo 

(Stevens et al., 2003). It is believed that this polar localization of Tsl leads to the local 

formation of an active ligand for the uniformly-distributed Torso receptor (Casanova and 

Struhl, 1989; Sprenger et al., 1989). The ligand for Torso is probably Trk which is 

uniformly distributed in the perivitelline space (Casanova et al., 1995). A C-terminal 

fragment of Trk is sufficient to activate Torso signaling (Casali and Casanova, 2001). It 

has been proposed that a proteolytic cleavage is needed to transform Trk into an active 

ligand for Torso, and Tsl at the two poles of the egg promotes such a cleavage and 

transformation of Trk locally. To find out if Trk or some other proteins interact with Tsl 

and, if so, how they interact will improve our understanding of how Tsl functions during 
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terminal patterning. A similar strategy combining in vivo biotinylation of Tsl, reversible 

protein crosslinking and Streptavidin affinity purification under denaturing conditions 

will be used to identify proteins that interact with Tsl. 

 

RESULTS 

Transgenic expression of BirA in the follicle cells 

Transgenic flies that carried a transgene encoding BirA with an N-terminal Ea 

signal peptide and a C-terminal ER-retention signal (KEEL) commonly found in 

Drosophila ER-resident proteins were generated by our lab. I used a strong Cy2-Gal4 

driver to direct the expression of BirA to the somatic follicle cells so that the enzyme 

would be in the secretory pathway in the follicle cells and be able to biotinylate BAP-

tagged VML when co-expressed with it. I first tested if the BirA transgene could be 

expressed by doing Western blot analysis of ovarian extracts prepared from wild-type or 

Cy2-Gal4/UAS-BirA females (Figure 3-1 A). The anti-BirA antibody specifically 

recognized a protein band, with the expected molecular mass of BirA, in Cy2-Gal4/UAS-

BirA ovarian extracts but not in wild-type sample, confirming that BirA was expressed. 

I then examined if BirA was expressed in the follicle cells by doing 

immunostaining of wild-type or BirA-expressing ovaries (Figure 3-1 B).  Chicken anti-

BirA and Rhodamine-conjugated goat anti-chicken IgY were used as primary and 

secondary antibodies. BirA began to be expressed in the follicle cells of stage 10 egg 

chambers.  No staining was observed in wild-type ovaries. 

 

in vitro activity of transgenically-expressed BirA 

BirA attaches biotin to the BAP tag fused to a protein of interest. The activity of  
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Figure 3-1.  Transgenic expression of BirA in the follicle cells. (A) Western blot 

analysis of ovarian extracts prepared from wild-type (lane 1) and Cy2-

Gal4/UAS-BirA females (lane 2) with anti-BirA antibody. A protein band 

with the expected molecular mass of BirA (arrow) was present in Cy2-

Gal4/UAS-BirA extracts, but not in wild-type extracts. An endogenous 

protein that reacted non-specifically with anti-BirA antibody was present in 

both samples (arrowhead). (B) immunostaining of ovaries from wild-type 

(upper panel) and Cy2-Gal4/UAS-BirA females (lower panel). Phase 

contrast images are shown on the left. The corresponding fluorescence 

images are shown on the right. 
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BirA can be assessed by examining the biotinylation of the tagged substrate protein. 

Streptavidin/Avidin binds biotin with extraordinary strength and extremely high affinity, 

an affinity much higher than that of antibody for most antigens. The system I used to 

detect biotinylated proteins, the Vectastain ABC kit, is based on the interaction between 

Avidin and biotin. Avidin has four binding sites for biotin. A complex is pre-formed 

between Avidin and biotinylated horseradish peroxidase (HRP) while some biotin-

binding sites remain unoccupied. The pre-formed complex can then be applied to proteins 

blotted onto a nitrocellulose membrane to allow recognition of any proteins that are 

biotinylated. The presence of the biotinylated target proteins can be revealed by use of a 

fluorescent substrate for HRP. 

I carried out in vitro biotinylation assays to test if the trangenically-expressed 

BirA was active. A commercial un-biotinylated protein, maltose binding protein (MBP) 

with a BAP tag, was used as substrate for BirA, while its biotinylated derivative served as 

a positive control for the detection system. Ovarian extracts from wild-type or Cy2-

Gal4/UAS-BirA females were combined with or without the substrate. Reactions were 

allowed to proceed for 3 hrs. Samples were taken every hour. The biotinylated proteins 

were detected with the Vectastain ABC kit (Figure 3-2). An endogenous biotinylated 

protein with a molecular mass between 80 and 175 KDa was present in wild-type and 

BirA-expressing extracts, which was previously observed by Franco et al. in their 

experiments of in vivo ubiquitin biotinylation (Franco et al., 2011). The BAP-tagged 

substrate protein was biotinylated strongly in the presence of BirA, beginning at the first 

hour of reaction. None of the endogenous ovarian proteins in the wild-type, BirA-minus 

extracts could induce such a reaction, although a slight amount of non-specific 

biotinylation of the substrate was seen after 3 hours of incubation.  Importantly, BirA did 

not stimulate biotinylation of endogenous proteins in a non-specific manner, 
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demonstrating its extraordinarily high specificity towards the BAP tag. To summarize, 

the in vitro biotinylation assays definitely show that BirA expressed in Drosophila 

follicle cells has very strong and specific activity. 

 

Figure 3-2. in vitro activity of transgenically-expressed BirA. The un-biotinylated, 

BAP-tagged MBP was used as substrate while the completely biotinylated 

form of MBP-BAP served as a positive control for the detection system, the 

Vectastain ABC kit. Ovarian extracts from wild-type (BirA-) or Cy2-

Gal4/UAS-BirA (BirA+) females were combined with (substrate+) or 

without (substrate-) the substrate. Reactions were allowed to proceed for 3 

hrs. Time points were taken every hour. An endogenous biotinylated protein 

with a molecular mass between 80 and 175 KD (arrowhead) was present in 

wild-type and BirA-expressing extracts. The BAP-tagged substrate protein 

(arrow) was strongly biotinylated in vitro in the presence of BirA (BirA+ 

substrate+). None of the endogenous ovarian proteins could induce such a 

strong reaction (BirA- substrate+). BirA did not stimulate non-specific 

biotinylation of endogenous proteins that lack the BAP tag (BirA+ 

substrate-). 
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in vivo biotinylation of Tsl 

Transgenic flies carrying a transgene for Tsl tagged with a BAP at the C terminus 

were generated by our lab.  To test if the transgene in different lines could be expressed 

and if the protein could be biotinylated, I crossed each line to Cy2-Gal4 UAS-BirA 

recombinant flies that I generated previously so that the Cy2-Gal4 driver could drive the 

expression of both BirA and Tsl-BAP in the follicle cells. Ovarian extracts were prepared 

from females carrying Cy2-Gal4 UAS-BirA and UAS-Tsl-BAP, and biotinylated proteins 

were detected with the Vectastain ABC kit (Figure 3-3). 

A biotinylated protein with a molecular mass consistent with the expected size of 

Tsl-BAP was observed in 5 out of the 6 transgenic lines, but was absent in wild-type 

extracts, showing that Tsl-BAP was expressed and also biotinylated by BirA. Two lines, 

#3 and #4, showed the highest levels of biotinylation, possibly because they expressed 

Tsl-BAP at the highest levels among the 6 lines. I also noticed that eggs laid by females 

expressing biotinylated Tsl-BAP from these two lines did not hatch. I speculate that the 

biotinylated Tsl-BAP was functional and, at high levels, could cause a gain-of-function 

terminalizing phenotype. 

 

in vivo biotinylation of VML 

I have generated transgenic flies carrying a transgene that encodes VML bearing a 

BAP tag at the N terminus following the signal peptide. I crossed some of the transgenic 

lines I obtained to Cy2-Gal4 UAS-BirA recombinant flies to allow the co-expression of 

BAP-VML and BirA in the follicle cells and the posttranslational biotinylation of BAP-

VML by BirA in the ER. Ovarian extracts were prepared from wild-type flies or females 

carrying Cy2-Gal4 UAS-BirA and UAS-BAP-VML, and were subjected to SDS-PAGE 

and detection with the Vectastain ABC kit. One transgenic sample was analyzed  
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Figure 3-3. in vivo biotinylation of Tsl-BAP. Ovarian extracts prepared from wild-type 

flies (lane 1) and females carrying Cy2-Gal4 UAS-BirA recombinant 

chromosome and the UAS-Tsl-BAP transgene from one of the 6 transgenic 

lines (lanes 2-7) were analyzed for biotinylated proteins with the Vectastain 

ABC kit. A biotinylated protein with the expected molecular mass of Tsl-

BAP (arrow) was present in 5 out of the 6 transgenic lines, but not in wild-

type sample. Among the 6 lines, lines 3 and 4 showed the highest levels of 

biotinylation. An endogenous biotinylated protein was detected in all the 

samples (arrowhead). 

alongside on the same blot by Western blot to show the position of VML (Figure 3-4). 

Treatment with the Vectastain ABC kit revealed that the 6 transgenic lines that I 

chose to test all showed strong biotinylation of VML as compared to wild-type sample. 

With comparable sample loading in each lane and simultaneous exposure of the whole 

blot, the endogenous biotinylated protein can be barely seen in the wild-type sample. To 

summarize, BAP-VML was expressed and efficiently biotinylated in vivo by BirA. 
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Figure 3-4. in vivo biotinylation of BAP-VML. Ovarian extracts prepared from wild-

type flies (lane 1) and females carrying Cy2-Gal4 UAS-BirA recombinant 

chromosome and the UAS-BAP-VML transgene from one of the 6 transgenic 

lines chosen to be tested (lanes 2-7) were analyzed for biotinylated proteins 

with the Vectastain ABC kit. The sample from transgenic line 1 (lane 2) was 

also loaded in lane 9 for Western blot analysis to indicate the position of 

VML on the same blot. With comparable sample loading, all 6 transgenic 

lines showed strong biotinylation of BAP-VML as compared to the wild-

type sample. 

 

FUTURE WORK 

The biotinylated BAP-VML will be purified under denaturing conditions with 

Streptavidin affinity resin from female ovaries to develop a purification scheme. A 

similar protocol can then be used to isolate the biotinylated protein from eggs where 

VML interacts with and passes ventralizing information on to its downstream effector(s). 
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Reversible protein crosslinking can be carried out with 2-4-hr eggs from females 

expressing biotinylated BAP-VML in otherwise wild-type, pipe
-
 or pipe-overexpressing 

backgrounds. Such eggs will be collected, dechorionated, and their vitelline membranes 

will be permeabilized with heptane, followed by treatment with formaldehyde to 

reversibly crosslink VML to its interacting partner(s). Homogenates will be prepared and 

the biotinylated BAP-VML, along with any proteins that have been crosslinked to VML, 

will be purified under denaturing conditions according to the previously established 

protocol. 

The purified materials will be subjected to Western blot analysis to determine if 

any of the known dorsal group proteins interacts with VML in a Pipe-dependent manner, 

or to SDS-PAGE and Coomassie Blue staining to reveal proteins that are uniquely 

present in wild-type and pipe-overexpressing samples. Mass spectrometric analysis will 

be carried out to determine the identities of such proteins. 

The biotinylated Tsl-BAP will be subjected to similar manipulations, except that 

only eggs from females expressing biotinylated Tsl-BAP in otherwise wild-type 

background will be needed, for the identification of Tsl-interacting protein(s) involved in 

terminal patterning. 

 

MATERIALS AND METHODS 

Immunostaining for BirA 

Ovaries from females of the indicated genotype were dissected in PBS, ripped 

open to expose ovarioles, and fixed in fixative (300 µl of 5% paraformaldehyde in PBS + 

800 µl of heptane) for 15 min with gentle rotation. After fixation, the ovaries were 

washed three times with methanol (MeOH) and then rehydrated with decreasing 
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concentrations of MeOH in PBST (PBS + 0.1% Tween 20): 75% MeOH/25% PBST, 

50% MeOH/50% PBST, 25% MeOH/75% PBST, and 100% PBST. The ovaries were 

then blocked in PBSTB (PBST + 1% BSA) for 3X30 min and in PBSTB containing 10% 

goat serum (PBSTB*) for 30 min, followed by incubation with pre-absorbed chicken 

anti-BirA antibody (1:200, diluted in PBSTB) (Novus Biologicals, Littleton, CO) 

overnight at 4
o
C. After removal of the primary antibody, the ovaries were washed with 

PBSTB for 4X30 min and with PBSTB* for 30 min, and then incubated with pre-

absorbed, Rhodamine-conjugated goat anti-chicken IgY (1:500, diluted in PBSTB) 

(Novus Biologicals, Littleton, CO) for 2 hrs at room temperature under foil cover. After 

removal of the secondary antibody, the ovaries were washed with PBSTB for 3X30 min 

and then mounted in 50 µl of 50% glycerol on a glass slide. The preparation was 

examined under a conventional fluorescent microscope. 

 

in vitro assay for BirA activity 

The substrate for BirA ligase activity was unbiotinylated Maltose Binding Protein 

(MBP) with a BAP tag (Avidity, Aurora, CO). The fully biotinylated MBP-BAP 

(Avidity, Aurora, CO) was used as positive control for biotinylation detection system. 

Ovaries from wild-type or Cy2-Gal4/UAS-BirA females were dissected in PBS, 

homogenized in 100 µl of reaction buffer (50 mM Tris·Cl, pH 8.1, 500 mM K·glutamate, 

0.1% Tween 20 containing 1X protease inhibitor cocktail), followed by centrifugation at 

13,500 rpm for 15 min at 4
o
C. The resulting supernatant was used as nought or the source 

of BirA, respectively. The in vitro ligation reaction was carried out in four combinations 

as listed below, at 37
o
C for 3 hrs with time point samples taken every hour. 
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BirA - - + + 

substrate - + - + 

extracts (µl) 36 (wild-type) 36 (wild-type) 36 (BirA+) 36 (BirA+) 

1mg/ml MBP-BAP (µl) 0 12 0 12 

100 mM ATP (µl) 6 6 6 6 

50 mM Biotin (µl) 6 6 6 6 

reaction buffer (µl) 12 0 12 0 

 

Detection of biotinylated proteins 

The Vectastain ABC reagent (Vector Laboratories, Burlingame, CA) was used to 

detect biotinylated proteins that had been transferred from an SDS-polyacrylamide gel 

onto a nitrocellulose membrane. 60 µl of each of solution A and solution B was added 

into 7 ml of 1X Casein solution and incubated for 30 min to allow the pre-formation of 

complex between Avidin and biotinylated HRP. The nitrocellulose membrane was first 

blocked in 1X Casein solution for 30 min, followed by incubation in the A+B solution for 

30 min. After four washes with 1X Casein solution over 20 min, the signal produced by 

the bound HRP was detected using Pierce SuperSignal Detection System (Pierce, 

Rockford, IL). 

 

Western blot 

The anti-serum raised in guinea pig against VML was generated by Zhenyu 

Zhang. The primary antibody (1:1,000) was detected by HRP-conjugated goat anti-guinea 

pig antibody (1:30,000), and the signal was detected using Pierce SuperSignal Detection 

System (Pierce, Rockford, IL). For the detection of transgenically-expressed BirA, 
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chicken polyclonal antibody against BirA (1:1,000) (Novus Biologicals, Littleton, CO) 

and HRP-conjugated donkey anti-Chicken IgY (1;20,000) (Novus Biologicals, Littleton, 

CO) were used. 
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