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Abstract:
lgp-A and lgp-B are membrane-spanning glycoproteins found primarily in lysosomes, and to a much
lesser extent on the cell surface. The amino acid sequence of the lgp-A transmembrane domain (TMD)
is mostly unchanged between known species (mouse, rat, hamster, human, bovine, chicken), suggesting
an important role in targeting or function of the protein. The first hypothesis addressed by this research
is: The TMD contains information influencing lgp-A subcellular distribution . To address this
possibility, amino acids found in all lgp TMDs were mutated, and changes in the proportion of mutated
molecules on the cell surface measured: The TMD proline was changed to alanine (PA), while the
TMD tyrosine was changed to phenylalanine, histidine or serine (YF, YH or YS), while another mutant
(TMA7) had seven amino acids deleted from its TMD. Cell surface targeting of newly-synthesized
lgp-A was increased in PA, YF and TMA7 lgp-A, and steady-state distribution to the cell surface was
also increased in PA and TMA7 lgp-A. Increases in surface expression of the lgp mutants did not
correlate with increased lgp expression levels, so changes in subcellular distribution of lgp-As were due
to TMD mutations. The second hypothesis addressed was as follows: Reducing or increasing lgp
expression will reveal functions for these proteins. Antisense nucleotide technology was used to
decrease lgp-A expression in tissue culture cells; this approach was not successful in reducing lgp-A
expression levels such that a phenotype was observed’ A gain of function experiment was conducted
by generating mice transgenic for the hamster lgp-B cDNA: Founder mice — mice that incorporated
the hamster lgp-B cDNA into their genomes after DNA injection of fertilized eggs — were able to
express the hamster lgp-B protein. Some offspring were determined to be transgenic by Southern blot,
but no offspring were identified as transgenic by PCR genetic screen or as expressing hamster lgp-B. 
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A BSTRA CT

Igp-A and Igp-B are membrane-spanning glycoproteins found primarily in 
lysosomes, and to a much lesser extent on the cell surface. The amino acid sequence of 
the Igp-A transmembrane domain (TMD) is mostly unchanged between known species 
(mouse, rat, hamster, human, bovine, chicken), suggesting an important role in 
targeting or function of the protein. The first hypothesis addressed by this research is: 
The TMD contains information influencing Igp-A subcellular distribution . To address 
this possibility, amino acids found in all Igp TMDs were mutated, and changes in the 
proportion of mutated molecules on the cell surface measured: The TMD proline was 
changed to alanine (PA), while the TMD tyrosine was changed to phenylalanine, 
histidine or serine (YF, YH or YS), while another mutant (TMA7) had seven amino 
acids deleted from its TMD. Cell surface targeting of newly-synthesized Igp-A was 
increased in PA, YF and TMA7 Igp-A, and steady-state distribution to the cell surface 
was also increased in PA and TMA7 Igp-A. Increases in surface expression of the Igp 
mutants did not correlate with increased Igp expression levels, so changes in subcellular 
distribution of Igp-As were due to TMD mutations. The second hypothesis addressed 
was as follows: Reducing or increasing Igp expression will reveal functions for these 
proteins. Antisense nucleotide technology was used to decrease Igp-A expression in 
tissue culture cells; this approach was not successful in reducing Igp-A expression 
levels such that a phenotype was observed’ A gain of function experiment was 
conducted by generating mice transgenic for the hamster Igp-B cDNA: Founder mice — 
mice that incorporated the hamster Igp-B cDNA into their genomes after DNA injection 
of fertilized eggs — were able to.express the hamster Igp-B protein. Some offspring 
were determined to be transgenic by Southern blot, but no offspring were identified as 
transgenic by PCR genetic screen or as expressing hamster Igp-B.
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CH A PTER I  

IN T R O D U C TIO N

The Nature of Lysosomal Membranes

Lysosomes are eukaryotic organelles with the ability to degrade nucleic acids, 

proteins, polysaccharides and lipids to lOw-molecular weight products [I]. This is 

accomplished via a number of acid hydrolases contained within a specialized membrane 

able to contain the enzymes and accept molecules destined for degradation from other 

compartments. This membrane is an extraordinary feature of lysosomes, as it is able to 

resist degradation by the very enzymes it contains. Little is known, however, about 

how lysosomal membranes accomplish this; the most widely held theory is that the 

lysosomal membrane protects itself by virtue of a coat formed by highly glycosylated 

proteins integral to the membrane [1-3]. Two highly glycosylated proteins, Igp-A and 

Igp-B, are major components of this membrane, and the study of their targeting and 

potential functions are the subject of this thesis.

Identification of Lysosomal Membrane Glycoproteins (Igps)

Lysosomal membrane glycoproteins A and B (Igp-A and Igp-B) were originally 

isolated as presumptive plasma membrane glycoprotein in mouse NIH/3T3 cells by 

Hughes and August [4]. Ho et al. [5] found that the mouse macrophage differentiation 

antigen Mac-3 (later shown to be Igp-B [6]), was expressed in lung, liver, blood



2

marrow and spleen, but not in brain, thymus, heart and lymph node. No attempt to 

localize the protein subcellularly was made, so the association of Mac-3 with lysosomes 

was not noted. Lewis et al., [7] demonstrated that Igp-A colocalizes with acid 

phosphatase in lysosomes, although they were unaware that they were working with 

homologues of the proteins mentioned above, as they used antibodies raised against 

purified rat lysosomal membranes. Chicken Igp-A (CV24 antigen or LEP100) was 

characterized in 1986 by Lippincott-Schwartz and Fambrough [8], who recognized that 

it might be a protein similar to those purified by Lewis et al. and Chen et al. The 

determination of cDNA sequences revealed the relationships between the various Igps 

that had been purified, revealing that the Igps were two distinct, yet biochemically 

similar proteins. Known sequences now include Igp-A for human (lamp a [9,10]), 

mouse (mLAMP-1 [11] or lgpl20 [12,13]), rat (lgp.107 [14] or lgpl20 [15]), hamster 

(Igp-A [16]), bovine (GpIIa [17]), and chicken Igp-A (LEP100 [18]). Known Igp-B 

sequences include human (lamp-2 [9]), mouse and rat (LGP 96 [19], IgpllO  [13] or 

mLAMP-2 [20]), hamster (Igp-B [16]), and chicken Igp-B (LAMP-2 [21]). Canine 

[22] and bovine Igp-B (GpIIb [17]) have also been identified by NHg-terminal protein 

sequencing, but cDNA sequences have not yet been reported.

The Igps are type I membrane glycoproteins with short cytosolic tails (10-12 

amino acids) and a hydrophobic stretch of 25 amino acids that serves as the membrane- 

spanning segment (Figure I). The luminal part of the molecule contains two heavily 

glycosylated homologous domains separated by a variable, proline-rich region that may 

behave as a hinge and allow the two domains to move close to each other [23]. The 

Igps are heavily glycosylated and sialylated, with 16-23 sites for A-Iinked 

oligosaccharide attachment in their luminal domain.
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CT

Figure I. Structure of lgps. CT, 
cytosolic tail; TM, transmembrane 
domain; HD, luminal homologous 
domains; P, proline-rich hinge
region.

The cytosolic tail and transmembrane domain amino acid sequences of Igp-A are 

highly conserved between known species; conservation is absolute for the cytosolic 

tail, and 76% of the residues are conserved in the transmembrane domain. In chickens 

and mice, Igp-B was recently discovered to exist in three different forms consisting of 

identical luminal domains with differing cytosolic tail and membrane-spanning amino 

acid sequences. These different forms, LAMP-2a, b and c, arise from alternative 

mRNA splicing of 3' exons in each form [21,24], The transmembrane domain 

sequences of LAMP-2a is more like that of Igp-A than LAMP-2b and -c, with LAMP- 

2a and Igp-A sharing 60% amino acid identity of the transmembrane domain. The -b 

and -c forms are more variable from Igp-A, although 6 amino acids in the 

transmembrane domain and 2 in the cytosolic tail are absolutely conserved across all 

known versions of Igp-A and -B (Figure 2). The cytosolic tails of Igp-A and the 

different forms of Igp-B share only two amino acids, a glycine-tyrosine motif, while 

each of the Igp-B tails differ primarily in the two terminal residues.
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Igp-A

Mouse
Hamster
Rat
Human
Bovine
Chicken

Igp-B
Mouse a 
Rat
Hamster 
Human a 
Chicken a 
Humanb 
Mouse b 
Chicken b 
Mouse c 
Chicken c

•  • « . .  . . .  ..
CVQDGN.NMLIPIAVGGALAGLVLIVLIAYLIGRKRSH.AGYQTI 
-M------- ------------------------------------------------------------------------------

-L L -E -  . ST------------------------------------------- V----------- . ------------

- Q L - E - . ----------- I - - A ------------------------------------------ . ------------

CSADED. NFLVPIAVGAALGGVLILVLLAYFIGLKRHH. TGYEQF

----------- . ------------------------ A----- A----------------------------. ---------- --
------- D- .---------------------------------- --------------------- H - - .  A----------
—  PEV- . Y - I ---------------------L W — IM L-HKKHHN------------
— L - D - . T I - I  —  I  G - S - L I - V I V I — V— RRKSY . A— QTL
-A — S - L ---- I - V ------V— GFLI IA -F  I S -M— RRKSR.  QSV
- F — S - L -----I - V  M— G FL II— F I S - I — RRKSR.  QSV
- - L - D - . T I - I  —  I  G -S -L IIV IV I--L --R R K T Y  .A — QTL
— L -D -  . T I - I — V----------— LIVITVI —  I — RRKSY. A— QTL

Transmembrane Domain

Figure 2. The amino acid sequences of known species of Igp-A and Igp-B. Dashes 
indicate the same residue as the mouse version, or in the case of Igp-B, the mouse a 
version. Amino acids conserved between all known forms of Igp-A and Igp-B are 
indicated by a •.

Igps are synthesized in the ER as core peptides of approximately 42-44 kDa. In 

the ER, the new peptides are decorated with N-Iinked high-mannose oligosacharides, 

presumably co-translationally in a manner similar to lysosomal enzymes [25]. 

Chaperones probably participate in the proper folding and disulfide bond formation 

while the protein is being translocated across the membrane and glycosylated, although 

chaperone association with the Igps has not been demonstrated. Igps carrying high- 

mannose N-Iinked oligosaccharides travel from the rough ER to the Golgi (as 

determined by the aquisition of endoglycosidase H resistance) with measured ti/2S of 

13-60 minutes [26-28]. While traversing the Golgi, the high-mannose groups are 

trimmed and replaced with more complex carbohydrate groups, many of which end in 

sialic acid. Igps are also probably O-glycosylated, as removal of all N-Iinked
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carbohydrates from mature Igp-A did not reduce the molecule to its core peptide [7,15, 

.29].

Other Lysosomal Membrane Glycoproteins

A number of other lysosomal membrane proteins have been identified including 

an ATPase [30, 31], CD63 [27, 32-34], CD68 [35, 36], LIMP H [27, 37, 38], and 

lysosomal alkaline phosphatase [39, 40]. CD68 (also known as macrosialin) is related 

to the lgps; Igp-A and CD68 have significant sequence homology from their cytosolic 

tails through the proline hinge region [35,36] although the proximal, homologous 

domain of Igp-A is replaced with a mucin-like domain (i.e., a heavily Oglycosylated 

region) in CD68. The function of CD68 is unknown, but it is expressed most 

abundantly in macrophages [41]. CD63 is also known as ME491 and was first 

identified as a tumor progression antigen [33, 34]. It has four transmembrane 

domains, and like the lgps has a Gly-Tyr sequence in its short cytosolic tail that is 

presumably important for targeting [32, 33]. Recently, it has been shown that CD63 

associates with integrins when expressed on the cell surface [42], but nothing else is 

known of its function. LIMP II, also known as lgp85, has two transmembrane 

domains, with both the NH2 and COOH terminal ends located on the cytoplasmic side 

of the membrane. Lysosomal targeting information is contained within the tail 

sequence, although instead of a tyrosine-based signal like the lgps, LIMP H has a Leu- 

He sequence that is recognized by transport machinery [43]. Again, the function of 

LIMP n  is unknown, although it is very similar to CD36 [44], which is an adhesion 

molecule found on platelets, monocytes and umbilical vein epithelium that binds 

thrombospondin and erythrocytes infected with Plasmodiumfalciparum [45]. 

Lysosomal alkaline phosphatase (LAP) is similar to the lgps in structure; it has a short

>
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cytosolic tail, a transmembrane domain, and a luminal domain that contains 8 potential 

TV-glycosylation sites [39,40,46], and its transport is dependent upon a tyrosine based 

motif in the cytosolic tail [47] (for a review [48]).

Generation of Endosomes and Lysosomes

The manner in which lysosomes are generated has implications for how their 

membrane components are transported to and become,part of them. One model of 

lysosomal generation is that early endocytic compartments mature to acidic lysosomes 

(for a review [49]). Some of the more convincing evidence supporting this model is 

that early endosomes retain a pulse of fluorescently-labeled low density lipoprotein 

(LDL), even as they lose their ability to fuse with other early endocytic compartments; 

i.e., primary (early) endosomes "mature" into late endosomes that are no longer able to 

fuse with recycling vesicles [50]. An alternative model is that early and late endosomes 

and lysosomes are stable, preexisting compartments that fuse with other vesicular 

organelles that deliver enzymes, substrates, membrane, and other cargo [51].

Exchange between compartments occurs by transport vesicles "budding" off and fusing 

with another preexisting compartment. One line of evidence supporting this latter 

theory is that component proteins have different half-lives despite similar delivery 

schedules to degradative compartments [27]. Beaumelle et al. also showed that the 

greatest shift in protein constituents of compartments along the endocytic pathway is 

between endosomal and lysosomal preparations [52], suggesting that the changes 

between types of compartments are more radical than the maturation model 

accommodates. Schmid et al. [53] also showed that early and late endosomes are 

distinct populations, and that early endosomes cannot be derived entirely from plasma 

membrane components. If the maturation model is valid, newly-synthesized lysosomal
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components would presumably be found in early compartments destined to become 

lysosomes. The preexisting compartment theory allows more flexibility in that newly 

synthesized lysosomal components would not need to be part of an earlier endosomal 

compartment, but could be transported to existing late endosomes and lysosomes. Igps 

are primarily found in late endosomal and lysosomal compartments; i.e., those 

compartments containing acid phosphatase [7] but inaccessible to early endosomal 

markers such as transferrin

Regulation of Igp Expression

Igp-A and Igp-B differ in regulation of expression; Igp-B expression varies 

with tissue type, developmental stage, etc. [5,24], while Igp-A appears to be 

constitutively expressed [14,54]. The Igp-B gene has untranslated sequences that 

suppress promoter activity [55] as well as at least 3 tissue-specific variants that arise by 

alternative splicing of mRNA [21]. The different mRNAs code for molecules with 

different cytosolic tails and transmembrane domains, suggesting that those regions have 

important roles in function or targeting.

Transport of Lysosomal Components

Transport of soluble enzymes to lysosomes has been extensively studied and is 

understood better than Igp transport (for reviews, [25,56]). A 3-dimensional protein 

conformation formed by two noncontiguous amino acid sequences in direct opposition 

is recognized by N-acetylglucosamine-1-phosphotransferase [57]. This enzyme 

attaches N-acetylglucosamine-1 phosphate to mannose residues, and then the N- 

acetyglucosamine moieties are removed by another enzyme, leaving mannose-6- 

phosphate (Man-6-P) monoesters that are recognized by specific receptors in the trans



Golgi network (TGN). These Man-6-P receptors cany the enzymes to late endosomes, 

where receptor and enzyme become uncoupled due to the acidic environment. The 

receptor recycles back to the TGN for another round of transport, while the soluble 

enzymes proceed to the lysosomes. Barriocanal et al. [27] demonstrated that Igp-A 

(LIMP HI) transport to lysosomes is independent of attached glycans, since it is 

transported to lysosomes even when synthesized in the presence of tuncamycin, an 

inhibitor of A-glycosylation. These results implied that Igp transport to lysosomes is 

dependent on a determinant in the polypeptide being recognized by transport 

machinery. Since then, a number of experiments have established the Igp cytosolic tail 

as a vital component for targeting the protein to lysosomes as well as for efficient 

endocytosis from the plasma membrane. Experiments with chimeric membrane- 

spanning proteins containing an Igp cytosolic tail have clearly shown the cytosolic tail 

to be vital for lysosomal targeting [58,59]. Especially critical is a tyrosine that 

evidently is important for sorting at the TGN as Well as endocytosis [59-61]. Guamieri 

et al. defined the critical motif for lysosomal sorting as the last 4 residues of the tail 

being Y-X-X-hydrophobic residue (X designates a polar or charged residue; [61]).

They based their conlusions at least in part on the finding that purified murine Igp-A is 

missing the last two tail residues. Since the bulk of Igp is in lysosomes, they 

hypothesized that the last two residues are cleaved from the tail and this prevents the Igp 

from recycling out of the lysosome. Honing et al. further defined the motif for 

lysosomal targeting to be G-Y-X-X-I [59], with the glycne critical for targeting to 

lysosomes, but not endocytosis or basolateral targeting in MDCK cells. They also 

found that the isoleucine residue (the next-to-last residue in the tail) was necessary for 

lysosomal sorting, endocytosis and basolateral targeting, which is consistent with the 

data of Guamieri [61]. Interestingly, soluble enzymes can also be transported to 

lysosomes (although to a lesser extent than with the Man-6-P receptor) via a
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carbohydrate-independent mechanism, although this mechanism differs from that of the 

Igps [62].

The pathways taken by Igps from the TGN to lysosomes are still poorly 

understood. In most systems, the bulk of Igp-A is moved from the Golgi to lysosomes 

too rapidly to include the plasma membrane in its itinerary, [28,63]; however, 

appearance of Igp-A on the cell surface has been documented for numerous cell types, 

including chicken fibroblasts [8, 64], rat hepatocytes [65,66], and human carcinoma 

cells [67-69]. In MDCK cells (a polarized line), major fractions of an endogenous Igp- 

Iike molecule as well as transfected chicken Igp-A are targeted basolaterally prior to 

traveling to lysosomes or the apical surface. [22]. Harter and Mellman argued that the 

plasma membrane appearance of Igp-A might be a result of saturation of transport 

pathways, although they also found that a fraction of newly synthesized Igp-A passed 

through the plasma membrane on the way to lysosomes.[60]. Recently, Akasaki et al. 

[26] reported that there are three distinct points at which the biosynthetic and endocytic 

pathways converge for Igp-A. By measuring the kinetics of metabolically-radiolabeled 

Igp-A delivery to late endosomes and lysosomes, they concluded that I) Igp-A is 

delivered to early endosomes directly from the TGN as well as from the cell surface, 2) 

a major fraction of new Igp-A travels to late endosomes without passing through the 

plasma membrane or early endosomes, and 3) a significant portion of newly 

synthesized Igp-A immediately travels retrograde to late endosomes after delivery to . 

lysosomes (Figure 3). It is still unknown if Igps are sorted in a post-TGN 

compartment or the TGN itself. Consequehtiy, it is also unknown if Igps endocytosed 

from the cell surface are sorted in the same compartment as Igps destined to travel to 

lysosomes without passing through the plasma membrane.



10

Late
Endosome

Lysosome

Coated Pit

Figure 3. Igp transport pathways. Newly synthesized Igp is processed through the 
Golgi and sorted to the cell surface or to lysosomes via intermediate compartments. Igp 
is transported via vesicles to the cell surface, early endosomes or late endosomes. The 
endocytic pathway allows retrieval from the cell surface. Retrograde traffick is known 
to occur in the pathways designated with the double-headed arrows.

Functions of Igps

On the cellular level, carbohydrates attached to the Igps may protect the 

lysosomal membrane- as well as the Igp molecules themselves -from  lysosomal 

enzymes. Although Igps have not been shown directly to protect the lysosomal 

membrane, many researchers agree that as carriers of acidic, complex carbohydrate 

groups, they probably are important in shielding the lysosomal membrane from its 

contents [3,15, 56,70]. Attached glycosyl groups almost certainly play a role in 

protecting the Igps from enzymatic degradation; unglycosylated Igps (synthesized in 

the presence of tunicamycin, a glycosylation inhibitor) have half-lives of only 5-10% of 

their glycosylated counterparts [27]. Membrane protection may not be the primary Igp
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function, but lysosomal membranes probably gain at least some enzymatic resistance by 

their association with the lgps.

The ramifications of protein glycosylation are different for tissue culture cells 

and whole organisms; glycosyltransferase mutant cell lines expressing only TV-linked 

oligosaccharides are often quite viable and indistinguishable from wild-type cells in 

tissue culture [71], while at least some complex glycosylation patterns are necessary for 

organismal development. Mice homozygous for the knockout of UDP-TV- 

acetylglucosamine:a-3-D-mannoside (3-1,2-TV-acetylglucosaminyltransferase I do not 

synthesize complex TV-linked oligosachaiides and die as embryos on day 10 postcoitus 

[72]. Igps are major carriers of poly-N-acetyllactosamine chains [3, 73], and thus 

could play an important part in organismal development by virtue of their complex 

glycosylation; indeed, increases in cell-surface expression and total Igp quantity are 

associated with changes in differentiation or activation states of cells, including 

malignant transformation [74].

Many cell-cell interactions are mediated by particular carbohydrate groups 

displayed on the cell surface or the molecules that specifically recognize those 

glycosylation motifs. Sialyl Lewis X residues are ligands for the selectin family of 

leukocyte adhesion molecules (for a review, [75]), and lgps carry a number of these 

residues, suggesting that they can serve as adhesion molecules [3,23]. E-selectin 

mediated adhesion of colonic carcinoma cells is proportional to the amount of Igp-A 

expressed on their plasma membranes [76], and metastatic potential is correlated with 

complexity and size of TV-linked oligosaccharides in neoplastic cells (for a review, [77], 

also [78]. The more complex glycoconjugates of neoplastic cells may also be a 

recognition factor for natural killer cells [79]. Increased cell surface Igp expression also 

correlates with increased adhesive properties in activated platelets [80], and Igp-A is 

preferentially bound by a mammalian lectin that also binds laminin [73]. Increased
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adhesion of MDAY-D2 tumor cells to collagen too is associated with increased 

glycosylation of Igp-A (P2B, [81]).

There are other possible functions for Igp-A and -B, including mediation of ion 

permeation, catabolite export, and transport of other lysosomal components to 

lysosomes; however, at this time there is no evidence for Igp functions outside of those 

related to their glycosylation.

Importance of Defining Igp Function

The extent and complexity of Igp glycosylation suggests several functions for 

Igps as outlined above; however, the degree to which Igps are conserved across species 

as widely variant as humans and chickens suggests that the amino acid sequences of Igp 

peptides are important. Igp-A and Igp-B resemble receptors in that they each contain 

two homologous domains that lie where they could interact either with molecules within 

the lysosome or on the exterior of the cell.

Another piece of evidence that supports specific, as yet undefined functions for 

the Igps is that there are at least two lgps. Igp-A and Igp-B, although biochemically 

similar, are distinctive molecules- both are found in lysosomes, suggesting that each 

serves at least some function that is not necessarily served by the other type. They are 

also located on different chromosomes [82], and their expression seems to be regulated 

differently [5 ,14, 24, 54].

Determining the function of any protein in which there is no known phenotype 

associated with a mutation is difficult, and even predicting all the functions of proteins 

that we have functional assays for is often impossible. Several strategies aimed at 

manipulating expression levels of a protein of interest have evolved over the last 

decade. Overexpressing a protein, or "gain of function" experiments, can reveal
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detrimental effects of increased expression, which in turn can indicate possible 

functions. Loss of function" experiments involve reducing or eliminating expression, 

and can yield valuable information about critical functions served by a protein. 

Transgenic mouse technology has been particularly useful for both gain and loss of 

function experiments; gene expression can be manipulated by coupling expression to 

inducible promoters, while interrupting the gene by homologous recombinaton 

(knockout mice) can eliminate protein expression. Introducing DNA coding for 

complementary sequences of the mRNA of interest ("antisense" sequences) also can be 

used to reduce expression levels of a protein, although eliminating expression of a gene 

with antisense strategies is not usually feasible, presumably due to the escape of some 

mRNA to translation.

The Hypotheses

The hypotheses addressed by this research are: I) Although the Igp cytosolic 

tail is critical for targeting to lysosomal targeting and endocytosis from the cell surface, 

the transmembrane domain is a determinant of what fraction of Igp-A is on the cell 

surface, and 2) Igps have important functions and altering expression of Igps will 

produce observable phenotypes in cells and organisms that will in turn yield 

information about Igp function. Experiments evaluating the processing, internalization 

and distribution of mouse Igp-A molecules containing either wild-type or mutant 

transmembrane domains were conducted to address the first hypothesis. The second 

hypothesis was approached by gain of function and loss of function experiments with 

Igp-A and Igp-B; stable transfection of tissue culture cells with antisense constructs 

was utilized in an attempted loss of function experiment designed to evaluate the effects



14

of decreased Igp-A expression in cells while a gain of function experiment was 

conducted by the creation of mice carrying a hamster Igp-B cDNA in their genomes.
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CHAPTER 2

TRANSMEMBRANE DOMAIN MUTATIONS CHANGE THE 
CELLULAR DISTRIBUTION OF LYSOSOMAL MEMBRANE

GLYCOPROTEIN A

Introduction

Lysosomal membrane glycoprotein (Igp)-A1 (also known as Igp 120 or LAMP- 

1) is a type I membrane protein of approximately 120 kDa with an 11 amino acid 

cytosolic tail sequence that is identical in mouse [11], rat [13], hamster [16], human 

[10], cow [17], and chicken [18] cells. Eighty percent of the amino acids of the 

membrane spanning portions of these Igp-As are also identical, suggesting an important 

role for this region.

Li contrast to soluble lysosomal enzymes, the molecular signals directing the 

sorting of Igp-A are independent of attached glycans, and seem to reside in the primary 

structure [27]. Attention has focused on the cytosolic tail as the primary targeting 

signal location because of its critical role in Igp-A lysosomal targeting [83]. Both the 

presence of and position of the cytosolic tail tyrosine of Igp-A are critical for transport 

to lysosomes as well as endocytosis from the plasma membrane [58,59, 83]. In 

support of this theory, the chicken Igp-A (LEP100) cytosolic tail sequence, combined 

with the luminal and transmembrane domain of vesicular stomatitis virus coat 

glycoprotein, is sufficient for lysosomal targeting [84].

1The abreviations used are Igp-A, lysosomal membrane glycoprotein A; LDL, low density lipoprotein; 
ER, endoplasmic reticulum; CHO cells, Chinese hamster ovary cells; FBS, fetal bovine serum.
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The transmembrane domains of several type I membrane proteins are known to 

be important for their transport, folding or assembly [85-88], yet there are no published 

studies to date examining the effects of Igp-A transmembrane domain mutations in 

stably transfected cells. We have shown by site-directed mutagenesis, metabolic 

radiolabeling, and cell-surface biotinylation that transmembrane domain amino acid 

sequences affect mouse Igp-A distribution in stably transfected Chinese hamster ovary 

(CHO) cells.

Methods

Reagents and antibodies

Unless indicated otherwise, all reagents were from Sigma Chemical Co., St. 

Louis, MO.

Monoclonal antibody 1D4B, a rat IgG2a specific for mouse Igp-A (Chen et al., 

1985), was produced by a rat/mouse hybridoma obtained from the Developmental 

Studies Hybridoma Bank (maintained by the Department of Pharmacology and 

Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, MD, 

and the Department of Biological Sciences, University of Iowa, Iowa City, LA, under 

contract N01-HD-6-2915 from the NICHD). For some studies, [35S]-1D4B was 

generated via metabolic radiolabeling of 1D4B hybridomas with [35S]-methionine 

(Tran35S-Label, ICN Biomedicals, Inc.) in methionine- and cysteine-deficient MEM 

(Irvine Scientific, Santa Ana, CA or Sigma Chemical Co.) with 5% dialyzed, heat 

inactivated FBS for 1.5-2 hours, followed by a one hour chase in growth medium. 

Secreted, labeled antibody was separated from unincorporated label by size exclusion
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chromatography through Sephadex G-50 (Pharmacia LKB Biotechnology, Uppsala, 

Sweden).

Cloning and Mutagenesis of Mouse Ipp-A 
cDNAs

Wild-type [13] and mutated mouse Igp-A cDNAs were cloned into either of two 

expression plasmids [16], both .of which contain neomycin resistance cassettes 

allowing selection for stably transfected cells. cDNA expression was driven by a 150 

bp mouse ornithine decarboxylase promoter fragment [89], or by the S R a promoter 

[90].

Plasmid pBGS-MAPA (S. Warwood, unpublished observations) coded for Igp- 

A with the transmembrane proline mutated to alanine and contained a unique Nru I site.

Site-directed mutagenesis was performed according to the method of Kunkel et 

a l  [91]. Conserved transmembrane domain amino acids GGALAGL were deleted and a 

Sca I site generated using oligonucleotide TMA7 (CCCCATTGGCTGTA-21 nucleotide 

gap-GTACTCATCGTCCTC).

Transfection and Selection of CHO Cells.

CHO cells were transfected [92] with expression plasmids and selected for 

growth in aM EM  containing 5% heat inactivated FBS and 400 |4.g/ml active Geneticin 

(G-418 sulfate; Gibco BRL, Grand Island, NY). Subcloned cell lines were chosen for 

additional experimentation on the basis of mouse Igp-A expression levels as assessed 

by immunofluorescence microscopy. To increase expression, cells were cultured 

overnight in growth medium containing 10 mM sodium butyrate [93].
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Cell lines YF2, YH7 and YS I (B.L. Granger and S. Warwood, unpublished 

observations) were transfected and subcloned in the manner described above.

Mouse Ign-A Internalization

Stably transfected CHO cells (cultured on coverslips) were cooled in PBS++ 

(phosphate buffered saline with I mM MgCl2 and I mM CaCl2, pH 7.2) on ice for 10 

minutes to halt endocytosis. Covershps were then incubated in O0C 1D4B culture 

supernatant for two hours to bind antibody to cell surface mouse Igp-A molecules. 

After rinsing away unbound antibody with O0C PBS++, cells were returned to 37°C 

medium for 0 ,10  or 30 minutes to allow internalization of surface molecules. 

Immediately following the warming period, coverslips were rinsed briefly in PBS++ 

and fixed in 2% paraformaldehyde with 20 mM MBS, 70 mM NaCl, 5 mM KC1,50 

mM lysine chloride, 5 mM MgCl2, 2 mM EGTA, and 10 mM NaN3 [94] for 2 hours at 

room temperature, permeabilized with 0.01% saponin in immunofluorescence buffer 

(150 mM NaCl, 5 mM NaN3, I mM EDTA,. 15 mM Tris, pH 7.5 and 0.1% gelatin), 

and incubated with 1:150 fluorescein-conjugated secondary antibody (goat anti-rat IgG, 

Jackson ImmunoReseafch, West Grove, PA) for I hour. Following a buffer rinse, 

coverslips were mounted and photographed with a Nikon Labophot fluorescence 

microscope.

Internalization of Mutant and Wild-tvpe Mouse 
Igp-A from the Cell Surface

Transfected and untransfected CHO cells were placed on ice, washed with O0C 

HEPES buffered saline (pH 7.4) + 0.1% gelatin, and incubated with 35S-Iabeled 

antibody for 2 hours in order to bind surface mouse Igp-A. FoUowing the binding
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period, cells were washed 4 times with O0C buffer and warmed in 37°C growth medium 

for 5 ,1 0 ,1 5 , or 30 min. After each warming period, cells were again placed on ice, 

and half of the samples were stripped of antibody remaining on the surface by 

incubation with O0C PBS++ +1%  bovine serum albumin, pH 3, for I minute, followed 

by 2 more washes of the same. All cell samples were then extracted with extraction 

buffer (EBT; 1% Triton X -100,120 mM KC1, 10 mM PIPES, 10 mM MgCl2, 5 mM 

EGTA, pH 7.3), and aliquots of the first pH 3 wash as well as cell extracts were 

assayed by liquid scintillation counting to measure antibody-derived radioactivity.

Detection of Newlv Synthesized Mouse Igp-A on 
the Cell Surface

3 x IO5 transfected or untransfected CHO cells were metabolically labeled with 

0.3 mCi Tran35S-Iabel in methionine and cysteine deficient medium supplemented with 

glutamine and 5% dialyzed heat inactivated FBS for 90 minutes, followed by a 30 

minute chase period in ocMEM with 5% heat inactivated FBS. Cells were then placed 

on ice, washed 3 times with O0 C PBS++ and reacted with biotin hydrazide 

(ImmunoPure, Pierce, Rockford, IL) by the technique of Lisanti et al. [95]. Following 

the reaction, cells were washed extensively with cold PBS++ and extracted with EBT.

Extracts were clarified by spinning at 16,000 x g for 10 minutes, and 

supernatants precleared by rotating end-over-end at 6-8°C overnight with 20 pi protein 

G-Sepharose bead slurry (GammaBind G; Pharmacia LKB Biotechnology, Uppsala, 

Sweden). Mouse Igp-A was immunoprecipitated from pre-cleared extracts by rotating 

with 20 pi protein G beads plus 200 pi 1D4B culture supernatants at 6-8°C overnight. . 

After three washes with extraction buffer and one wash with PBS-CMF (PBS without 

calcium or magnesium), mouse Igp-A was eluted from the beads by boiling in 75 pi
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PBS-CMF +1.0%  SDS for 10 minutes. Two-thirds of eluate was combined with I ml 

extraction buffer and 20 JLil immobilized avidin bead slurry (Immunopure Immobilized 

avidin; Pierce), and one-third was combined with I ml extraction buffer, 20 |Lil protein 

G beads, and 200 jj.1 of 1D4B culture supernatants. Samples were again rotated 

overnight at 6-8° C. Biotinylated mouse Igp-A bound to avidin beads was washed 3X 

with extraction buffer/0.5 M NaCl, and once with PBS-CMF, while protein G beads 

were washed 3X with extraction buffer and once with PBS-CMF. Biotin/avidin 

samples were prepared for SDS-PAGE by boiling avidin beads in 2X reducing sample 

buffer (2% SDS, 20% glycerol, 20 mM DTT, 0.004% bromophenol blue), cooling to 

room temperature, and adding an equal volume of SM urea to bring the final 

concentrations to IX reducing sample buffer and 4M urea. Protein G beads with 

bound mouse Igp-A were boiled in IX sample buffer, for 5 minutes, cooled to room 

temperature, and total samples analyzed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), using the discontinuous method of Laemmli [96]. Slab 

gels were 0.8 mm thick and contained 12.5%. acrylamide and 0.1% N,N'-methylene 

bis-acrylanude. Radioactivity in antibody bands and total lanes was quantitated with a 

Phosphorlmager™ and ImageQuant™ software (Molecular Dynamics, Sunnyvale,

CA).

Half-lives of Igp-A mutants

Differences in half-lives of wild-type and mutant mouse Igp-As were 

determined by metabolic labeling of transfected CHO for one to three hours with 60 

|iCi of Tran35S-Label per 35 mm plate containing approximately IO5 cells. Following 

labeling, medium containing radiolabeled methionine was replaced with ocMEM 

containing 5% heat-inactivated FBS. Cells were incubated for 18-36 hours pre
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labeling, as well as during the labeling and chase periods, in 10 mM sodium butyrate to 

increase mouse Igp-A expression. Chase periods ranged from 8 to 52 hours, after 

which cells were placed on ice, washed 3X with PBS++, and extracted with I ml EBT. 

Extracts clarified by centrifugation were precleared with 20 |al protein G beads 

overnight and then immunoprecipitated with 20 pi fresh protein G beads and 200 pi 

anti-mouse Igp-A (1D4B) hybridoma culture supernatant overnight. Beads with bound 

Igp-A were washed 3 times with extraction buffer and boiled in sample buffer.

Samples were either quantitated by liquid scintillation counting or subjected to SDS- 

PAGE and the mouse Igp-A bands quantitated by phosphorimaging.

Steadv-state Cell Surface Distribution of Igp-A

Steady-state distribution of mouse Igp-A between the cell surface and interior 

was measured by binding on ice 35S-Iabeled anti-mouse Igp-A antibodies to cells that 

were either intact or permeablized with 0.1% saponin. Cells incubated in 10 mM 

butyrate overnight at 20-30% confluency were placed on ice, washed with HEPES 

buffered saline (pH 7.4) + 0.1% gelatin, either with or without saponin, and incubated 

with rocking in the same buffer plus radiolabeled antibody for at least two hours. 

Following the antibody binding period, cells were washed 4 times with binding buffer 

and solubilized with EBT. Aliquots of extracts were assayed by liquid scintillation 

counting.

R esu lts

CHO cell lines stably expressing either wild-type mouse Igp-A (WT-6) or 

versions with mutated transmembrane domains (PA2, TMA7-5,YF2, YH7, or YSI;
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Figure 4) were generated to evaluate the influence of the transmembrane domain on 

mouse Igp-A distribution. Pulse metabolic labeling with Tran35S-Iabel methionine 

followed by chase periods of 15, 30, and 60 minutes showed that the transport rate of 

wild-type and mutant proteins through the endoplasmic reticulum and Golgi complex 

was similar. Carbohydrate additions and modifications were similar in all cell lines, as 

immunoprecipitated Igps changed in SDS-PAGE mobility to the same extent at each time 

point (data not shown). Therefore, the transmembrane domain mutations did not affect 

post-translational processing.

WT MLIPIAVGGALAGLVLIVLIAYLIG
PA -— A----— — ----
TMAl ----------[ ] ----------------
YF --- -------------- -F--
YH ----------- ----- — H--
YS ---- -------------- S—

Figure 4. Mouse Igp-A transmembrane domain mutants. The amino acid sequence for 
the wild-type (WT) Igp-A transmembrane domain is shown, and changes within 
mutants are indicated. The luminal domain lies to the left and the cytosolic tail to the 
right of sequences shown.

Cell Surface Expression and Internalization of 
Mouse Igp-A

To examine differences in cell surface localization and internalization of wild- 

type and mutant mouse Igp-A molecules, cell lines expressing wild-type or mutant 

mouse Igp-A were allowed to internalize cell-surface-bound anti-mouse Igp-A antibody 

for 0, 10, or 30 minutes at 37°C. Primary antibody location was revealed by



23

incubating permeabilized cells with fluorescein-conjugated secondary antibody (Figure 

5). Various levels of cell-surface mouse Igp-A expression were observed in the 

different cell lines, with more cell-surface fluorescence at time 0 for the mutant cell lines 

than WT6 mouse Igp-A. After 10 minutes at 37°C, however, antibody bound to WT6, 

YF2, YH7 and Y Sl appeared to be virtually completely located in internal, punctate 

compartments. Antibody also appeared to be in punctate compartments of PA and 

TMA7 cell lines, although considerable fluorescence still remained on the cell surface. 

Even after 30 minutes of warming, sbme PA remained on the cell surface, as evidenced 

by the continued visibility of cell outlines.

To determine whether mutant mouse Igp-A remained on the cell surface longer 

because of inefficient endocytosis, Igp-A internalization was assessed by measuring 

anti-mouse Igp-A antibody remaining bound to the cell surface after different 

internalization periods (Figure 6). Rates of antibody internalization do not appear to be 

greatly different between wild-type and mutant Igp-As during the first 15 minutes 

following rewarming. Subtle differences may exist between these cell types, but the 

differences do not appear sufficient to be the only factor determining the proportion of 

mouse Igp-A on the cell surface.

Distribution of Mouse Igp-A Between the Cell 
Surface and Interior

The actual steady-state distribution between the plasma membrane and the cell 

interior, as well as the proportion of newly synthesized mouse Igp-A going directly to 

the cell surface before arriving in lysosomes, was measured by binding radiolabeled 

antibody to intact and permeabilized cells (Figure 7 A). Using the kinetics of Igp-A 

delivery tolysosomes proposed by Green et al. [63], approximately twice as much 

newly-synthesized TMA7 and YF went directly to the cell surface as did W T (46,49,
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Figure 5. Internalization o f mouse Igp-A from the cell surface. Stably 
transfected CHO cells expressing mouse Igp-A were bound with anti-mouse Igp- 
A antibody at 0°C, then warmed to 37°C for the indicated times. Internalized 
antibody (and mouse Igp-A) was visualized in fixed cells after incubation with a 
fluorescein-conjugated secondary antibody. At 0 minutes (A, D, G, J) all cell 
types exhibit surface binding o f antibody, as indicated by clear outlining of cell 
surfaces. At later time points, internal mouse Igp-A appeared in punctate 
compartments that were not visible earlier. YF2 and YSl cells are not shown. 
(B, E, H, K) 10 minutes o f internalization. (C, F, I, L) 30 minutes o f 
internalization. (A-C) WT6 cells, (D-F) PA2 cells, (G-I) TM A 7-5 cells and (J- 
L) YH7 cells.
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Figure 6. Endocytotic rates of WT 
and mutant mouse Igp-A. Transfected 
CHO cells were bound with 
radiolabeled anti-mouse Igp-A 
antibody for two hours on ice, 
washed to remove unbound antibody, 
and warmed to 37 0C for the indicated 
times to allow Igp-A (and antibody) 
internalization. Following the 
internalization period, half of the cells 
were stripped of surface antibody by a 
low pH wash. Antibody-associated 
radioactivity was determined by liquid 
scintillation counting of cell extracts.

and 26%, respectively), while an even larger proportion of PA (68%) went directly to 

the surface. Proportions of YH and YS similar to WT went directly to the cell surface 

(25 and 30%).

Steady-state distributions of mutant mouse Igp-As between the plasma 

membrane and cell interior did not necessarily reflect the distribution of recently 

synthesized mouse Igp-A: 45% and 57% of total PA and TMA7, respectively, were on 

the cell surface, while total YF distribution was similar to WT (33 and 27%). 

Distributions of total YH and YS were also similar to WT, with 28% and 31% on the 

surface, respectively (Figure 7B).

Increased cell-surface expression of Igp-A is associated with increased overall 

expression, presumably because transport pathways become saturated [16, 60]. 

However, in these experiments higher expression levels did not appear to saturate CHO 

transport pathways, as there was no correlation between total level of expression and 

proportion appearing on the cell surface (Figure 7C). Total TMA7 expression levels 

were similar to WT, despite increased proportions of both newly synthesized and 

steady state mouse Igp-A on the cell surface in the mutant. Conversely, a fraction of
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YS similar to WT was found on the cell surface, despite nearly doubled expression 

levels. Together, these data indicate that increased surface expression of mutant Igp-As 

was due to transmembrane mutations and not overexpression.
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Figure 7. Proportion of 
mouse Igp-A found on the 
cell surface, and relative 
mouse Igp-A expression 
levels. (A) Percent of 
newly synthesized mouse 
Igp-A appearing transiently 
on the cell surface, as 
measured by cell-surface 
biotinylation and 
immunoprecipitadon of 
metabolically labeled cells. 
(B) Steady-state 
distribution of mouse Igp-A 
between the cell surface and 
interior, as determined by 
radiolabeled antibody 
binding to intact or 
permeabilized cells. (C) 
Mouse Igp-A expression 
levels, as measured by 
immunoprecipitadon. The 
amount of WT produced 
was designated as 100%, 
and Igp-A production by the 
other cell lines is given as 
the percent of WT 
production.

Life Span of Mouse Igp-A Molecules

We measured mouse Igp-A half-life in the various transfected cell lines in order 

to determine if mutant Igp-A persistence was changed (Figure 8). The 16 hour half-life
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of WT, as measured by liquid scintillation counting or SDS-PAGE and 

phosphorimaging of immunoprecipitates, was less than that reported in other systems 

[97]. PA half-life was similar to WT (approximately 17 hours), although TMA7 and 

YS half-lives were diminished to 12 hours. Interestingly, two of the tyrosine mutants, 

YF and YH, had longer half-lives of 21 and 24 hours, respectively.
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Figure 8. Half-lives of mutant and wild-type mouse Igp-A expressed in CHO cells. 
Stably transfected CHO cells were metabolically labeled and chased in growth medium 
for 8 to 52 hours. Mouse Igp-A was immunoprecipitated from cell extracts overnight 
and quantitated by phosphorimaging of SDS-PAGE gels or liquid scintillation 
counting. Half-life was estimated for mature Igp-A molecules by determining when the 
quantity of radiolabeled mature Igp-A molecules present at a time point at least 6 hours 
post-labeling had been decreased 50%. Bars indicate standard error of the mean.

D iscu ssio n

We have demonstrated that the mouse Igp-A transmembrane domain has 

sequence-specific structural information that influences its distribution in CHO cells. 

Previous reports have suggested that the cytosolic tail sequence is the sole determinant 

of Igp-A targeting, and it has become accepted that the cytosolic tail is both necessary 

and sufficient for lysosomal targeting; the role of the transmembrane domain in 

determining Igp distribution has not previously been addressed. However, it has
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recently been shown that replacing the human Igp-A transmembrane domain with that 

of the mannose 6-phosphate receptor transmembrane domain changes the percentage of 

Igp-A found in the dense lysosomes of mouse L cells [98].

Igp Pathways to Lysosomes

Igp-A can take different pathways to lysosomes: A fraction of Igp-A travels to 

the surface of various cell lines before traveling by the endocydc pathway to lysosomes 

or recycling back to the plasma membrane [3,64]. The bulk of newly synthesized 

mouse, rat and human Igp-A probably travels directly to lysosomes through the trans- 

Golgi network and late endosomes without traveling to the cell surface [29,58, 63] 

although Mathews et al. [84] argued that the plasma membrane was a component of the 

major pathway to lysosomes for chicken Igp-A (LEP100). Factors determining how 

much, if  any, of the Igp-A molecules travel to the cell surface before going to 

lysosomes are still unknown, although increased surface expression is associated with 

increased total levels of Igp-A [16,60], presumably due to saturation of transport 

pathways.

Targeting of molecules to their correct destinations can be accomplished by 

retention in or retrieval to a specific compartment Transmembrane domains play a part 

in retention of some resident proteins of the Golgi, TGN, and ER [99-102]; lateral 

diffusion and consequent availability to targeting machinery also appear to be mediated 

by transmembrane domain structure in some type I membrane-spanning proteins [103, 

104]. When arranged in an alpha-helix, the conserved transmembrane domain residues 

of Igp-A line up along one side of the helix, perhaps to provide a specific conformation 

to interact with other molecules (Figure 9A).
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Figure 9. Alignment of mouse Igp-A transmembrane domain amino acid residues. (A) 
The 25 amino acids of the wild-type transmembrane domain are shown arranged in an 
a-helix. Amino acids conserved between all known Igp-A species are lightly shaded, 
while residues conserved between all known Igp-A and -B species are unshaded and 
indicated by one-letter abbreviation. (B) The 17 transmembrane domain amino acids 
of TMA7 arranged in an a-helix.

A transmembrane domain role in protein localization in conjunction with that of 

the cytosolic tail is not unprecedented. The primary localization information for the 

yeast syntaxin, Sed5, is located in its cytoplasmic tail; however, the Sed5 

transmembrane domain also contains information sufficient to target a plasma 

membrane syntaxin to the Golgi [105]. Similarly, furin also is directed to the trans- 

Golgi network by its cytosolic tail, although the furin transmembrane domain contains 

an endosomal/lysosomal pathway signal that is probably responsible for its gradual 

delivery to lysosomes and subsequent degradation [106]. The mannose-6-phosphate 

receptor requires determinants in both its cytoplasmic tail and transmembrane domain to 

completely exclude it from lysosomes [98]. Transmembrane domains also mediate 

retention of some membrane-spanning proteins in particular compartments; changing 

either the length of the membrane spanning portion or substituting amino acids for 

those with different charges can alter retention [107]. Endocytosis can also be affected 

by transmembrane domains: Alanine substitutions for various residues in the
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conserved transmembrane domain of the LDL receptor either enhance or inhibit 

internalization, depending on the residue affected [108].

Deletion of Seven Transmembrane Residues

TMA7 mouse Igp-A is missing one-third of its transmembrane domain, 

although the 15 amino acids remaining in the transmembrane domain are sufficient to 

anchor the protein in membrane [109], and alignment of the remaining am ino acids is 

not changed dramatically (Figure 9B). The overall molecular conformation could be 

changed by this seven amino acid deletion in the membrane anchor, altering cytosolic 

tail presentation to sorting machinery. Another interesting possibility is that TMA7 Igp- 

A is sorted differently than wild-type due to interactions with lipid domains of different 

thicknesses [107]. Total expression levels of TMA7 and WT MA were similar, so the 

increase in surface expression was due to the deletion, and not saturation of transport 

pathways by protein overexpression.

Replacement of the Transmembrane Prollne

Proline is rarely found in the transmembrane domains of type I proteins [110], 

perhaps because it may impart a kink to an a-helix [111]. Regulation of insulin

receptor expression is at least partly dependent on a transmembrane proline located in a 

similar position to that of Igp-A (near the membrane/luminal interface). Replacing the 

insulin receptor transmembrane proline with alanine increases both receptor lateral 

diffusional mobility and internalization rate; this affects receptor down-regulation, but 

not receptor function [112].

Even though PA was expressed at higher levels than wild-type Igp-A, the 

surface distribution of PA was probably not due to saturation of a transport pathway, as
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its expression level was similar to YS, which did not show increased surface 

expression.

Replacement of the Transmemhrane Tvrosine

Tyrosine residues within transmembrane domains are usually located near the 

ends of the domain, probably due to their ability to interact with both lipid and water 

interfaces [107, HO]. Because of their amphipathic nature, they may stabilize the 

transmembrane helix in lipid. A location near the interface also renders tyrosine's 

hydroxyl group more available for phosphorylation or other reactions, although none 

have been demonstrated yet for lgps.

The YF mutant lacked this hydroxyl group, as the tyrosine was replaced with 

phenylalanine. Phenylalanine is more hydrophobic than tyrosine, and its side chain is 

not as reactive. Phenylalanine residues are more common in Golgi resident proteins 

than plasma membrane proteins, where they may participate in lipid-mediated sorting 

[107]. A greater proportion of new YF Igp-A went to the cell surface than wild-type 

Igp-A, although total YF distribution did not seem to be affected by the mutation. This 

probably reflects a differences in the sorting of newly synthesized and recycled 

molecules. The half-life of YF was also greater than wild-type Igp-A, perhaps 

reflecting an enhanced stability in degradadve compartment membranes as well as 

delays in arriving at lysosomes.

. Histidine rarely occurs in the transmembrane domains of membrane proteins 

[110], presumably due to its positive charge. Histidine resembles tyrosine in that both 

can be reactive; histidine is often found in the active sites of enzymes. Replacement of 

the transmembrane tyrosine of Igp-A with histidine might affect vertical positioning of a 

protein in the lipid bilayer, but the intracellular distribution of mouse Igp-A was not
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affected by this change. Despite wild-type like distribution between the cell surface and 

interior, the lifespan of YH was one-third longer.

Serine is a component of the'transmembrane domains of some type I proteins 

[110]. Replacement of tyrosine with serine eliminates an aromatic ring, but retains a 

hydrophilic hydroxyl group. Distribution of YS Igp-A resembled that of wild-type, 

despite levels of expression that were nearly doubled. The measured half-life of YS 

was less than wild-type, and may be due to decreased membrane stability or possibly 

increased turnover due to increased expression levels.

Taken together, effects of the three tyrosine mutations suggest that the aromatic 

nature of the transmembrane tyrosine may not be as important to Igp-A localization as 

having a potentially charged group available for interaction with water or other 

molecules. Positioning of the Igp-A molecule in the lipid bilayer may determine which 

lipid domains it associates with, which may consequently affect sorting. The tyrosine 

may also affect stability of Igp-A in its anchoring membrane, consequently affecting 

rate of degradation and half-life’
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CH A PTER 3

ADD ITION A L EX PERIM EN TS W ITH  LGP-A TRA N SM EM BRA N E
DOM AIN M UTANTS

Introduction

This chapter contains experiments and data supporting the results Of Chapter 2 

and those reported by other researchers. Results of pulse/chase experiments 

documenting processing of newly-synthesized mutant and wild-type Igp-A molecules 

are shown, as well as the results of partial characterizations of additional Igp-A 

mutants.

TM*7 was generated to test the effects of substituting amino acids with longer, 

aliphatic side chains (ILVILVI) for amino acids GGALAGL in the transmembrane 

domain of mouse Igp-A. ARTRS was mouse Igp-A with amino acids ARTRS inserted 

between cytosolic tail amino acids R and S, which extended the tail while maintaining a 

similar charge and side chain environment.

Several properties of mutant Igp-As were investigated, including post- 

translational processing, protein longevity, endocytotic rates, and fate of antibodies 

bound to cell-surface Igp-A molecules.
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Methods

Generation of TM*7

Site-directed mutagenesis was performed according to the method of Kunkel 

[91] using oligonucleotides synthesized by the Veterinary Molecular Biology DNA 

synthesis facility. The TM*? cDNA was created using a 42 base oligonucleotide 

primer (named BG-3) that introduced a unique Spe I restriction site (Figure 10).

A
WT-MA

CT/ATT/GCr/GTG/GGC/GGT/GCC/OTG/GCA/GGG/CTG/GTC/Crc/ATC/G 
—  — /ATA/CTA/-T T /A -T /rT T Z -T T /A -T /G — / — / ------/ -

BG-3

B
WT-MA Transmembrane Domain

Luminal Domain/ML IPIA V G GA LA GLV LIV LI AYSI  G/Cytosolic Tail

Luminal Domain/-------------- 1 L V IL V I ------------------------/  Cytosolic Tail

TM*? T r a n s m e m b r a n e  D o m a i n

Figure 10. The nucleotide and amino acid sequences for the BG-3 oligonucleotide used to 
mutate wild-type mouse Igp-A (WT-MA) to TM*? Igp-A. A) The WT-MA nucleotide 
sequence corresponding to BG-3 is shown on top. Identical bases in BG-3 are indicated 
by dashes, while those bases that have been changed are indicated. Codons are separated 
by slashes. A unique recognition site for Spe I that is introduced in TM*? is underlined.
B) The amino acid sequence of WT-MA and TM*? transmembrane domains. TheW T- 
MA transmembrane domain sequence is shown in its entirety, while only those amino acids 
that are changed are shown for TM*?.
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To generate uracil-containing, single-stranded DNA (ssDNA) template, 

competent RZ1032 E. coli (dur mg') were transformed with plasmid M0X1C4E, 

which contains a complete mouse Igp-A cDNA [13]. Transformed bacteria were 

selected on ampicillin/tetracycline/2XTY plates overnight at 37°C, after which 

individual colonies were cultured in 2XTY. When the culture reached OD600 0.1, 

M 13K07 helper phage were added at a multiplicity of infection of 10-20, and 

approximately one hour later, kanamyacin was added to 70 (ig/ml. The cultures 

continued at 37°C overnight with vigorous (250 rpm) shaking. Single-stranded DNA 

template was purified from culture supernatants by precipitation with 0.25 volume 20% 

polyethylene glycol-(PEG-8000)/3.5.M NH4OAc followed by 

phenol/chloroform/isoamyl alcohol extraction and a final ethanol/NaCl precipitation.

315 pmole of BG-3 primer was phosphorylated with 8 U of T4 polynucleotide 

kinase in kinase buffer (70  mM Tris-HCl, pH 7.6/10 mM MgCl2ZS mM DTT) 

containing 10 mM ATP, and 4.7 pmole annealed to ssDNA templates by heating the 

oligonucleotide and template mixture to 75°C and allowing it to cool slowly to 37°C. 

Annealing buffer was 50 mM NaCl/2 mM MgC12/20 mM Tris-HCl, pH 7.7. After 1.5 

hours of annealing time, the mixture was placed on ice and T4 DNA ligase (4.5 U), T4 

DNA polymerase (I U), ATP (final concentration 0.4 mM), and dNTPs (final 

concentration 0.4 mM each dCTP, dATP, dGTP and dTTP) added. Reactions were 

moved to 37°C and synthesis of the second DNA strand and ligation to the annealed 

oligonucleotide allowed to proceed for approximately I hr. These hybrid plasmids 

were used to transform competent NM522 E. coli (dut+ ung+), which then synthesized 

plasmids based on the mutated template containing only thymine and no uracil.

Transformants were selected overnight on LB/amp plates, and plasmid DNA 

from clonal colonies was screened by restriction enzyme digestion with Spe I  for 

presence of the mutation. Restriction enzyme mapping was confirmed by dideoxy
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nucleotide sequencing [113] using a Sequenase® kit (United States Biochemicals, 

Cleveland, OH).

Following sequence confirmation, an EcoR I fragment containing the entire 

cDNA was isolated, agarose gel-purified, and ligated into the mammalian expression 

vector pBGS. cDNA orientation was confirmed by restriction enzyme mapping!

Generation of ARTRS

Oligonucleotide BG-4, synthesized by the Veterinary Molecular Biology DNA 

synthesis facility, was used to generate the ARTRS cDNA. The 8 bases most 3' were 

palindromic and formed dimers that had 4 base, 5' overhangs compatible with Nhel 

digested ends (Figure 11). After phosphorylation with T4 polynucleotide kinase, these 

dimers were ligated into Nhel digested pBS SK+/SRa6A3'HN+A. pBS 

SK+/SRa6A3'HN+A (obtained from B. L. Granger) contained the mouse Igp-A 

cDNA with a unique Nhel site and coding sequence for an extra alanine inserted 

between the cytosolic tail amino acids R and S. This cDNA was also missing the 680 

bases between the Hind III and Nsi I  sites in the 3' untranslated region. Ligation of 

BG-4 dimers into Nhel-cnt pBS SK+/SRcc6A3 'HN+A introduced a unique Mlu I site, 

eliminated all Nhel restriction enzyme sites; ligation products were predigested with 

Nhel to eliminate plasmids without the dimer insert prior to transformation of 

competent NM522 E. coli. DNA from clonal transformants was screened for insert 

presence by Mlu I  and Nhel digestions. Plasmids containing the insert, Le., those that 

were resistant to Nhel digestion but cut with Mlu I, were sequenced to confirm the 

mutation. The entire cDNA, contained in an EcoR I  fragment, was then excised, 

agarose gel puiified, and ligated into pBGS to generate pBGS-ARTRS. The 

orientation of the cDNA relative to the promoter was confirmed by restriction mapping.
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A
5 ' C T /A G A /A C G /C G T /T  3 '

I I I I I I I I
3 ' /  T / TGC/ GCA/AGA/TC 5 '

B
WT-MA

—AGG/AAG/AGG/AGT/CAC /  GCC /  GGC/TAT/CAG/ACC/ATC  
R K R S H A  G Y Q T I

MA+A
------/ GCT/AGC/C A C /------ / ------ / — / — / — / ------

A S H

ARTRS
/G G T /A G A /^ S /Q S r/T C r /A G G /G A C /

A  R T R S  S  H

Figure 11. A) Oligonucleotide BG-4 used to generate ARTRS. The oligonucleotide 
annealed to itself as shown to form Nhe I  compatible-ends. B) Nucleotide and amino 
acid sequences of WT-MA as well as MA+A (used to generate ARTRS) and ARTRS. 
The complete sequences for WT-MA are shown, while those that are changed are 
indicated for MA+A and ARTRS. The underlined sequence in MA+A indicates the 
unique Nhe I  recognition site, while the underline in ARTRS is the unique Mlu I  site.

Transfection and Cloning of Cell T.inps

CHO-TM*7-5, CHO-ARTRS2, and additional WT and PA lines besides those 

described in Chapter 2 were generated by transfection, selected, and cloned as

described in Chapter 2.
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Metabolic Labeling of Mutant and Wild-Type 
Igp-A

Stably-transfected CHO cells expressing wild-type (WT6) or mutated mouse 

Igp-A were metabolically labeled with pulses of Tran35S-Iabel methionine and then 

cultured ("chased") in growth medium for various times up to 60 minutes. Following 

chase periods, cells were immediately cooled on ice, rinsed at least twice with 0°C 

phosphate-buffered saline free of calcium and magnesium (PBS-CMF) and extracted 

with 1% Triton-X 100 extraction buffer (EBT, 120 mM KC1, 10 mM PIPES, 10 mM 

MgCl2, 5 mM EGTA, 1% Triton X -100, pH 7.4). Igp-A was immunoprecipitated 

from extracts and subjected to SDS-PAGE as described in Chapter 2. To increase the 

signal for autoradiography, gels were soaked in 0.3 M sodium salicylate, a fluorogen 

[114], for one hour after destaining, then dried as usual and exposed to either Kodak 

X-OMAT or Kodak Biomax MR film at room temperature for 1-4 days.

Internalization and Processing of TM*7 and 
ARTRS

Differences in cell surface locahzation and internalization of TM*7-5 and 

ARTRS2 as compared to WT6 Igp-A molecules were examined by 

immunofluorescence microscopy as described in Chapter 2; cells that had anti-mouse 

Igp-A antibody bound to their surfaces at OcC for 2 hours were allowed to internalize 

cell-surface molecules for 0 ,10, or 30 minutes at 37°C in growth medium. Primary 

antibody location was again revealed by incubating PLP-fixed, permeabilized cells with 

fluorescein-conjugated secondary antibody, followed by fluorescence microscopy and 

photography.
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Optimization of Cell-Surface Bound Antibody 
Removal

For some experiments, antibody was bound to surface Igp-A, internalized for 

set periods of time, and then antibody remaining on the cell surface was stripped off. 

An experiment was conducted to determine the optimum pH of the stripping solution 

for removal of 1D4B monoclonal antibody bound to Cell1Surface mouse Igp-A. PA2 

cells were utilized for these optimization experiments because of their high level of Igp- 

A surface expression; cells were plated at equal, non-confluent densities in the wells of 

a 6 well tissue culture plate and cultured overnight in medium containing 10 mM 

butyrate to increase Igp-A expression. The next day, cells were PLP fixed and 

equilibrated in immunofluorescence buffer (IB). 35S-Iabeled anti-mouse Igp-A (1D4B) 

monoclonal antibody in IB was bound to cells at room temperature with rocking for 2 

hours, after which unbound antibody was washed away with IB. Bound antibody was 

stripped off of cells with Dulbecco's PBS/0.1% BSA that had been brought to pH 2 ,3 , 

4, 5, 6, or 7 with acetic acid. The stripping solution with antibody was retained, and 

cells were washed thoroughly with IB. Finally, cells were solubilized with IN  NaOH 

and aliquots of lysates and stripping solution were liquid scintillation counted for 10 

minutes to determine the proportion of antibody that was still bound to cells versus that 

which had been removed.

FACS of CHO Cells Expressing Mutant Mouse 

IgP-A

Fluorescence Activated Cell Scanning (FACS) was employed to evaluate mutant 

Igp-A internalization as an additional approach, and because of its advantages of 

sampling large numbers of cells. An initial experiment examined YF2, YH7 and YSI
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internalization from the cell surface. WT6 and mutant Igp-A CHO cells (one-half of 

which had been cultured in 10 mM butyrate overnight) were bound with anti-mouse 

Igp-A antibody in hybridoma culture supernatant at 0°C for 2 hours. Unbound 

antibody was washed away with two ice-cold PBS-CMF rinses. Cells were returned to 

37°C growth medium for 10 or 30 minutes, and then placed on ice again. FlTC- 

conjugated goat anti-rat IgG was bound for 2 hours at O0C to anti-lgp-A antibody 

remaining on the cell surface. In a preliminary experiment, removal of cells from tissue 

culture plates by trypsin digestion did not decrease cell-surface fluorescence, so after 

unbound antibody was washed away, cells were trypsinized (still at 0°C) to release 

them from the plates. Released cells were pelleted by low-speed centrifugation and 

resuspended in PLP fixative. Cells were stored overnight and then subjected to FACS 

in the fixative solution.

Another FACS experiment was conducted to evaluate other cell lines for mutant 

Igp-A internalization rates from the cell surface. CHO cells expressing mutant or WT 

mouse Igp-As were incubated in 10 mM butyrate overnight in 6 well tissue culture 

plates, and then bound with FITC-conjugated anti-mouse Igp-A antibody on ice with 

rocking for 2 hours. Unbound antibody was washed away with three rinses of 0°C 

PBS-CMF (pH 7) and one rinse with 37°C growth medium. Cells were then allowed 

to internalize cell-bound antibody for 15, 30 or 60 minutes in 0.5 ml of growth medium 

containing 0.02 mM leupeptin (to inhibit antibody degradation). Following 

internalization, cells were returned to O0C conditions. The cells were washed three 

times with 0°C PBS-CMF, and one-half of the wells were stripped of antibody on the 

cell surface with two pH 3 DPBS/0.1% bovine serum albumin (BSA) washes. Cells 

were released from tissue culture plates by room temperature incubation in PBS-CMF/2 

mM EDTA/30 mM M LCl, and FACS analysis was conducted in the same solution. 

NH4CI was necessary to raise the pH of the endocytic compartment and avoid
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fluorescence quenching by acidic conditions. FACS was conducted immediately on 

live cells. Untransfected CHO cells treated in the same manner, as well as cells 

incubated with secondary antibody only on ice, served as negative controls for 

fluorescence

Recycling of Surface Wild-Tvpe and PA Igp- A 
Back to the Cell Surface

To assess recycling of endocytosed Igp-A, equal numbers of PA2 and WT6 

expressing CHO cells were plated in 35 mm plates (8 per cell type) and cultured 

overnight in 10 mM butyrate. Two additional plates of WT6 were plated for evaluation 

of cell viability following treatment with pH 3 stripping solution. After 24 hours of 

culture in butyrate, cells were placed on ice and rinsed with O0C DPBS, pH 7. 

Radiolabeled antibody was added to all wells except those used for viability testing. 

Antibody binding was carried out for 2.5 hours in ice-cold conditions with agitation, 

after which cells were rinsed again with 0°C DPBS, pH 7. Growth medium at 37°C 

was then added to wells and the cells allowed to internalize surface molecules for 30 

minutes at 37°C. Cells were returned to 0°C conditions and rinsed with pH 7 DPBS, 

and antibody on the cell surface was removed by stripping with pH 3 DPBS for 2 

minutes. Cells were rinsed again with pH 7 DPBS, and 37° C growth medium 

returned to the cells. After 15, 30,75 or 90 minutes of a second internalization period, 

cells were returned to ice and one-half of the wells stripped as before to remove any 

antibody that had returned to the cell surface. All wells were extracted with EBT and 

aliquots of stripping solutions and extracts were liquid scintillation counted to quantitate 

radiolabeled antibody in the interior of the cells stripped twice, or total cell-associated 

antibody in cells stripped once.
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Degradation of Antibody Bound to Surface 
Mouse Igp-A

Antibody bound to the various Igp-As could travel to degradative compartments 

with different kinetics if the Igps take different routes to lysosomes upon endocytosis. 

MA expressing CHO lines cultured for 24 hours in 10 mM butyrate were utilized to 

examine degradation rates of antibody entering cells bound to Igp-A. Cells were 

incubated in 37°C growth medium containing 35S-1D4B for 30 minutes, and then in 

medium without antibody for 0 ,15, 30,45, 60,90 or 120 minutes. Aliquots of 

medium were taken at all time points but 0, while cells were washed extensively and 

extracted on ice with EBT at 0 ,3 0 ,6 0  and 120 minutes. Aliquots were liquid 

scintillation counted to measure 35S content; 35S detected in the medium was presumed 

to be from degraded antibody, while 35S content of extracts was used to calculate total 

antibody bound.

Double Immunofluorescence of Mouse Igp-A and 
Hamster Igp-B

If Igp-A targeting is altered by mutating the transmembrane domain, mutated 

Igp-As might be found in compartments that do not contain wild-type Igp-A. To 

determine the extent of colocalization of mutant and WT mouse Igp-As with 

endogenous hamster Igp-B, MA expressing CHO lines were cultured on coverslips in. 

the presence of 10 mM butyrate for 36 hours and fixed in PLP. Cells were 

permeabilized with IB/0.01 % saponin (IBS), and incubated with anti-hamster Igp-B 

(1B3-13) hybridoma culture supernatant for I hour. Coverslips were then rinsed and 

incubated with 1:300 PE-conjugated secondary antibody to illuminate endogenous
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hamster Igp-B (HE), rinsed again, and incubated with FITC-conjugated anti-mouse 

Igp-A antibody for 2 hours to reveal expressed MA. Finally, coverslips were rinsed, 

mounted, and photographed using a BioRad confocal fluorescence microscope. 

Untransfected CHO cells served as controls, and showed that non-specific binding of 

FITC-conjugated anti-mouse Igp-A antibody to cells preincubated with anti-hamster 

Igp-B and PE-conjugated secondary antibody was minimal, as evidenced by the lack of 

green fluorescence.

Colocalization of Endocvtic Pathway Markers 
with Mutant and Wild-tvpe Igps

Transferrin, an iron-carrying protein, cycles between the cell surface and early 

endosomes and can serve as a marker for those compartments. Transferrin, with its 

load of iron, binds transferrin receptors on the cell surface and is rapidly endocytosed 

to early endosomes. In early endosomes, the iron is released from the transferrin by 

low pH, and the iron-free transferrin (apotransferrin) recycles back to the cell surface 

bound to the transferrin receptor, where it is released from the receptor by neutral pH 

conditions. An experiment to evaluate colocalization of mutant and WT mouse Igp-As 

with fluorescein-labeled transferrin was conducted in order to determine if the mutant 

Igp-As were located in early endosomes to a greater extent than WT Igp-A. Cells that 

had been incubated overnight in 10 mM butyrate were incubated in medium containing 

butyrate, 100 (iM leupeptin and DTAF-transfenin for one hour at either 15°C or 37°C. 

The medium was then replaced with more of the same minus the transferrin, and the 

incubation continued under the same conditions for another 30 minutes. Finally, cells 

were PLP-fixed as described in Chapter 2 overnight. Double immunofluorescence of 

mouse and endogenous hamster Igp was performed as described before, except an anti
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hamster Igp-A monoclonal antibody (UHle) was used instead of antibody against 

hamster Igp-B. Shdes were mounted and photographed using a confocal microscopy.

Ovalbumin can serve as a marker for all. stages of the endocyhc pathway, 

including late endosomes; ovalbumin is taken into the cell by endocytosis and carried 

along the endocyhc pathway to late endosomes and lysosomes where it is degraded. 

Mutant and WT Igp-As could have different distributions in the endocyhc pathway 

relative to ovalbumin, and a similar colocalization experiment to that described above 

was conducted. FITC-conjugated ovalbumin was used instead of DTAF-transferrin, 

although there was no chase period before cell fixation.

Overexpression of Igp and Surface Expression

Before increases in cell-surface expression can be attributed to Igp-A mutations, 

the possible saturation of transport pathways by protein overexpression must be 

addressed. A combination of methods was used to determine level of Igp-A expression 

and the relationship between expression level and amount appearing on the cell surface.

Expression Level Determinarion

The level of Igp-A expression in several different clonal Unes of CHO cells 

expressing WT6, PA, and TMA7-5 was evaluated by metabolic labeling, FACS, or 

binding of radiolabeled antibody to permeabhzed cells. For some experiments, cells 

were metabolically labeled with Tran35S-Iabel for 60-90 minutes, extracted, and mouse 

Igp-A immunoprecipitated with monoclonal antibody and protein G beads as described 

previously. Mouse Igp-A was quantitated by SDS-PAGE and phosphorimaging as 

described previously. In other experiments, various clonal Unes were compared by 

FACS of fixed cells bound with fluorescein-conjugated anti-mouse Igp-A antibody.
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From each cell type, clones differing in Igp-A expression levels were chosen for 

experiments evaluating total expression level as a determinant of surface appearance.

Surface Expression versus Total Expression 
Levels as determined hv Antibody Binding

In Chapter 2, surface expression of Igp-A as a function of total expression 

levels was examined, and found to not be a significant factor in surface expression of 

the transmembrane domain mutants characterized. An additional approach was used to 

support that observation using antibody "captured" by surface mouse Igp-A in different 

cell lines expressing different levels of the same mouse Igp-A. CHO cells expressing 

different levels of mouse Igp-A as well as untransfected CHO cells were plated at equal 

densities, cultured in 10 mM butyrate overnight, and then cooled to 0°C. Cells were 

metabolically labeled with Tran35S-Label for approximately 30 minutes, and then 

chased with growth medium for 30 minutes. Following the chase, cell culture dishes 

were placed on ice, rinsed once with PBS-CMF, and cells incubated while rocking on 

ice with anti-mouse Igp-A hybridoma culture supernatant for 2 hours. Wells were then 

washed 3 times with PBS-CMF and cells extracted with extraction buffer containing 

1% Triton X-100 (EBT). Extracts were immunoprecipitated with protein G beads 

overnight, and then removed to new tubes (minus protein G beads). Mouse Igp-A that
j

had not been bound by captured antibody was then precipitated by antibody directly 

conjugated to Hydrazide Avidgel Ax beads (UniSyn Technologies Inc.; Tustin, CA) or 

with anti-mouse Igp-A hybridoma culture supernatant and additional protein G beads. 

Immunoprecipitates were subjected to SDS-PAGE and labeled mouse Igp-A quantitated 

by phosphorimaging. Untransfected CHO cell values'were subtracted as background. 

To increase signal representing Igp-A capturing anti-mouse Igp-A antibody on the cell
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surface, in some experiments antibody was bound to cells (captured) while they were 

metabolizing in growth medium at 37 °C for 40 minutes. Cells and extracts were 

otherwise treated the same as those that were bound with antibody under cold 

conditions.

R E SU L T S

Metabolic Pulse-Chase Labeling of Mutant and 
Wild-Type Mouse Igp-A

Pulse-chase labeling of the various Igp-A mutants showed all of them to be 

glycosylated at approximately the same rate as WT MA, as evidenced by similar rates of 

mobility on reducing SDS-PAGE gels (Figures 12 and 13).

Internalization of Igp-A Mutants

Both ARTRS and TM*7 were internalized into compartments similar to WT 

Igp-A (Figure 14). TM*7 was internalized into the punctate, lysosome-like 

compartments at a similar rate as WT MA; however, ARTRS internalization appeared 

to be slightly slower than WT MAi
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Pulse-Chase Labeling of Mouse Igp-A
Minutes of Chase
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Figure 12. Pulse-chase metabolic labeling o f A) CHO-ARTRS2 and 
B) CHO-TM*7-5 cells. Cells were cultured overnight in 10 mM 
butyrate and labeled for 30 minutes with yS-methionine. Chase 
periods are indicated. Following the chase, cells were extracted on ice 
and immunoprecipitated with anti-mouse Igp-A antibody and protein 
G. Immunoprecipitates were subjected to SDS-PAGE and gels 
exposed to film.
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Pulse-Chase Labeling of Mouse Igp-A
M inutes o f Chase
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Figure 13. Pulse-chase metabolic labeling o f A) CHO-P A2, B) CHO- 
TMA7-5 and C) CHO-YH7 cells. Cells were cultured overnight in 10 
mM butyrate and labeled for 30 minutes with yS-methionine. Chase 
periods are indicated. Following the chase, cells were extracted on ice 
and immunoprecipitated with anti-mouse Igp-A antibody and protein 
G. Immunoprecipitates were subjected to SDS-PAGE and gels 
exposed to film.
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Figure 14. Internalization o f mouse Igp-A from the cell surface o f 
WT6, ARTRS2 and TM*7-5 cells. Stably transfected CHO cells 
expressing mouse Igp-A were bound with anti-mouse Igp-A 
antibody at O0C, then warmed to 37°C for 0, 10 or 30 minutes. 
Internalized antibody (and mouse Igp-A) was visualized in fixed 
cells after incubation with a fluorescein-conjugated secondary 
antibody. At 0 minutes (A-C) cell types exhibit surface binding of 
antibody, as indicated by clear outlining o f cell surfaces. (D-F) 20 
minutes o f internalization and (G-I) 30 minutes of internalization. 
(A, D, G) WT6 cells, (B, E, F) ARTRS2 cells, (C, F, I) TM *7-5 
cells.



50

Optimization of Antibody Stripping SolnHnn

Solutions of different pH were evaluated for their ability to remove antibody 

bound to cell surface mouse Igp-A, and the results are shown in Figure 15. The 

amount of antibody stripped off of cells abruptly dropped when the pH of the stripping 

solution rose from 4 to 5. Based on this information, stripping solutions of pH 3 were 

employed for experiments where surface antibody was removed. Cells that were 

treated with stripping solution remained viable and continued to divide when returned to 

culture (data not shown).

IOOl

80-

60-

B ound A ntibody  
R eleased  (%)

40-

20-

0  i  1 i i i i i '

2 3 4 5 6 7

pH o f  Stripping Solu tion
Figure 15. Optimization antibody stripping solution pH. Fixed CHO-PA2 cells with 
bound radiolabeled antibody were washed with solutions of various pH, solubilized 
and remaining antibody quantitated by liquid scintillation counting.
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Internalization of Igp-A Mutants as Measured hv 
FACS

Endocytosis of WT and tyrosine mutant mouse Igp-As was examined by FACS 

analysis of cells that had internalized antibody bound to cell-surface Igp-A. Some cells 

had been cultured overnight in 10 mM butyrate, which greatly increased Igp expression 

(Table I). Without butyrate induction, the tyrosine mutants had roughly the same 

fluorescence levels after even 10 minutes of internalization, despite increased initial 

fluorescence compared to WT Igp-A cells. All of the cell lines induced to express 

increased levels of mouse Igp-A had greatly decreased fluorescence after 10 minutes of 

internalization, although YF2, YH7 and YSl cells did not differ greatly in fluorescence 

between 10 and 30 minute internalization periods. In contrast, WT Igp-A cells 

continued to decrease fluorescence after 10 minutes of internalization.

Another FACS experiment was conducted using fluorescein-conjugated anti

mouse Igp-A (1D4B) antibody internalization to measure endocytic rates of WT, PA2

No butyrate With butyrate
0

minutes.
10

minutes
30

minutes
0

minutes
10

minutes
30

minutes

W Tlgp-A 172 85 74 3887 504 366

YF 130 64 61 883 206 155

YH 287 96 111 6577 803 838

YS 331 67 59 6164 1381 1589

Table I. Internalization of WT and mutant mouse Igp-A from the cell surface. Anti
mouse Igp-A antibody (1D4B) was bound to CHO cells expressing WT, PA or TMA7 
mouse Igp-A for 5 minutes at 37°C. The antibody was then removed and replaced with 
37°C growth medium for 10 or 30 minutes. Following this antibody-internalization 
time period, cells were placed on ice and fluorescein-conjugated secondary antibody 
bound to antibody remaining on the cell surface, and cells analyzed by FACS. Values 
shown are mean fluorescence remaining.
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and TMA7-5 mouse Igp-A in cells that had been cultured in butyrate overnight Surface 

expression levels varied greatly between clones, so internalization was expressed as % 

fluorescence remaining compared to cells that did not internalize any of the bound 

antibody (Figure 16). PA2 and TMA7-5 cells endocytosed at least 60-65% of the 

antibody within 10 minutes of warming, while WT6 cells internalized virtually all 

(97%) of the antibody by then. PA2 cells continued to decrease in fluorescence (cell- 

surface antibody) throughout the I hour experiment, but TMA7-5 cells appeared to level 

off or even increase in the amount of antibody on the cell surface after 30 minutes.

Recycling of WT and Mutant Igp-A

In the fluorescence-internalization assays, PA2 cells had considerably more 

mouse Igp-A on the cell surface than WT6 cells, even after 60 minutes of 

internalization. In internalization experiments monitored photographically, the

Antibody Internalized 
from the Cell Surface (%)

WT6
PA2
TMA7-5

Minutes of Internalization
Figure 16. Internalization of wild-type or mutant mouse Igp-A from the cell 
surface.Fluorescein-conjugated antibody was bound to WT-MA, PA, or TMA7 cells 
(cultured overnight in butyrate) on ice and then internalized by cells at 37°C for 0, 10 or 
30 minutes. Following internalization, antibody on the cell surface was stripped off by 
a low-pH wash. Live cells were subjected to FACS analysis in saline solution 
containing NH4Cl to increase the pH (and preserve fluorescence) of degradative 
compartments.
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fluorescence pattern of PA2 cells appeared similar to WT6 cells after 10 and 30 minutes 

of endocytosis, although more PA2 was on the cell surface at all times. An experiment 

was conducted to determine if more antibody-bound PA2 than WT6 was being returned 

to the cell surface upon endocytosis. The reappearance on the cell-surface of 

endocytosed WT6 or PA2 was measured by binding radiolabeled anti-mouse Igp-A 

antibody to cells, allowing cells to internalize that antibody, stripping off antibody 

remaining on the surface, and allowing the cells to metabolize for various periods up to 

I hour. Then, antibody that had been returned to the cell surface was stripped off of 

one-half of the cells. Retained antibody was measured by liquid scintillation Counting 

of cell extracts, and Igp-A returning to the cell surface was calculated as the difference 

between stripped and unstripped cells. The percentage of antibody removable from cell 

surfaces by low pH stripping after various internalization periods is shown in Figure 

17. Less than 10% of bound antibody was removable from WT6 cell surfaces after 15 

minutes of internalization, indicating that virtually none of the antibody bound to WT6 

was returned to the cell surface. Considerably more antibody was strippable from PA2 

cells throughout the experiment, indicating that antibody was returned to the cell surface 

after internalization; z.e., PA2 recycles, to the Cell surface to a greater extent than WT6 

after endocytosis.

r
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Antibody Remaining 
on the Cell Surface, %

Figure 17. Recycling of wild-type and 
PA mouse Igp-A bound by antibody to 
the cell surface following endocytosis. 
Radiolabeled antibody was internalized 
by cells expressing WT-MA or PA 
(after overnight culture in butyrate), 
and then any antibody remaining on 
the cell surface removed by low pH 
stripping. Cells were allowed to 
continue metabolism for indicated time 
periods, after which they were placed 

on ice and one-half stripped of antibody returned to the cell surface. Cell extracts 
were liquid scintillation counted and the difference between stripped and unstripped 
cells calculated to be Igp-A recycled to the cell surface.

Degradation Kinetics of Antibody Bound to 

IgP-A

The degradation of radiolabeled antibody captured at the cell surface by WT, 

PA2 and TMA7-5 mouse Igp-A was measured to compare transport rates to acidic, 

degradative compartments (Figure 18). 1D4B anti-mouse Igp-A antibody dissociates 

from Igp-A at between pH 4 and 5 (Figure 15), so it was assumed that the majority of 

antibody bound to Igp-A would remain bound until the complex arrived in a 

compartment with a pH of below 5, i.e., lysosomes. Cells were allowed to internalize 

radiolabeled antibody for 30 minutes, and then allowed to metabolize for various time 

periods following removal of antibody from the medium. Radioactivity released into 

the growth medium was assumed to come from degraded antibody. The amount of 

radioactivity remaining in cells was relatively constant for all 3 cell lines for the first 

two hours following antibody binding, although TMA7-5 cells apparently degraded 

significantly more antibody than either WT6 or PA2 cells during this time period. At 3 

hours of metabolism, the amount of radioactivity remaining associated with the cells 

dropped sharply for the 3 cell types, although at this time point WT6 degraded the most 

antibody, and TMA7-5 cells the least.
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Figure 18. Degradation of antibody 
bound to WT, PA or TMA7 mouse 
Igp-A. Radiolabeled antibody was 
internalized by cells for 30 minutes, 
and radioactivity released to the 
medium was measured at various 
time points afterwards.
Radioactivity remaining associated 
with cells was also measured to 
determine the amount of antibody 
originally bound. Values are 

radioactivity remaining with the cell (not in the medium) as a percentage of total 
radioactivity initially bound. Values are the means of three experiments, and bars 
indicate standard error of the mean.

Several inhibitors of protein degradation were also evaluated for 

inhibition of degradation of antibody bound to the Igp-A. In this particular 

experiment, radiolabeled antibody was bound to cells at 0°C, so prior to the 

measured metabolism period, no antibody was internalized or exposed to 

degradation. TMA7-5 cells did not release any radioactivity above background 

levels (as determined with untransfected CHO cells) throughout the experiment, 

suggesting that the antibodies were not reaching a degradadve compartment 

even after 60 minutes of internalization (Figure 19). Chloroquine did not inhibit 

degradation in cells expressing WT or PA mouse Igp-A at either concentration 

after 15 minutes, although cells incubated with 100 (J.M chloroquine for 45 

minutes did not release any radioactivity to the medium above background 

(Figure 19A). Leupeptin and NH4CI both effectively inhibited radioactivity 

release for 30 minutes of internalization, although leupepdn was not effective 

for either WT6 or PA2 after 60 minutes (Figure 19B). WT6 and PA2 cells 

incubated with NH4CI still had not released radioactivity above background 

levels, even after 60 minutes of internalization.

Rem aining Antibody, %

■  W T t 
D PA2 
B  TMA7-5

30 45 «0 120 180
Minutes of W arming
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% 100

chloroquine None 5 |iM 100 |iM 
15 min

None 5 pM 100 |oM 
45 min

100

inhibitor None Leu NH4CI 
30 min

None Leu NH4C1 
60 min

g  WT Q  PA H  TMA7

Figure 19. Effects of various inhibitors on the degradation of antibody internalized via 
mouse Igp-A and subsequent release of radioactivity into culture medium. Cells were 
incubated with radiolabeled anti-mouse Igp-A antibody (1D4B) at (TC and then allowed 
to internalize and metabolize bound antibody in the presence of (top) 5 pM chloroquine 
or 100 (J.M chloroquine, or (bottom) 100 |iM leupeptin or 30 mM NH4Cl for the 
indicated time periods at 37°C. Radioactivity was measured in culture medium and cell 
extracts by liquid scintillation counting. Values represent the percentage of radioactivity 
bound by cells that was retained in cell extracts after warming periods. Background 
values were measured in untransfected CHO cells.
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Mutant Igp-As Do Not Colocalize Completely 
with Hamster Igp-B

Double-immunofluorescence of mouse Igp-A and the endogenous 

hamster Igp-B in CHO cells expressing the different mutant mouse Igp-As 

revealed different patterns of fluorescence (Figure 20). Untransfected CHO 

cells had red punctate compartments indicating the presence of hamster Igp-B, 

but no green fluorescence (mouse Igp-A), indicating that staining was specific. 

WT6 cells had complete colocalization of mouse Igp-A (green fluorescence) and 

hamster Igp-A (red fluorescence), resulting in compartments that fluoresced 

yellow. All of the various mutant Igp-A cell lines also showed extensive 

colocalization of mouse Igp-A and hamster Igp-B, but, interestingly, numerous 

cells showed compartments containing either mouse Igp-A or hamster Igp-B, 

but not both. PA2 cells had many compartments containing hamster Igp-B, but 

little or no PA, while TMA7-5 cells had green compartments indicating the 

presence of mouse Igp-A, as well as some compartments containing only 

hamster Igp-B. Most compartments in YF2, YH7 and YSI contained both 

kinds of lgp, although a few compartments contained only mouse Igp-A. Y SI 

cells also contained a few compartments with only hamster Igp-B fluorescence.

The experiments examining colocalization of FITC-ovalbumin and 

DTAF-transferrin with Igps were inconclusive, as the albumin and transferrin 

fluorescence signals were very low (data not shown).
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Figure 20. Colocalization of wild-type or mutant mouse Igp-A and endogenous 
hamster Igp-B. Stably transfected CHO cells were fixed, permeabilized, and incubated 
sequentially with anti-hamster Igp-B antibody, PE-conjugated anti-mouse IgG, and 
FITC-conjugated anti-mouse Igp-A antibody. Visualization was by confocal 
microscopy at 100X. Green fluorescence is mouse Igp-A, red is hamster Igp-B and 
yellow is both mouse Igp-A and hamster Igp-B. A) WT6 cells, B) PA2 cells, C) 
TMA7-5 cells, D) YF2 cells, E) YH7 cells and F) YSl cells.
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Overexpression of Ign and Surface.

Expression

In Chapter 2, cell-surface biotinylation was used to determine the proportion of 

newly-synthesized mouse Igp-A appearing on the surface on the way to lysosomes. 

Another technique utilized antibody binding to the cell surface of metabolically labeled 

cells to determine the proportion of new Igp-A reaching the plasma membrane. Several 

different CHO cell lines expressing wild-type mouse Igp-A were evaluated for surface 

expression and total expression, including clone WT6 which was used for all other 

experiments involving mutant mouse Igp-As. The results of initial experiments in 

which antibody was bound to cells at O0C (to prevent internalization) are shown in 

Figure 21. The wild-type mouse Igp-A clones varied greatly in expression level, yet 

approximately the same amount of new mouse Igp-A was bound by antibody captured 

at the cell surface. Signal from Igp-A bound by cell-surface antibody was relatively 

low compared to background levels, so the experimental technique was modified to 

increase the signal of Igp-A bound by cell-surface antibody. Instead of binding 

antibody to the cells under conditions where antibody could be bound but not 

internalized, cells were allowed to internalize antibody during the binding period, 

increasing the total amount of antibody bound. Several WT clones were compared in 

this way as were three PA clones (Figure 22). Again, despite disparate expression 

levels, the wild-type mouse Igp-A clones had approximately equal proportions of 

recently synthesized mouse Igp-A available for binding to captured antibody (Figure 

22A). Results with the three PA clones were similar; expression levels differed, but 

Igp-A bound by captured antibody did not appear to correlate with amount synthesized 

(Figure 22B). The PA clones are shown in comparison to clone WT6. Interestingly, 

smaller proportions of PA were bound by antibody on the cell surface than WT6.
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by Captured of Mouse Igp-A
Antibody

Figure 21. Different CHO cell clones have similar proportions of newly-synthesized 
wild-type mouse Igp-A on their cell surfaces despite variable expression levels. 
Metabolically labeled cells were incubated on ice with monoclonal antibody (1D4B) to 
bind surface Igp-A. Cell extracts were immunoprecipitated first with protein G, and 
subsequently with anti-mouse Igp-A antibody-conjugated beads. Surface Igp-A was 
represented by mouse Igp-A bound by antibody precipitated with protein G. Total 
mouse Igp-A was the combination of protein-G precipitated and antibody-conjugated 
precipitated Igp-A. Values are the means of three experiments, bars indicate standard 
error of the mean.

Wild-type Mouse Relative Levels
Igp-A Bound by of Mouse Igp-A
Captured Antibody Expression
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by Captured Antibody Mouse Igp-A 

Expression

Figure 22. The proportion of newly-synthesized mouse Igp-A available to captured 
antibody is not dependent on expression levels. Metabolically labeled cells were 
allowed to internalize anti-mouse Igp-A antibody (1D4B) while metabolizing at 37°C 
for 40 minutes. Mouse Igp-A bound to antibody was immunoprecipitated from cell 
extracts with protein G. Extracts were then subjected to another round of 
immunoprecipitation with anti-mouse Igp-A antibody and protein G. First-round 
immunoprecipitates represented Igp-A available to captured antibody, while total was 
the sum of both immunoprecipitations. (left) Wild-type mouse Igp-A availability to 
captured antibody and relative expression levels, (right) PA availability to captured 
antibody and relative expression levels, compared to WT-MA clone 6, which was used 
for all experiments comparing mutant to wild-type Igp-A. Values are the results of 
three experiments and bars indicate standard error of the mean.
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CH A PTER 4

D ISCUSSION O F CH APTERS 2 AND 3

It has been demonstrated here that the transmembrane domain of Igp-A 

contains information influencing its cellular distribution. The relationship of 

increased surface expression and increased total expression in these experiments 

was also explored in an effort to separate transmembrane domain mutation effects 

from those of overexpression. These results will be discussed in relation to other 

published data.

Biosynthesis of Igps

Igps are synthesized in the endoplasmic reticulum (ER) and transported to 

the Golgi with half-times ranging from 13 to 35 minutes, depending on the cell type 

[26 ,28 ,29 , 60, 63, 84]. Movement from the ER to the Golgi can be monitored by 

immunoprecipitadon of metabolically radiolabeled lgp; immature Igp-A 

(polypeptide backbone and high mannose,N-Iinked sugars) in the ER is represented 

by a single, discreet band of approximately 100 kDa on SDS-PAGE gels, while 

Igp-A that has matured in the Golgi ranges in molecular weight (100-120 kDa) [8, 

1 2 ,1 5 ,2 7 ,9 7 ] .

All of the transmembrane domain mutant Igp-As (with the exception of YF2 

and YS) were monitored for normal processing through the ER and Golgi by 

metabolic pulse/chase labeling and SDS-PAGE analysis of immunoprecipitates. 

Each appeared to change in SDS-PAGE mobility with the same kinetics as wild-
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type mouse Igp-A, suggesting that processing of the mutants was not significantly 

affected by alterations to their transmembrane domains. Kinetics of arrival on the 

cell surface was not measured, although newly synthesized wild-type and mutated 

Igp-As were on the cell surface within 30 minutes of synthesis as evidenced by cell 

surface biotinylation. Processing of YF2 and YSI was not monitored by 

pulse/chase labeling; however, they were also present on the cell surface within 30 

minutes of synthesis. YF2 and YS I immunoprecipitates were also of similar 

mobility on SDS-PAGE gels as WT6, indicating normal post-translational 

processing.

Cell Surface Expression of Wild-type and Mutant Igp-A

Several methods were used to quantitate and compare surface expression of 

wild-type and mutant mouse Igp-A expressed in CHO cells. Steady-state surface 

expression was quantitated by binding of radiolabeled antibody to intact and 

permeabilized cells, while measurements of cell-surface expression of newly 

synthesized Igp-A required metabolic labeling followed by cell-surface biotinylation 

or antibody binding.

Steady-state expression of surface Igp-A differed among the different cell 

types analyzed; as measured by radiolabeled antibody binding to intact or saponin- 

permeabilized cells. WT6 cells had 33% of total mouse Igp-A on the cell surface 

after overnight induction with butyrate, and the tyrosine mutants YF2, YH7 and 

Y Sl had similar surface distributions (33%, 28%, 31%). PA2 and TMA7-5 had 

larger proportions of the total Igp-A pool on their cell surfaces (45% and 57%).

The value measured here for WT6 is considerably greater than that reported for 

stably-expressed wild-type rat Igp-A in CHO cells (0-1.6%, [60], endogenous
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chicken Igp-A in fibroblasts (2%, [8], endogenous Igp-A in MDCK cells (0.8% 

apical surface, 2.1% basolateral surface [22], and endogenous Igp-A in human 

monocytes (<5% [97]). Rat Igp-A in CHO cells, MDCK Igp-A, and human Igp-A 

were measured using different techniques, and some of the discrepancy may be 

attributable to choice of methods. Background binding of antibody, as determined 

with untransfected CHO cells, was high relative to signal in cells permeabilized 

with 0.1% saponin; intact untransfected CHO cells typically "bound" 25% of the 

antibody bound by intact WT6 cells, despite extensive washing after the binding 

period. The untransfected cell values were subtracted from transfected cell values 

as background, however, and should eliminate any effects of non-specific binding 

A more problematic observation was that permeabilized untransfected cells as well 

as cells expressing mouse Igp-A often retained less antibody than intact cells, 

suggesting that saponin adversely affected antibody binding. Saponin did not 

solubilize the lgps, however, as saponin washes of metabolically labeled cells did 

not contain any radiolabeled Igp-A (data not shown). Lippincott-Schwartz et al. 

used a similar procedure, to the one reported here to determine steady-state cell 

surface Igp-A expression, except that their permeabilization solution contained 

0.25% saponin instead of 0.1% [8], and they measured antibody affinity with or 

without the presence of saponin, and concluded that at 0.25%, saponin did not 

affect affinity for the lgp. Affinity was not calculated for the anti-mouse Igp-A 

(1D4B) antibody used in the experiments described here, and so negative affects on 

antibody affinity for Igp-A cannot be ruled out. If affinity were hampered, the 

proportion of Igp-A measured on the cell surface would be artificially large, as the 

cell surface antigen measurement is made with antibody binding in the absence of 

saponin. Regardless, all cell lines were treated alike, and measurements of surface
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expression are relative; TMD mutants PA2 and TMA7-5 had increased proportions 

of their total mouse Igp-A pools located on cell surfaces.

The proportion of metabolically labeled Igp-A appearing on the cell surface 

prior to transport to lysosomes was measured by cell-surface biotinylation and 

antibody binding. Fifteen percent of rat Igp-A expressed at "endogenous" levels in 

CHO cells appears on the cell surface 30 minutes after synthesis [60]. Here, the 

CHO Igp-A lines were metabolically labeled for 90 minutes, and 30 minutes after 

label termination, cell-surface biotinylated. The proportions of WT6, YH7 and 

Y Sl on the cell surface 30 minutes after the end of labeling (26%, 25%, 30%) were 

similar to that reported for rat Igp-A (25%) expressed at "high" levels in CHO cells 

[60]. TMA7-5 and YF2 had nearly twice as much new Igp-A on their cell surfaces 

(46%, 49%), while two-thirds of new PA2 was biotinylated. Less new WT6 was 

bound by antibody on the cell surface (10%) than was accessible to biotinylation. 

Cells used in the antibody binding experiment were metabolically labeled for 30 

minutes, while biotinylated cells were labeled for 90 minutes. Chase periods were 

the same for both experiments. One explanation for the lower value obtained with 

the antibody binding experiment could be that cell-surface binding had not reached a 

maximum, either because antibody was limiting or not enough time was allowed for 

all Igp-A molecules on the cell surface to be bound. Antibody was probably not 

limiting, however, as more cell-surface Igp-A was bound in the PA2 cell line using 

the same methodology and antibody concentrations. The time allowed for antibody 

binding to reach a maximum was also sufficient based on previous experiments; 

under the same conditions, 1D4B antibody binding to WT6 cells does not increase 

after 2 hours (data not shown). Alternatively, differences in metabolic labeling 

periods for the two types of experiments may be reflected. Total labeled Igp-A was 

greater in biotinylated cells due to the 90 minute labeling period, and more labeled



65

molecules were available for recycling than in cells that were labeled for 30 

minutes. Cells labeled for 30 minutes may not yet have reached a recycling 

equilibrium, or signal levels may have been near background levels. CHO cells do 

appear to recycle wild-type rat Igp-A when expressed at "high" levels; constant 

amounts of labeled Igp-A remained on the cell surface of high expressors for at least 

two hours after synthesis, while new Igp-A was undetectable on the cell surface 90 

minutes after synthesis in low expressors [60].

Expression levels of endogenous Igps were not quantitated in CHO cells 

expressing mouse Igp-As. A hamster Igp-A monoclonal antibody (UH1 [16]) was 

initially used for both immunofluorescence and immunoprecipitation of hamster 

Igp-A, however, in CHO cells background signals were too high for the 

experiments to be informative. If hamster Igp-A had been quantifiable relative to 

mouse Igp-A expression, more direct comparison of surface expression results to 

the data of Harter and Mellman would have been possible. The hamster Igp-B 

antibody used for examining colocalization of mouse Igp-A and hamster Igp-B, 

1B3-13, did not have the same background staining problems, and some 

information about relative expression levels of the two Igps can be gained from the 

confocal pictures shown in figure 20. Hamster Igp-B was illuminated using 

indirect staining with anti-hamster Igp-B antibody and a PE-conjugated secondary 

antibody, while mouse Igp-A was revealed using a HTC-conjugated antibody. 

Indirect staining is brighter than that with fluorescein-conjugated antibodies due to 

the amplification of signal by two secondary antibodies binding per primary 

antibody molecule bound to the antigen. The intensity of signal from a fluorescein- 

conjugated antibody is dependent on the number of fluorescein molecules attached 

to the antibody, and there is no amplification by multiple molecules binding to the 

antigen. In all of the confocal pictures shown, the green fluorescence associated
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with mouse Igp-A is much brighter than the red fluorescence of the hamster Igp-B, 

despite the amplification of hamster Igp-B signal due to indirect staining. From 

these relative fluorescence levels it can be concluded that mouse Igp-A expression 

levels were much higher than levels of hamster Igp-B expression.

Relationship of Surface and Total Igp Expression Levels

In recent years, several investigators have observed increased Igp surface 

expression correlated with increased Igp expression level. Uthayakumar and 

Granger found that newly-synthesized hamster Igp-B expressed in mouse N1H-3T3 

cells accumulated on the surface according to total expression levels, independent of 

butyrate induction effects [16,115], while Harter and Mellman observed a similar 

situation with rat Igp-A overexpressed in CHO cells [60]. Both reports postulated 

that increased surface appearance was due to saturation of the direct pathway to 

lysosomes. In contrast, surface appearance of new mouse Igp-A expressed in CHO 

cells in this study did not seem to be related to expression level; four clonal lines 

varying widely in mouse Igp-A expression levels had similar proportions of mouse 

Igp-A available to antibody binding on the cell surface. The discrepancy between 

different sets of experiments remains to be explained; however, Igp-B and Igp-A are 

distinct molecules that were expressed in different cell tines, and molecular 

differences may explain the apparently conflicting reports. It has been well 

established that the Igp cytosolic tail is critical for sorting to lysosomes, and Igp-A 

tails are identical in all species thus identified. The Igp-A tail amino acid sequence, 

-RKRSHAGYQTI, however, is distinct from the hamster Igp-B tail sequence 

-KRHHTGYEQF, although each contain a conserved -GY- sequence. Expression 

of the two Igps also appears to be regulated differently; Igp-A is probably a
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housekeeping gene [54], while Igp-B has regulatory elements in its untranslated 

sequence [55], as well as alternatively spliced forms that differ in tail and 

transmembrane domain sequences [21, 24]. These differences between Igp-A and 

Igp-B may be reflected in different abilities to saturate transport pathway 

components. Rat Igp-A and mouse Igp-A are much more similar, with identical tail 

and transmembrane domain sequences, and both of these Igp-As were expressed in 

CHO cells, so host molecular transport machinery was equivalent. Harter and 

Mellman used a short pulse (15 minutes) of metabolic labeling and cell-surface 

biotinylation to measure the amount of Igp on the cell surface in clonal lines 

expressing "high" and "low" levels of rat Igp-A [60]. Thirty minutes post-pulse, 

15% of rat Igp-A synthesized by the low expressing line, which expressed 

approximately one-third as much as the high expressing line, was detected on the 

plasma membrane, while 25% of that synthesized by high expressors was on the 

cell surface. In the studies reported here, the amounts of new mouse Igp-A detected 

on the surface of CHO cells by antibody binding were lower (8-15%) than that of 

rat Igp-A in the studies of Harter and Mellman. Also, in the studies reported here, 

the amounts of new Igp-A detected on the surface of WT6 cells by antibody binding 

was only 10%, but was 26% on WT6 cells measured by biotinylation. Hybridoma 

supernatants used in the antibody binding were the same supernatants used for 

immunoprecipitation of whole cell extracts, so sufficient antibody was present to 

bind Igp on the plasma membrane. Two hours were allowed for binding of 

antibody to cell-surface Igp-A, which was previously determined to be adequate for 

saturation with this cell type, and antibody affinity was assumed to be the same as 

the cell lines differed only in amount, and not type, of mouse Igp-A expressed. 

Since antibody binding appeared to be considerably less efficient than cell surface 

biotinylation in quantitating cell-surface Igp-A, the question is raised as to the ability
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of biotin-hydrazide labeling and subsequent purification by avidin-binding to 

discriminate between surface and internal cell components. Biotin-hydrazide is 

assumed to access only surface molecules in intact cells [95], however, a small 

amount of radiolabeled Igp-A in unbiotinylated cells bound avidin beads in 

extraction buffer, unless that buffer contained at least 0.5 M NaCl (data not 

shown). Upon this discovery, avidin beads were routinely washed with extraction 

buffer containing 0.5 M NaCl, and control experiments showed that unbiotinylated 

Igp-A was not bound to avidin (data not shown), so cell-surface Igp-A 

measurements were not artificially high.

Another set of similar experiments was conducted, except that antibody was 

bound at 37 °C instead of 0°C, and antibody was continuously internalized during 

the binding period. The proportion of Igp-A binding to antibody was much greater, 

although it did not vary among the wild-type mouse Igp-A lines. The increase in 

antibody binding may be due to increased antibody uptake because of replenishment 

of unbound cell-surface Igp-A molecules, or it may reflect binding of Igp-A within 

endosomes by constitutively endocytosed antibody or bivalent antibody bound only 

to one endocytosed Igp-A molecule. Also, the effects of antibody binding on 

internalization, sorting, and recycling of Igps are not known; binding of antibody 

may trigger a conformation change that hastens endocytosis of Igp molecules.

CHO cells expressing different levels of PA2 had a slightly smaller fraction of then- 

new molecules accessible to antibody, although the differences between PA2 lines 

themselves were minimal.

The increased appearance of endogenous Igp on the cell surface in cells 

expressing high amounts of foreign Igp has been shown both in mouse NIH-3T3 

cells expressing hamster Igp-B [16] and CHO cells expressing rat Igp-A [60], and 

is evidence for pathway saturation. An attempt to look at concomitant endogenous
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hamster Igp-A transport was made, but the anti-hamster Igp-A antibody UHl [16] 

appeared to have a high level of non-specific binding in CHO cells, and results 

were widely variable and contradictory (data not shown). Consequently, it is not 

known if hamster Igp-A surface expression correlated with mouse Igp-A 

expression. Therefore, from the data presented here, there is no evidence that Igp- 

A pathways were saturated by high expression levels of mouse Igp-A, although it 

cannot be completely ruled out.

The strongest evidence presented in this thesis that Igp-A pathways were not 

saturated is that mouse Igp-A in WT6 and YSI cells had similar proportions of both 

new and steady-state proportions of mouse Igp-A on cell surfaces, despite the 

nearly double level of expression by YS I.

Internalization of Igp-A

Although it has been well established that the tyrosine residue in the 

cytosolic tail of Igps is the critical element needed for endocytosis [6Q], the role of 

the TMD in internalization has not been investigated. Inefficient endocytosis can be 

manifested by increased surface presence, and any TMD effects on targeting must 

be separated from those on internalization. Endocytosis rates were examined by 

monitoring labeled antibody internalization from the cell surface. In 

immunofluorescence experiments, all of the different cell lines were able to 

internalize Igp-A molecules into punctate, lysosome-like compartments within 10 

minutes, although some Igp-A appeared to remain on the cell surface in high- 

expressing lines. Quantitative studies showed that all of the mutants were able to 

internalize labeled anti-mouse Igp-A antibody rapidly, although internalization rates 

seemed to be more dependent on surface expression of Igp-A than on mutations.
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Endocytic machinery has been shown to be saturable [116 ,117], and Igp-A 

internalization rates decreased when cell lines were induced to express more Igp-A 

by culture with butyrate, indicating that saturation may have been a factor.

However, more detailed examination of internalization was not made, and it was 

concluded that each of the mutants was capable of rapid internalization.

Some mutants maintained labeled antibody on their surfaces for long 

periods of time when compared with WT6 cells, and in PA2 cells, a large portion of 

that antibody was evidently recycled to the surface after internalization. Harter and 

Mellman observed that rat Igp-A remained on the cell surface much longer in cells 

that expressed high levels, and explained it as recycling to the cell surface due to 

titration of recycling machinery [60]. Lysosomal alkaline phosphatase also 

undergoes a number of cycles of internalization and surface appearance when 

expressed at high levels [46], supporting this possibility. The expression of Igp-A 

in PA2 cells was more than twice that of WT6 cells, so it is impossible to 

distinguish between recycling due to high levels of expression and effects of the 

proline to alanine mutation.

Intracellular Igp Pathways

Previous experiments indicated that mutant Igp-As might differ in the proportion 

transported initially to the cell surface, and by inference, sorting. An experiment was 

designed to monitor differences in sorting of mouse Igp-A; radiolabeled antibody was 

bound to mouse Igp-A, and the release of radioactivity (presumably from degraded 

antibody) back into the culture medium measured. The antibody used, 1D4B, was not 

released from mouse Igp-A in conditions of pH 5 or above, so antibody was probably 

retained by the Igp-As until arrival in late endosomes or lysosomes, as the pH of early
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endocytic compartments is above 6 [118 ,119]. The pH of lysosomes is below 5.5 

[119, 120], and there the antibody is presumably degraded by lysosomal hydrolases. 

Initially, an attempt was made to follow degradation by SDS-PAGE of cell lysates with 

radiolabeled antibody (data not shown), but the signal from antibody components was 

too low to reliably detect (no bands were apparent) and the reappearance of radioactivity 

in the medium was used instead as an indicator of breakdown. CHO cells expressing 

PA2 and WT6 were similar in their patterns of radioactivity release to the medium in 

that release to the medium was gradual for the first two hours, after which it increased 

sharply. At the end of the experiment, PA2 cells retained a greater proportion of 

radioactivity than the WT6 cells. Half-lives of PA2 and WT6 do not differ greatly 

(Chapter 2), so it is possible that this increased retention of radioactivity by PA2 cells ' 

indicates a delayed arrival in lysosomes for some of the antibody. This increase in 

retention may also reflect differences in the total amount of antibody bound; PA2 cells 

express more total Igp-A as well as have more on their surfaces, and again recycling 

machinery could have been saturated. Interestingly, the TMA7-5 cells released a greater 

percentage of their radioactivity early, and did not release any more until the end of the 

experiment, at which time they retained more than the other two cell types. TMA7-5 is 

expressed at similar levels as WT6, so any delay in arrival of TMA7-5 is due to the 

transmembrane deletion. This is consistent with other experiments showing a 

persistence of TMA7-5 on the cell surface, away from degradative compartments. 

Possible explanations for the increase in early radioactivity release by TMA7-5 cells is 

that a portion of newly synthesized TMA7-5 is sorted to lysosomes more rapidly than 

WT6, or that TMA7-5 is subject to degradation earlier (and subsequent bound antibody 

release or degradation) in the endocytic pathway than WT6 due to its transmembrane 

deletion. TMA7-5 half-life is significantly reduced (Chapter 2), indicating that it is 

more susceptible to degradation than WT6 Igp-A. As pointed out previously, the
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effects of bound antibody on Igp movement in the cell are unknown, and the kinetics of 

Igp arrival in lysosomes may not reflect the actual situation with protein that is not 

bound by antibody, however the experiment did allow comparisons of the different Igp- 

As.

A supporting experiment showed that inhibitors of lysosomal enzymes had 

similar effects on antibody degradation in WT6 and PA2 cells, although in TMA7-5 

cells, antibody was not degraded during the measured time points, even without 

inhibitors. These results suggest that Igp-A internalized from the cell surface of TMA7- 

5 cells was transported to different compartments different kinetics than in WT6 and 

PA2 cells.

TMA7-5 cells degraded antibody in the previous experiment, but did not 

degrade antibody in the inhibitor experiment. The conflicting results can be explained 

by differences in experimental conditions. In the first experiment, cells bound and 

internalized antibody at 37 °C for 30 minutes before antibody was removed from the 

culture medium and removal of the antibody from culture medium was considered O 

minutes. In the inhibitor experiment, antibody was bound to cells at 0°C, but not 

internalized due to temperature blockage of endocytosis. Consequently, total amounts 

of antibody bound were reduced in the inhibitor experiment because binding sites were 

not replenished during binding, as occurred in cells metabolizing at 37°C. In the 

inhibitor experiment, 0 minutes was considered to be when cells were returned to 37°C 

to begin internalizing antibody. The lack of measurable radioactivity release to the 

medium by TMA7-5 cells during 60 minutes of warming is consistent with the reduced 

release in the previous experiment.

Inhibitors had similar effects on the release of radioactivity by WT6 and PA2 

cells, although the proportion released in cells not treated with inhibitors was greater for 

WT6 than PA. Chloroquine was only effective at 100 |iM, and then only after 45
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minutes of incubation. Measured radioactivity release was less in 45 minute, 100 (iM 

plates than the 100 |±M 15 minute plates, which may indicate an experimental error.

The experiment was not repeated. Leupeptin was very effective at stopping 

radioactivity release for 30 minutes of antibody metabolism, although it was ineffective 

after 60 minutes. Leupepdn inhibits trypsin-like serine proteases and cysteine 

proteases, but does not necessarily inhibit all lysosomal proteases. NHUCl, however, 

is lysosomotropic, i.e., it accumulates in lysosomes and raises the pH above the pH 

optima for most lysosomal enzymes. Addition of NHtCl to culture medium effectively 

stopped release of radioactivity to the medium by PA2 and WT6 cells, presumably by 

stopping enzymatic breakdown of antibody.

Differences in antibody affinity for the different Igp-A molecules were assumed 

to be minimal, based on numerous immunoprecipitations of immature and mature Igp-A 

molecules (data not shown). Although the 1D4B antibody epitope is not known, it 

does seem to be in the luminal domain (B.L. Granger, unpublished observations), 

away from the transmembrane domain. Another assumption made in these experiments 

was that radioactivity release to the medium represented degraded antibody, and protein 

content was not measured by TCA precipitation. TCA precipitations performed on I or 

2 later timepoints in one experiment showed that much of the radioactivity was in 

polypeptide, and not amino acid form. The identity of the radiolabeled proteins was not 

identified, but it does not seem probable that the released protein was intact antibody, 

based on experiments with low pH antibody removal. The secreted proteins could be 

antibody breakdown products or antibody components recycled into new proteins..
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Mutant Mouse Igp-A Does Not Always Colocalize with Endogenous
Hamster Igp-B

Igp-A and Igp-B are normally both found in lysosomes and are probably 

transported by the same mechanisms. Previous experiments suggested that mutant 

and wild-type mouse Igp-A molecules may differ in their itineraries, suggesting that 

different transport compartments could be involved. CHO cells expressing mutant 

or WT6 mouse Igp-A were examined by double immunofluorescence and confocal 

microscopy to determine if there were any cellular compartments that contained 

either mouse Igp-A or endogenous hamster Igp-B (HE), but not both. The results 

were somewhat surprising, as all of the mutant lines examined had compartments 

containing one or the other, but not both, while cells expressing WT6 appeared to 

have virtually complete colocalization of the two lgps. The pattern was consistent 

for most of the cells examined, and not isolated to one or two occurrences. A 

repeat experiment was not attempted, so experimental artifact remains a possibility. 

However, in certain lines the pattern differences were very different and intriguing. 

PA2 cells had numerous compartments that appeared to contain HE, but not PA. 

The expression levels of PA2 cells are very high relative to WT6 cells and HE (data 

not shown), so it would be less surprising to see compartments loaded with "extra" 

PA. Instead, there are compartments in which HE is evidently favored for 

inclusion over PA. Nearly all the compartments containing PA2 (green) have some 

yellowish color, suggesting HE presence. TMA7-5 cells had a network-like green 

(TMA7) pattern that could be surface or internal staining, along with compartments 

of HE colocalization (yellow). The tyrosine mutants YF2, YH7 and Y Sl behaved 

more predictably, although each contained, some compartments containing HE only 

(red). Further experiments were conducted to identify some of the compartments
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that contained only one of the Igps using fluorescein-labeled ovalbumin and 

transferrin in conjunction with Igp fluorescence, but signal from the compartment 

markers was too low to conclude anything.
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CH APTER 5

EFFEC T S O F ANTISENSE DNA ON LG P-A  EX PR ESSIO N

In tro d u c tio n

Antisense oligonucleotide technology has been used to inhibit protein 

expression in a number of systems (for reviews, [121]). Decreasing the amount of Igp- 

A expressed in tissue culture cells ("loss of function") experiments were conducted to 

determine if antisense technology was feasible for manipulating Igp-A expression and if 

decreasing expression leads to an observable phenotype that will yield clues to Igp 

function.

M ethods

Antisense Oligonucleotide Inhibition of Mouse 

Igp-A

Oligonucleotide BG-8, which complemented 15 bases that included the start 

codon for Igp-A (Figure 23) was synthesized by the Veterinary Molecular Biology 

DNA Synthesis Facility. Control oligonucleotides Hill36 (17 bp) Abe5 (19 bp) 

were obtained from Mitchell Abrahamsen (sequences not shown). AU 

oligonucleotides were "sterilized" by ethanol/ammonium acetate precipitation, 

resuspended in sterile water and added to the growth medium on NRK cells at 0, 

23, or 100 |iM. After 24 hours, ceUs were fixed in PLP (as described in previous
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chapters), and immunofluorescence was performed on saponin-permeablized cells 

using rabbit anti-mouse/rat Igp-A polyclonal serum and HTC-conjugated anti-rabbit 

IgG secondary antibody.

B G 8

3'  G C A G C G C G G T A C C G C  5'

5'  C G  T C G C G C C  A T G  G C G 3 '

M ouse Igp-A

Figure 23. Antisense oligonucleotide BG8 and the complementary mouse Igp-A 
sequence. The start translation site of the mouse Igp-A gene is underlined.

Mouse Igp-A Antisense RNA Expression Vector

A 550 bp fragment containing the most 5' part of mouse Igp-A cDNA was 

excised from plasmid M0X1C6 [13] using EcoR V and ligated with Xba I linkers 

(Promega). After digestion with Xba I to isolate the linkered fragment, it was 

ligated into the Xfoz I site of pBGS to generate pBGS-MA/AS (Figure 24). 

Antisense orientation of the insert was verified by restriction enzyme mapping. 

Antisense RNA expressed from this construct did not contain a poly-A addition or 

transcription termination sites.
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pBGS + M A/AS

Figure 24.
Map of plasmid 
pBGS-MA/AS, 
used to
generate stable 
anti-sense 
transfectants. 
The antisense 
fragment is the 
550 bp most 5' 
of the mouse 
Igp-A cDNA 
ligated into 
pBGS in the 
antisense 
orientation 
relative to the 
promoter.

Transfection of Mammalian Cells

CHO-MAM4M, a clonal line which stably expressed mouse Igp-A and was 

selected with methotrexate (B.L. Granger, unpublished observations), was 

transfected by the method of Chen and Okayama [92] and selected by continuous 

culture in 400 pg/ml active G418. Resulting cell lines were cloned and designated
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CHO-MAM/AS 1-5, and were maintained in aMEM with folic acid, 5% dialyzed 

FBS and 5|iM  methotrexate in addition to G418.

Another antisense Igp-A cell line was established by transfection of wild- 

type mouse NIH-3T3 cells with the MA/AS construct and selection with G418 for 

two months as described above. This cell line was designated 3T3-MA/AS and 

was not cloned.

RNA Harvest

RNA was harvested from MAM/AS and MAM4M cells using a modified 

protocol of Chomczynski and Sacchi [122]. Cells grown for 24 hours in the 

presence of 10 mM butyrate were placed on ice, rinsed with 0°C PBS, and lysed 

with 2 ml 4M guanidine thiocyanate/25 mM NaCitrate/2 mM N-Iauroyl 

sarcosine/8% 2-mercaptoethanol per 10 cm plate. Cell lysates were transferred to 5 

ml polypropylene tubes with 200 (Tl 2M NaOAc, pH 4.0, vortexed,- and extracted 

with 500 JJl phenol (pH 4.3, Amresco) and 125 JJ.1 chloroform/2% isoamyl alcohol. 

Aqueous and organic phases were then separated by centrifugation for 20 minutes 

at 10,000 x g. RNA was precipitated from the aqueous phase with an equal volume 

of isopropanol and pelleted by centrifugation at 10,000 x g. The pellet was 

resuspended in 300 (il 2.5 M guanidine thiocyanate/8% 2-mercaptoethanol, 

reprecipitated with 2 volumes of ethanol, pelleted by centrifugation, and finally 

resuspended in RNAse-free water. 1.5 |ig of purified RNA in 11 pl water was 

combined with 20 (il RNA "mix" (75% formamide/23% formaldehyde/5 mM 

EDTA/2 mM NaH2POVS mM NaOAc, pH 7), heated at 65°C for 15 minutes, and 

placed on ice. Two pl of 10X loading buffer (60% glycerol/50 mM EDTA/0.05% 

bromophenol blue) and 0.2 pi of lOmg/ml ethidium bromide were added, and 10 pi
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of the combination run on a formaldehyde gel (1.2% agarose/6.7% 

formaldehyde/0.1 mM EDTA/2 mM NaH2POVS mM NaOAc, pH 7) at 70 V for 

approximately 1.5 hours. The gel was then photographed with UV illumination 

using Type 57 Polaroid film.

Northern Blot and Hybridization •

RNA was transferred to nitrocellulose by overnight upward transfer in 2QX 

SSC (3M NaCl/0.3 M Na3Citrate, pH 7) after equilibration of the gel in the same 

buffer. The blot was then rinsed in 6X SSC and the RNA fixed to the filter by 

baking at 80°C for 2 hours. The blot was blocked for two hours in a 45°C 

hybridization solution (25% formamide/25% dextran sulfate/3X SSC/1X 

Denhardt's solution/25 mM NaH2POVS |ig yeast tRNA per ml), and then fresh 

hybridization solution with boiled probe at 2 x IO6 cpm/ml was added; the blot was 

agitated gently overnight at 45°C. Blots were then washed at 51°C with 0.1X 

SSC/0.1% SDS (high stringency). Air-dried blots were exposed to Kodak X- 

OMAT film with an intensifying screen for various lengths of times at -SO0C before 

film development.

Radiolabeling Probe bv Nick-Translation

Northern blots were probed with the 550 bp XZnz I fragment of pBGS- 

MA/AS. 150 ng of agarose gel-purified DNA in 1.5 |il water was mixed with 1.25 

M-IIOX nick-translation buffer (I M Tris-HCl, pH 7.5/100 mM MgCl2), 1.25M-1 

dNTP mix (1.5 mM each dATP, dGTP, dTTP), 4 Ml [<x-32P] dCTP (NEN Du ' 

Pont), and 4 M-IDNA Polymerase I/DNAse I (0.4 U/|Lil and 40 pg/ql, respectively; 

GIBCO BRL). This mixture was incubated at IS0C for I hour, and 0.5 M-120 mM
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EGTA added. After another 15 minute 15°C incubation, 0.5 |Ltl NAD and 0.5 jll E. 

coli DNA ligase (5 U/gl) was added, and the incubation continued at IS0C for 15 

minutes more. Finally, 2 jul of 0.5 mM EDTA was added to stop the reaction. 

Unincorporated nucleotides were removed from probe fragments by purification on 

an Elutip-D DNA purification minicolumn (Schleicher & Schuell), and probe 

specific activity was calculated from liquid scintillation counts. Probes used were 

of specific activity > 3 x IO8 CpnVqg DNA, and 2 x IO6 cpm of boiled probe per ml 

of solution used for hybridizations.

Immunofluorescence Microscopy

Five clonal and one uncloned CHO-MAM/AS lines were cultured in the 

presence of 10 mM butyrate for 24 or 48 hours, fixed in PLP, and examined by 

immunofluorescence microscopy with primary anti-mouse Igp-A monoclonal 

antibody (1D4B) and FITC-conjugated secondary antibody as described in previous 

chapters.

Metabolic Labeling of Antisense Cell I ,ines

MAM4M and the MAM/AS cell lines were cultured in 10 mM butyrate 

overnight prior to labeling to allow maximum induction of both mouse Igp-A and 

antisense RNA expression. MAM/AS and MAM4M cells were then labeled for 30 

minutes with Tran35S-Label, and immediately following labeling extracted on ice 

with EBT and immunoprecipitated with anti-mouse Igp-A antibody (1D4B) as 

described in Chapter 2. Precipitates were run on SDS-PAGE gels and processed 

for autoradiography as described previously. After gel exposure to X-OMAT film, 

the autoradiogram was evaluated by spot densitometry with the Alpha Lmotech
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Corporation IS-1000 system. Background values consisted of band-sized areas 

immediately above bands and were subtracted.

Wild-type mouse NIH-3T3 and 3T3-AS cells were metabolically labeled as 

described previously for I hour and then returned to growth medium for a one-hour 

chase before extraction and immunoprecipitadon. An internal positive control 

antibody KA2A5.6 (ascites; generous gift from A. Davis) was used to quantitate 

heat shock protein synthesis as a control for gel loading and cell number.

Following staining and drying, the gel was exposed to a phosphorimage screen; 

mouse Igp-A and a band associated with the heat-shock protein were quantitated, 

and mouse Igp-A production was normalized using heat-shock protein values.

Results

Antisense Oligonucleotide Inhibition of Mouse 

ISP=A

The design of the. nucleotide BG8 was based on studies that reported 

effective antisense inhibition if the oligonucleotide annealed with mRNA so as to 

overlap the translation initiation site [123]. The antisense oligonucleotide had no 

apparent effect on NRK cells; after 24 hours of culture with oligonucleotide, cells 

appeared healthy and similar to control cells. There were also no noticeable 

differences in Igp-A immunofluorescence between cells cultured with antisense, 

control or no oligonucleotide (data not shown).
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Stable Transfection of Antisense DNA and 
Mouse IgP-A Expression

A CHO cell line stably expressing wild-type mouse Igp-A was stably 

supertransfected with an antisense DNA construct and examined for effects on Igp- 

A and cell phenotype. Antisense mouse Igp-A mRNA was approximately 0.6 and 

1.0 kb in length, depending on the cell line (Figure 25A). CHO-MAM4M cells, as 

well as all of the antisense lines, had messages of various sizes, including 3.5,2.9, 

2.2 and 1.8 kb, while wild-type CHO cells expressed only one message of 

approximately 2.2 kb.Butyrate induction greatly increased the amount of 0.6 kb 

message in MAM/AS-1 and -5, although all detected messages were decreased in 

MAM/AS-3 and MAM4M cells with butyrate induction, despite roughly equal 

loading of total RNA. The CHO-MAM/AS cell lines did not reveal any differences 

in mouse Igp-A fluorescence after 24 hours of butyrate induction, however, after 48 

hours of butyrate culture, the uncloned population had some heterogeneity of 

expression by immunofluorescence (data not shown). Mouse Igp-A synthesis 

appeared to be inhibited in cell lines MAM/AS-1, -4 and -5, which expressed the 

most antisense message (Figure 25B). No other phenotype was observed in 

antisense-expressing cells; cells were morphologically similar and grew at 

comparable rates with or without antisense transfection. Mouse NIH-3T3 cells 

stably transfected with the same antisense construct were not significantly inhibited 

in Igp-A synthesis when induced with butyrate (Figure 26), nor did they exhibit any 

other noticeable phenotype. 3T3-AS cells expressed significantly more mouse Igp- 

A when induced with butyrate.
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Figure 25. Analysis o f CHO cell lines transfected with both mouse Igp-A 
and antisense mouse Igp-A DNA. A) Northern blot analysis o f total RNA 
probed with the double stranded antisense DNA insert. The blot is shown 
below for comparison o f RNA loading. B) SDS-PAGE o f radiolabeled 
immature mouse Igp-A in antisense and the parental cell lines. Relative 
amount o f Igp-A synthesized was adjusted for lane background and is 
shown in the lower part o f the lane.
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Figure 26. Endogenous Igp-A synthesis in mouse wild-type and antisense-DNA 
transfected NIH-3T3 cells. Cells were cultured with or without 10 mM butyrate overnight, 
metabolically labeled for one hour with 35S-methionine, and after another hour in growth 
medium, extracted and immunoprecipitated with anti-mouse Igp-A antibody and anti- 
heatshock protein antibody. Immunoprecipitates were quantitated by SDS-PAGE and 
phosphorimaging; mouse Igp-A was normalized relative to heat shock protein synthesized. 
Values are the means of 5 or 6 samples, bars indicate standard error of the mean.

D iscu ssio n

Two different antisense technology approaches were utilized in an attempt to 

decrease the amount of Igp-A synthesized by tissue culture cells. Antisense DNA 

oligonucleotide inhibition was attempted first, and later an Igp-A cDNA fragment in 

reverse (antisense) orientation and driven by an inducible promoter was stably 

transfected into tissue culture cells. Neither approach inhibited endogenous Igp-A 

synthesis significantly, and no cellular phenotype was detected save a possible slight 

decrease in Igp-A production in CHO cells expressing a mouse Igp-A cDNA.
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Failure of Antisense Olignrmcleotides to 
Significantly Inhibit Igp-A Levels

The failure of antisense oligonucleotides to inhibit total Igp-A levels in NRK cells to 

such an extent as to be clearly visible by immunocytochemistry is not surprising 

since the half-life of Igp-A is relatively long, (10 hours in NRK cells, [27]) and 

oligonucleotides are vulnerable to nuclease breakdown in culture medium and have 

half-lives of 15 to 60 minutes in sera. Nothing is known about the relationship of 

Igp-A expression level and turnover, so interpretation of the effects of 

oligonucleotides was only possible if the inhibition level was great. Synthesis of 

Igp-A could be inhibited significantly without affecting the total Igp-A pool if 

turnover is slowed in response to the inhibition. It was also impossible to 

determine the amounts of oligonucleotides taken into cells; it has been shown in 

some cell types that oligonucleotides are internalized by receptor-mediated 

endocytosis (for a review [121]).

Inhibition of Mouse Igp-A Synthesis bv Stably- 

Transfected Antisense DNA

The long Igp-A half-life is perceived to be a major obstacle to antisense 

oligonucleotide inhibition because of the reported instability of oligonucleotides; 

stably transfecting tissue culture cells with promoter-driven antisense constructs 

would allow a more constant supply of inhibitory molecules. CH0-MAM4M cells, 

which expressed high levels of mouse Igp-A, were first used to test antisense 

effectiveness. If loss of Igp-A was fatal to cells, determining that cell death was 

due to antisense inhibition and not poor transfection efficiency would be difficult. 

Also, detection of inhibition was expected to be easier in a cell line that expressed
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high levels of Igp-A than cells expressing constitutive, lower levels; when the 

initial antisense experiments were conducted, sensitive quantitation of protein 

synthesis was not possible due to a lack of a reliable quantitation system.

MAM/AS cells were first examined by northern blot to determine if 

antisense messages were being expressed. Since double-stranded DNA was used 

to probe the blot, sense of the message, i.e., antisense versus sense, was not 

revealed. The 0.6 kb bands probably represent antisense message, based on the 

expected size of 550 bp and the lack of those size messages in the parent MAM4M 

cell line. One cell line, MAM/AS-5 had a message of 1.0 kb, although no message 

of 0.6 kb. The 1.0 kb message may represent a transcript resulting from multiple 

copies of the antisense DNA incorporated into the genome, or a different 

transcripition termination site. The multiple copies of message detected in the 

antisense and parental line is probably due to methotrexate amplification; other 

methotrexate-amplified cell lines also had several bands that reacted with a mouse 

Igp-A cDNA probe, while cells selected with G418 always had a single message 

size (data not shown).

Only one experiment was conducted with the MAM/AS cells to evaluate Igp- 

A synthesis inhibition; antisense transcript presence was associated with decreased 

Igp-A production, while the cell lines that expressed very little or no antisense 

transcript synthesized identical amounts of Igp-A as the parental line. These results 

suggested that the antisense construct was able to inhibit Igp-A synthesis, even if 

the inhibition was not complete. Stable antisense transfection did not appear to 

significantly hinder endogenous Igp-A synthesis in mouse NIH-3T3 cells that had 

been cultured overnight in butyrate. A negative result was not informative, 

however, as the effects of butyrate on endogenous Igp-A synthesis need to be 

investigated further. Butyrate induction was used to ensure maximum antisense
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expression, and control cells were also cultured in butyrate to account for butyrate 

effects; however, antisense cells that had not been cultured overnight in butyrate 

synthesized only 50% as much Igp-A as antisense cells induced with butyrate. The 

appropriate control, untransfected cells not cultured in butyrate, was not performed 

due to limited resources, so interpretation of the effects of the antisense construct on 

cells that have not been influenced by butyrate awaits further experimentation.

More dramatic differences might also be detected in clonal, homogenous antisense 

cell lines; only 3 out of the 5 clonal MAM/AS cell lines appeared to express 

antisense message, so effects on Igp-A expression are diluted in non-clonal cells. 

Finally, a strictly subjective observation was that antisense cells appeared to grow 

somewhat more slowly than wild type cells, but no attempt was made to measure 

growth rates, and any differences may have been attributable to transfected cells 

expending resources to maintain G418 resistance.

Usefulness of Antisense Technology in 
Determining Igp-A Function

The experiments described were very preliminary, but they do not rule out 

antisense technology as a method of decreasing Igp-A function, as stably- 

transfected antisense DNA was associated with decreased Igp-A synthesis in one 

experiment. Cells maintained in tissue culture are not representative of a whole 

organism, and an animal might be much more vulnerable to subtle changes in Igp 

expression than cultured cells. Supporting this possibility is that Igp-A is believed 

to be a housekeeping gene, i.e., it is constitutively expressed. Expression as a 

transgene in a mouse under the influence of an inducible promoter could allow
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manipulation of Igp-A expression without confronting the possible fatal effects of 

completely eliminating expression.
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CHAPTER 6

ANALYSIS OF MICE TRANSGENIC FOR HAMSTER LGP-B

Introduction

No diseases have yet been associated with Igp defects, although almost 

certainly mutations have occurred in nature. Since Igp-A and Igp-B are both highly 

conserved among diverse species, it is probable that these genes have functions that 

are important to organism maintenance or development, and disease states may have 

not been identified because the genetic diseases associated with Igp mutations have 

not yet been investigated. Igps expressed at levels much higher than endogenous 

do not appear to affect the growth or health of tissue culture cells, but important 

intercellular effects can be easily overlooked in tissue culture systems. One way to 

examine the functions of a protein in an organism is to increase the expression level 

("gain of function") and analyze the resulting phenotype. In this chapter, results of 

the analysis of mice that were transgenic for hamster Igp-B are described.

Methods

Generation of Mice Transgenic for Hamster Igp-B

Expression plasmid pBGS A-HB contained a 1422 bp hamster Igp-B cDNA 

[16] between the SR a promoter/splice junction (0.8 kbp Hind UI-EcoR I fragment 

of [90]) and the transcription termination sequence and polyadenyladon site of
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human growth hormone [16]. The promoter, cDNA, and growth hormone terminal 

sequences (Figure 27) were excised by Cla VSac I restriction enzyme digestion and 

the insert purified by electrophoresis in low-gelling temperature agarose (Agarose 

n, Amresco). The insert was recovered from the agarose gel slice by overnight 

digestion with P-Agarase (FMC) followed by ethanol precipitation. The recovered 

DNA was resuspended in TC (10 mM Tris-HCl/1 mM CDTA, pH 8), mixed with 

an equal volume of 10 M NH4OAc, and further purified by size-excusion 

chromatography on a Sephacryl-SSOO (Pharmacia) column equilibrated in 3.75 M 

NH4OAcyTC. Fractions containing DNA were precipitated again with 2 volumes of 

ethanol, resuspended in TC, reprecipitated twice more to "sterilize" DNA, and 

resuspended in 0.1X TC. Finally, the insert was run on a 0.8 % agarose gel, 

stained in an ethidium bromide solution for several hours, and quantitated by 

comparison with a known DNA standard run on the same gel. Mouse eggs were 

injected according to the method of Hogan [124] with approximately 10pg/|il of the 

sterilized DNA and then reimplanted into pseudopregnant recipient dams in the 

laboratory of Dr. Douglas Coffin, McLaughUn Research Institute.

Screening of Mice for the Hamster Igp-B 

Transgene

At weaning, potentially transgenic mouse pups were ear-punched for 

identification and a 2-3 mm section of tail amputated for genomic DNA preparation 

and subsequent screening for the hamster Igp-B (HB) transgene. To harvest the 

DNA, some tail snips were submerged in 500 (il lysis buffer (100 mM Tris-HCl, 

pH 7.8/5 mM EDTA/0.2% SDS/200 mM NaCl), 10-12 jig proteinase K (Amresco) 

added, and incubated at 55°C overnight. Undigested hair and bones were then
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pelleted by centrifugation, and the supernatant extracted with equal volumes of 

phenol and chloroform/2% isoamyl alcohol. The organic and aqueous phases were 

separated by centrifugation, and DNA precipitated from the aqueous phase with an 

equal volume of isopropanol. The DNA was spooled Out, transferred to a new tube 

and air dried before resuspension in 40 pi TC. Concentration was estimated 

spectrophotometrically by measuring OD260- Later DNA samples were digested in 

500 pi DNA extraction solution (DBS; I M LiCl/1 M urea/0.2% SDS/50 mM Tris- 

HC1, pH 8/5 mM CDTA) [125] with 10-12 pg proteinase K overnight at 55°C. 

Undigested material was pelleted, and DNA spooled out of supernatants 

precipitated with an equal volume of isopropanol. The spooled DNA was 

resuspended in TC, phenol/chloroform extracted and precipitated with 100 mM 

NaCl and two volumes of ethanol. This DNA was resuspended in TC and 

quantitated by OD26O reading. Some DNA was further purified by chromatography 

on a Sephacryl-SSOO column as described above.

C E B  E B S

/  I
a ;SRa HB

1.36 kb
Figure 27. Map of the DNA construct used to generate mice transgenic for the 
hamster Igp-B cDNA. SRa is the promoter, HB is the hamster Igp-B cDNA, and 
hGH is the human growth hormone transcription termination and poyadenylation 
signals. Restriction sites are Cla I (C), EcoR I (E), BamH I (B) and Sac I (S). The 
arrow indicates transcription initiation and direction.
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For Southern blot analysis, genomic DNA was digested with EcoR I or 

BamH I; various amounts of enzyme were used, ranging from 1-10 U /l Hg DNA. 

Reactions proceeded overnight in 100 p.1 volumes, and completion of digestion was 

checked by running an aliquot of the digestion on a 0.8%-1.0% agarose gel, 

ethidium bromide staining, and visualization by ultraviolet transillumination. DNA 

digested to completion by EcoR I had a satellite band at approximately 1500 bp, 

while BamH I digested DNA had a satellite band at approximately 550 bp. When 

DNA digestion was complete, at least 10 (ig/lane was electrophoresed on a 0.8% or 

1.0% agarose gel at < 4.7 V/cm. Following electrophoresis, the gel was ethidium 

bromide stained, photographed, and in some cases the DNA was depurinated by 

soaking in >10 volumes of 0.25 N HCl for 20 minutes. Gels were then soaked in 

>10 volumes alkaline transfer solution (0.6 M NaCl/0.4 N NaOH, freshly made for 

each use) twice for 20+ minutes each. DNA was transferred to positively charged 

nylon membrane (National Labnet Company) by downward capillary transfer for at 

least 6 hours, and usually overnight. Following the transfer, blots were washed in 

5X SSC. DNA was permanently affixed to most blots by baking at 80°C for 30 

minutes, although this was supposedly an unnecessary step for this type of 

membrane.

Blots were prehybridized in 65°C aqueous prehybridization solution (APH; 

5X SSC/1.0% SDS/2.5X Denhardt's solution) for at least 30 minutes while 

rotating in roller bottles in a hybridization oven (Hybaid, National Labnet 

Company). To improve blocking and buffering of the APH, the solution was 

modified to 5X SSC/1.0% SDS/5X Denhardt's solution/10 mM Na2HPO4 for later 

blots. Fresh APH was added to blots after the prehybridization period, and probe 

that had been denatured by boiling for 5+ minutes was added to obtain IO6 cpnVml 

of APH. Hybridization continued with rotation for at least 16 hours at 65°C, and
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then blots were washed 3-4 times with 65°C 0.2X SSC/0.1% SDS over at least an 

hour. Finally, blots were briefly soaked in 5X SSC, wrapped in a sealed plastic 

bag, and exposed to a phosphorimager screen for periods ranging from overnight to 

several days before scanning.

PCR Analysis of Genomic DNA

PCR analysis was chosen as a method for determining which mice were 

transgenic due to the ability to screen a number of samples rapidly. Several sets of 

primers were used in attempts to amplify a section of HE, and in some cases part of 

the mouse Ig-B gene (Figure 28). Reactions with BHF and BHR primers were 2 

M-M of each primer, 100 (J.M each of dATP, dCTP, dGTP and dTTP, 8% glycerol, 

50 mM Tris-HCl, pH 9.0,20 mM ammonium sulfate, 4.5 mM MgCl2 and I U Tfl 

DNA polymerase (Epicentre) in 50 (il total. Various amounts of DNA were used, 

ranging from the amount clinging to a pipette tip dipped in prepared genomic DNA 

to 2 Jil of the same mix. Reaction conditions were an intial incubation of 94°C for 7 

minutes, followed by 35 cycles of I minute at 94°C, 30 seconds at 60°C, and 90 

seconds at 72° C. After a final incubation of 7 minutes at 72°C, samples were held 

at 4-6°C. All PCR reactions were conducted as "hot starts", i.e., one component of 

the reaction was withheld until the reaction contents reached 90°C to prevent non

specific annealing and extension. The MgCl2 was not added until the reaction 

reached 90°C for BHF/BHR PCR. The reaction conditions were sometimes 

adjusted in an attempt to optimize conditions; for example the number of cycles was 

adjusted up or down to 30 dr 40, or annealing temperature was raised to 65°C. 

Several other sets of primers were also used, including positive internal control 

primers that amplified a 400 bp fragment of the phosphoglycerate kinase gene. In
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these additional reactions, 20 pi volumes with I pM each primer, 0-8% glycerol,

2.5-4.5 mM MgCl2, 50 mM Tris-HCl, pH 9.0, 20 mM ammonium sulfate, and 5- 

10 pM each dNTP were used. Tfl DNA polymerase (0.75-1.0 unit/reaction) was 

added after the reaction components reached 90oC. Template DNA amounts varied 

as before. Annealing temperatures for all sets of primers were 60°C unless stated 

otherwise.

SDS can inhibit DNA polymerases, so later DNA samples destined for PCR 

were prepared by digestion of tissue in PCR digestion buffer (20 mM Tris-HCl, pH 

8/50 mM KCl/0.5% Tween20/0.5% NP40/1 mM MgCl2ZO S pg/ml of proteinase 

K) overnight at 55°C. After digestion, samples were boiled for >10 minutes and 

undigested material (bones and hair) pelleted by centrifugation. Two pi of this 

template was used in PCR reactions.

PCRs were carried out on a Stratagene RoboCycler™ 40, in which case 

samples were overlayed with mineral oil to prevent evaporation, or in thin walled 

reaction tubes in a Perkin Elmer GeneAmp System 2400.

Reaction products greater than 700 kb were resolved on 1.0% agarose gels, 

while 1.8 or 2.0% low-temperature gelling agarose gels were used for smaller 

products. Gels were stained in ethidium bromide and photographed.

Immunofluorescence Assay of Mouse Tissues

A variety of mouse tissues were preserved by immediate freezing in O.C.T. 

compound (Tissue-Tek) on dry ice, and storage at -80°C. Frozen, sections of 5 pm
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Figure 28. Map of PCR primers used to screen for transgenic offspring. Direction of primers is indicated.
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thickness were cut on a Reichert-Jung Cryostat and fixed either in MeOH for > I hr 

or PLP for > 2 hours. After fixation, samples were transferred to 

immunofluorescence buffer (IB, see Chapter 2). Samples that were PLP fixed 

were permeabilized by 2 washes in IB with 0.01% saponin (IBS) for at least 20 

minutes each. Tissues were then blocked with 100% goat serum for 20 minutes, 

and then incubated with anti-hamster Igp-B hybridoma supernatant for >1 hour. 

Anti-hamster Igp-B supernatants included fpLlBS-13 ("IBS") and ch3E9da4 

("3E9") (both gifts of Dr. Sandra L. Schmid, Scripps Clinic and Research 

Foundation, La Jolla, CA) as well as UH3 [16]. 1B3 secretes mouse IgGi, 3E9 

secretes mouse IgG2a, and UH3 mouse IgGi; all are specific for hamster Igp-B. 

Following incubation with anti-HB supernatant, samples were, washed in either IB 

or IBS, depending on fixation method (IB for MeOH-fixed samples, IBS for PLP- 

fixed samples), incubated with 1/300 fluorescein-conjugated goat anti-mouse IgG 

diluted in 10% goat serum and IBS with saponin for >1 hour. Finally, slides were 

washed again in IBS, and coverslips mounted with Inimu-Mount (Shandon) and 

examined by confocal or epifluorescence microscopy.

Results

t.

Genetic Analysis of Mice

Four transgenic mice resulted from injection of hamster Igp-B cDNA into 

fertilized eggs and reimplantation of those eggs into surrogate mothers. The mice 

were determined to be transgenic by Southern blot of tail genomic DNA at 

McLaughlin Research Institute. The four males, FM), F l I, F20 and F30 were
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M ouse no. I 2 3 4 5  6 7 8 9

Figure 29. Southern blot analysis o f FlO and F l I offspring. The 
presence o f a positive band at ~1600 bp indicates presence o f the 
hamster Igp-B transgene. Founder sires had bands o f the same size that 
hybridized with radiolabeled hamster Igp-B cDNA (data not shown).
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transferred to the Animal Resources Center at Montana State University and a 

breeding colony established using non-transgenic female littermates. Initially, FlO 

and F l I were mated to females and a total of 63 offspring by FlO and 29 offspring 

by F l I were analyzed by Southern blot, PCR, or both. An initial Southern blot of 

mice 1-20 indicated that mice 6 and 12 (both FlO descendents) were transgenic, 

although the EcoR I fragment that hybridized with the probe was approximately 200 

bp larger than expected (Figure 29). Mouse 6 was then bred to her sire and 

produced a total of 41 offspring. Each of these mice was also examined by PCR 

for the transgene. No offspring were ever confirmed as transgenic by PCR 

analysis, despite the use of different primer sets. Mice were deemed non-transgenic 

by PCR when positive internal control products were amplified but the transgene 

product was not (Figure 30). Southern blot analysis was problematic; problems 

encountered were low signal, high background, and incomplete DNA cutting by 

restriction enzymes as evidenced by high-molecular weight DNA remaining even 

after extensive digestion times. However, several mice were found to have DNA 

fragments that hybridized with hamster Igp-B cDNA probe (HBP), and the results 

are shown in Figure 29. F20 sired 9 offspring that were examined for HB presence 

by PCR, however no HB product was amplified from their samples although 

control product was amplified (Figure 30).

FlO and F l I both sired large litters: FlO sired litters with an average of 9.7 

pups (n=9) while F l l  sired 7.3 pups/litter (n=4). F20 sired 9 pups in two litters. 

52% and 62% of FlO's and F l l 's  litters were male, while F20 only sired one male 

pup out of 9.



Figure 30. PCR analysis o f transgenic mice. Products are indicated by arrows; primer combinations 
are indicated. HE, hamster Igp-B; MB, mouse Igp-B; M-PGK, mouse phosphoglycerate kinase 
(positive internal control); F, founder mouse; 0 ,  offspring mouse.
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Hamster Igp-B Expression in Mouse Tissues

A number of different tissues were examined by immunofluorescence 

microscopy for hamster Igp-B expression including tail cross-sections, brain, liver, 

kidney, spleen, heart, lung, uterus, testes, seminal vesicle, skin, and macrophages. 

Mice 1-20 were initially screened for Igp-B expression by immunofluorescence 

assay (IFA), but samples were not blocked prior to secondary antibody incubation 

with goat serum. No differences were detected in staining patterns for any of the 

mice, but background staining was very high (data not shown). High background 

continued to be a problem as the secondary antibody used was an anti-mouse IgG 

(from goat) and the primary antibody was of mouse origin. Blocking with various 

percentages of goat serum was tested, and 100% proved to reduce background 

significantly. Thereafter, undiluted goat serum was used to block tissues prior to 

secondary antibody addition. No expression was detected in any of the various 

tissues assayed from offspring by epifluorescence microscopy (data not shown). 

Eventually, FlO and F l I were sacrificed at 19 months of age, and F20 was 

sacrificed at 16 months. FlO was sacrificed in the presence of a veterinarian and 

tissues appeared normal. F l l  was sacrificed shortly afterwards and no 

morphological differences were detected other than F l l  had smaller testes. F20 

was sacrificed at a later date, and several abnormalities were observed. This mouse 

had a particularly rough hair coat for most of his life despite good growth, abundant 

body fat, and the siring of offspring. Internally, F20 had what appeared to be 

enlarged kidneys (approximately 3X the size of the heart) and a tumor on the lung.

The founder mice tissues were examined by confocal microscopy after IFA 

with 1B3 and secondary antibodies, as well as with secondary antibody a lone. 

Hepatic cells from each of the founder mice appeared to express low levels of HB
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(Figure 31), although HB expression was only detected in the kidneys of FlO and 

F20 (Figure 32). The small intestine of FlO showed high levels of HB expression, 

while F l I small intestine had very low levels (Figure 33). Interestingly, F l I had 

the highest seminal vesicle HB expression of the founder mice, although FlO and 

F20 appeared to express low levels (Figure 34). Fluorescence in the skin of each 

of the three mice did not appear to be above background levels (Figure 35). HB 

expression was low in FlO testes, although it was undetectable in F20 (Figure 36). 

Some cells in F20 lung tissue expressed high levels of HB, although cells 

associated with the tumor did not appear to express any HB (Figure 37). Mouse 

F20 also expressed HB in the large intestine and epididymis (Figure 38).



F l l F20FlO

F igure 31. H am ster Igp-B expression  in transgenic m ouse liver. A) A nti-ham ster Igp-B antibody
and fluorescein  conjugated  secondary  antibody. B) Secondary antibody only.
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FlO F ll F20

F igure 32. H am ster Igp-B expression  in transgenic m ouse kidney. A ) A nti-ham ster Igp-B antibody
and  fluorescein  conjugated  secondary  antibody. B ) Secondary an tibody only.

104



105

FlO F l l

F igure 33. H am ster Igp-B expression  in transgen ic  m ouse sm all
intestine. A ) A n ti-ham ster Igp-B antibody and fluorescein
con jugated  secondary  antibody. B ) Secondary an tibody only.
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F igure 34. H am ster Igp-B expression  in transgenic m ouse sem inal vesicle. A ) A nti-ham ster Igp-B
antibody and fluorescein  conjugated  secondary  antibody. B) Secondary an tibody only.
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FlO F ll F20

3

Figure 35. H am ster Igp-B expression  in transgenic m ouse skin. A) A nti-ham ster Igp-B antibody
and fluorescein  con jugated  secondary  antibody. B) Secondary an tibody only.



108

FlO F20

Iii

F igure 36. H am ster Igp-B expression  in transgen ic  m ouse testes.
A) A n ti-ham ster Igp-B antibody and  fluorescein  con jugated
secondary  antibody. B ) Secondary  an tibody only.
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F igure 37. H am ster Igp-B expression  in transgen ic  m ouse lung
and an associated  tum or. A ) A n ti-ham ster Igp-B antibody and
fluorescein  con jugated  secondary  antibody. B ) Secondary
antibody only.



no

F igure 38. H am ster Igp-B expression  in large in testine and
ep id idym is o f  transgen ic  m ouse F20. A ) A n ti-ham ster Igp-B
antibody and fluorescein  con jugated  secondary  antibody. B )
Secondary antibody only.
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D iscu ssio n

Conflicting Southern Blot and PCR Data

A major problem confronted throughput the analysis of the offspring of the 

transgenic founder mice was that offspring that appeared transgenic by Southern 

blot could not be confirmed to be transgenic by PCR. After initially determining 

that mice 6 and 12 were transgenic by Southern blot, efforts were focused on PCR 

analysis because of the ability to screen a number of mice rapidly. Mice determined 

to be transgenic by PCR could then be confirmed by Southern bot. Initially, 

primers were used that amplified the endogenous mouse Igp-B sequence, which 

was 27 bases longer than the hamster Igp-B product of 125 bp; these products 

could be easily resolved on 2.0% low-temperature gelling agarose. These primers, 

HBF and HBR, amplified both HB and mouse Igp-B in FlO and F l l  genomic 

DNA, and amplified mouse Igp-B but not HB in numerous offspring, including 

mice determined to be transgenic by Southern blot. Other primer sets also were 

used, but again, they worked as expected with founder mouse DNA but never with 

offspring. There are at least two interpretations of these conflicting data. The DNA 

used for PCR may not have been of sufficient quality to allow amplification of HB; 

this seems unlikely, as positive internal controls amplified. Another possibility is 

that offspring mice were not transgenic due to mosaicism of their sires; sperm 

might not have carried the transgene and "positive" Southern blots were aberrant. 

Finally, the HB gene might not have been transmitted to offspring intact and primer 

annealing sites were lost.
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Fidelity of Gene Inheritance

A large number of offspring sired by 3 transgenic founder males were 

analyzed; by PCR none of them were transgenic, yet some offspring of FlO and 

F l l  were transgenic by Southern blot; F20 offspring await Southern blot analysis. 

Up to 30% of transgenic mice derived by pronuclear injection can be mosaic for the 

transgene [126], but Southern blot results indicating that some offspring were 

transgenic argue against founder mouse mosaicism and exclusion of the transgene 

from germ cells. Another possibility is that the gene is deleterious to some process 

involved with reproduction or development, and founder mice bypassed these 

problems because they arose via injection or by virtue of mosaicism. Offspring 

would not have the advantage of being mosaic if excess HB expression were lethal. 

Descendants would either be non-transgenic or carrying a gene neutralized by 

rearrangement. A line of transgenic mice has been described previously in which 

males were not able to pass a herpes simplex virus thymidine kinase transgene to 

offspring unless it was rearranged or deleted in germ cells, although transgenic 

females could pass the transgene intact to both male and female offspring [126]. 

Fertility was not impaired in transgenic males, and deletions arose by homologous 

recombination. A transgene rearrangement that eliminated primer annealing sites 

would explain the inability of offspring genomic DNA to amplify HB sequences, 

while Southern blot analysis might not have revealed any differences in transgene 

sizes if restriction sites and fragment size were maintained, or if the differences 

were too subtle to dectect using 0.8% or 1.0% agarose gels to separate fragments. 

Only male founder mice were obtained, so sex differences in gene transmission, if 

any, could not be evaluated. It is interesting that the fragments detected in founder
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and offspring mice with HB probe were larger than expected; since all of the 

transgenic mice had HB fragments of approximately the same size, any changes in 

size were equivalent, yet arose independently 3 different times. Founder mice 

expressed hamster Igp-B from the transgene, so the epitope reacting with 1B3 

antibody was maintained, despite any possible changes to the cDNA sequence. 

Interestingly, both FlO and F20 expressed more hamster Igp-B in most tissues than 

F l I, despite having approximately 1/10 the number of transgene copies (D. Coffin, 

personal communication). F l I also did not appear to express hamster Igp-B in 

kidney, although FlO expressed levels well above background, yet F l I appeared to 

express more in seminal vesicle tissue than either of the other two mice. The very 

different tissue expression patterns strongly suggest that all three of the founder 

mice examined were mosaic, although different tissue expression levels could be 

the result of incorporation into different chromosomes or sites on chromosomes.

Sex Ratios of Offspring

The male/female ratio of offspring was within expected ranges for both FlO 

and F l I. F20 only sired I male pup out of 9, but he also only sired two litters, so 

sample size was too small to be reliable. Both FlO and F l I were able to sire large 

litters, with the largest litter being 13 for FlO and 10 for F l I, so fertility appeared 

normal. F20 was not mated until he was over a year old, and the small litters he 

sired may be attributable to a decline in fertility with age or the small sample size.

Phenotype of Mice Transgenic for Hamster Igp-B

A presumably abnormal phenotype consistent for the 4 transgenic mice was 

not observed. FlO and F l I appeared healthy and had no gross abnormalities upon
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sacrifice. F20 had a lung tumor, however tumor tissue did not appear to express 

hamster Igp-B, so it seems unlikely that there was a cause and effect between the 

transgene and tumorgenesis. F20 did express significant levels of hamster Igp-B in 

kidney tissue, and an association between kidney enlargement and the transgene is 

possible.

The most interesting phenotype observed was the apparent inability of 

founder mice to pass on an intact transgene to offspring. It is possible that all three 

sires are mosaic and do not transmit the transgene because it is not in germline cells, 

and the Southern blot data were erroneous. Another possibility is that founder mice 

only transmit the transgene in a rearranged form because it is somehow deleterious 

to germline function. Fertility did not appear to be diminished in founder mice, 

however, so if there is interference with the germline, probably it is not with the 

processes of spermatogenesis or fertilization. Another interesting possibility is that 

the transgene is lethal to a developing embryo. Mouse embryos that cannot make 

complex N-Iinked oligosaccharides die by day 11 of development, indicating that 

these carbohydrate groups are vital [72]. It is also possible that overexpression of 

some of those same oligosaccharides is detrimental to the embryo. Since the Igps 

are the major complex N-Iinked carbohydrate earners in many cell types, 

uncoupling Igp-B from its normal regulation may change the surface Carbohydrate 

level and affect adhesion or cell recognition. Litter sizes were not significantly 

reduced from non-transgenic mice, however, so it seems unlikely that hamster Igp- 

B expression was a problem for embryos. SR a promoter effects are also an 

unknown; although the same hamster Igp-B cDNA driven by this promoter was 

expressed at high levels in mouse NIH-3T3 cells, SR a expression patterns in other 

tissues are not known. A promoter that is tissue specific would be helpful for more 

narrowly defining phenotype due to the transgene alone.
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CHAPTER 7

THE HYPOTHESES, CONCLUSIONS AND FUTURE RESEARCH

Hypothesis I. The transmembrane domain is a determinant of the 
subcellular distribution of Igp-A

The transmembrane domain was shown to affect the distribution of Igp-A 

between the cell surface and interior in experiments described in Chapters 2 and 3. The 

specific conclusions that were drawn are listed below.

1. The transmembrane domain is important in determining the distribution of Igp-A 

between the cell surface and internal compartments. Mutating conserved features in the 

Igp-A transmembrane domain changes the proportion of newly synthesized molecule 

traveling to the cell surface as well as the steady state distribution on the surface.

2. Deleting seven amino acids from the transmembrane domain changes the stability of 

the Igp-A molecule and affects its cellular distribution.

3. Changing the transmembrane proline affects Igp-A cellular distribution; however, 

the lifespan of the molecule in CHO cells was not affected.

4. Changing the transmembrane tyrosine to a phenylalanine altered sorting of newly- 

synthesized Igp-A to the cell surface. Steady-state distribution of Igp-A was not
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affected by mutation of the transmembrane tyrosine to different residues, but half-life 

was increased when the replacement residues were phenylalanine or histidine.

This work is novel and important, as previously the cytosolic tail was the only 

part of the molecule believed to contain Igp targeting information. All reports published 

thus far have examined the ability of the transmembrane domain to target proteins to 

lysosomes in the absence of the critical cytosolic tail. The information contained by the 

transmembrane domain has been ignored because the hierarchical nature of targeting 

signals was not taken into consideration.

Hypothesis 2. Altering the expression of Igps will yield information
about their functions

This hypothesis was not proven or disproven; however, the conclusions that 
can be drawn from experimental data described in Chapters 5 and 6 are listed below.

1. The 5' 550 bp of a mouse Igp-A cDNA may be effective in inhibiting mouse Igp-A 

production, however it is unlikely to produce an observable abnormal phenotype in 

CHO cells.

2. Three male mice carrying a hamster cDNA transgene did not transmit the transgene 

to offspring intact. Offspring appeared transgenic by Southern blot, but not by PCR, 

suggesting that the transgene had been rearranged.

The functions of Igps remain unknown; however, the results of the antisense 

experiments are interesting as they suggest a possible mechanism for decreasing Igp-A 

expression in an organism, which might in turn yield a more readily observable 

phenotype. The mice transgenic for the hamster Igp-B transgene suggest that Igp-B has
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a function associated with male reproduction or embryonic development, and that 

changing expression patterns is detrimental to the production of viable offspring. The 

high percentage of apparent mosaicism in the founder mice examined also raise 

questions about the ability of the cDNA construct used to be incorporated efficiently 

into genomic DNA. It remains unknown if the mosaicism was due to viral promoter 

effects, detrimental effects of the transgene on certain cell lineages, or stochastic events 

resulting in incorporation of the transgene only after the fertilized egg had divided one 

or more times.

Future Research

Although the transmembrane domain has been shown to influence Igp-A 

distribution within the cell, the roles of different parts of that domain are not well 

understood. Different amino acid substitutions for proline, as was done with tyrosine, 

may yield insight as to the function of the proline in transport. Deleting different 

sections of the transmembrane domain than the 7 amino acids removed in TMA7 

mutants should reveal if cellular redistribution is due to the shortening of the 

transmembrane section or if the deleted residues are critical for sorting. Substituting the 

three different Igp-B transmembrane domains for that of Igp-A would allow 

examination of the signals affecting targeting in a molecule that is very similar 

biochemically.

The antisense experiments were not informational about Igp function with tissue 

culture cells; however, in a mouse, subtle differences in Igp expression might be more 

likely to lead to an observable, abnormal phenotype. Coupling the antisense construct 

to an inducible promoter should allow influence over Igp expression without 

confronting the possibly lethal effects of eliminating an Igp by creating a knockout
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mouse. Examining antisense effects in other cell types than CHO cells might also be 

more informative; macrophages are highly endocytic cells that have functions that can 

be measured related to endocytosis. Transfecting macrophages or other phagocytic 

cells and then measuring antigen uptake and processing may reveal changes in the 

ability of lysosomes with reduced Igp-A content to degrade antigens.

The nature of hamster Igp-B transgene transmission should be explored more 

extensively. If the transgene is being rearranged before transmission, examination of 

sperm and embryos should resolve whether the founder mice are mosaic or if transgene 

expression is lethal to embryos. Other promoters than SR a should also be used to 

express the transgene, as tissue expression patterns of SR a are not known, and another 

promoter that expresses in a specific tissue would simplify analysis of effects. A tissue- 

specific promoter might also bypass lethal effects during development. Again, 

examining the effects of altered Igp expression in transgenic macrophages on antigen 

uptake and processing might be informative.
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