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ABSTRACT

Using site-directed mutagenesis, we have determined that Asn68, Asnl44, and

Asn410 of ovine prostaglandin endoperoxide synthase-l (PGHS-l) are N-glycosylated.

A fourth consensus N-glycosylation sequence at Asn104 is not glycosylated.

Glycosylation of PGHS-l at Asn410 and at either Asn68 or Asn144 was required for

expression of both the cyclooxygenase and the peroxidase activities of the enzyme.

Inactive PGHS-l glycosylation site mutant proteins do not appear to achieve their native

conformations. However, the native enzyme, once in an active conformation, does not

appear to require attached carbohydrate for cyclooxygenase or peroxidase activities.

N-glycosylation consensus sequences corresponding to the three glycosylation sites

of ovine PGHS-l are conserved in the deduced amino acid sequences of PGHS-Z. Using

site-directed mutagenesis, we determined that there is an additional site of N-glycosylation

in murine PGHS-Z located at Asn580. This site is N-glycosylated in about 50% of

PGHS-2 molecules, resulting in two peptide bands on SDS-PAGE (M, = 72 and 74 kDa).

Glycosylation of PGHS-Z is necessary for expression of cyclooxygenase and peroxidase

activity, but glycosylation of PGHS-2 at Asn580 is not required.

N-glycosylated residues are predicted to reside in the lumen of the endoplasmic

reticulum (ER). Further analysis of the luminal versus cytoplasmic orientations of several

epitopes of PGHS-l and PGHS-2 was conducted by immunocytofluorescent staining of

cells following treatment with membrane-selective permeants. With serum-stimulated,

murine NIH/3T3 cells expressing PGHS-Z, an anti-peptide antibody directed against a

domain near the C-terminus of this isozyme caused staining only after all membranes
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were permeabilized with 0.2% saponin; no staining occurred with 3T3 cells treated with

digitonin to permeabilize only the plasma membrane. Similarly, cos-1 cells expressing

ovine PGHS-l were stained with anti-peptide antibodies directed against (a) the amino

terminus (residues 25-35), (b) a domain containing the tryptic cleavage site at Arg277

(residues 272-284), or (c) a region near the carboxyl terminus (residues 583-594)

following permeabilization with saponin but not with digitonin or Streptolysin O. The

results obtained with the antibodies against the Arg277-containing domain of PGHS-l

were surprising because the enzyme is susceptible to tryptic cleavage at Arg277 in

microsomal preparations. However, enzymatic and immunochemical analyses of

microsomes prepared from ovine vesicular glands and COS-1 cells indicated that these

microsomes are not intact. Accordingly, our results indicate that the trypsin cleavage site

(Arg277) as well as the N- and C-termini of ovine PGHS-l are on the luminal side of the

ER. The N-term_inus, the Arg277 domain, and the N-glycosylation sites of ovine PGHS-l

are part of a large soluble, globular structure in crystalline ovine PGHS-l (Picot, D., R].

Loll, and M. Garavito (1994) Nature, 367: 243-249). We conclude that PGHS-l and, by

analogy, the highly homologous PGHS-Z are luminal ER proteins. Assuming that the

PGHS-l and PGHS-2 present in the ER are functional in intact cells, our results indicate

that PGI-I2 synthesis from arachidonate occurs in the lumen of the ER.

From the crystal structure of ovine PGHS-l, Picot et al. predict that PGHS-l, and

by analogy PGHS-Z, associates with the ER membrane not through transmembrane

domains, but rather through a novel monotopic membrane binding domain between

residues 74-117 which integrates into a single leaflet of the ER membrane. We have

examined this hypothesis using the hydrophobic, photoactivatible reagent 3-
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trifluoromethyl-B-(m-[mfliodophendeiazirine ([mHTID). Ovine PGHS-l is the major

protein labelled in microsomes prepared from ovine seminal vesicles by [‘25I]TID,

consistent with the idea that it is the major integral membrane protein in these

microsomes. A peptide comprised of residues 25-166 of ovine PGHS-l is photolabelled

by [1”I]TID, suggesting that residues in this region of PGHS-l associate with the

membrane.
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CHAPTER I

LITERATURE REVIEW

Introduction

Prostaglandin endoperoxide synthase (PGHS), catalyzes the formation of

prOStaglandin H2 (PGH2) from arachidonic acid, the committed step in the formation of

prostaglandins and thromboxane (1). The conversion of arachidonate to PGI-I2 occurs by

two distinct reactions, both catalyzed by PGHS (2, 3): the cyclooxygenase reaction, in

which arachidonic acid is bis-oxygenated to form prostaglandin G2 (PGGZ), and the

peroxidase reaction, in which the lS—hydroperoxide group of PGG2 is reduced to form

PGH2 (Fig. 1). Two isoforrns of PGHS are known to exist and referred to here as PGHS-

1 and PGHS-2; both enzymes exhibit cyclooxygenase and peroxidase activities, and

generate the same products 1(4). The group of drugs commonly referred to as the non-

steroidal anti-inflammatory drugs (NSAIDS) effectively inhibit the formation of

' prostaglandins by blocking the cyclooxygenase reaction of PGHS isozymes (5, 6).

As an introduction, the mechanisms for the synthesis and action of prostaglandins

and thromboxanes will be reviewed. Prostaglandins and thromboxane comprise the group

of oxygenated fatty acid hormones collectively called the prostanoids (1). Prostanoid

biosynthesis occurs in most mammalian tissues, and the prostanoids play an important role

in a number of physiological processes, including vascular homeostasis, kidney function,

and inflammation (7). Figure 1 outlines a general scheme for the synthesis of prostanoids



1figure 1

“I“ 1993 (19‘).



Figure l. Biosynthetic pathway for prostanoid synthesis. Adapted from Smith,

WL. 1992 (19).
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in a model cell (1). Prostanoid synthesis is initiated by the activation of cytoplasmic or

extracellular phospholipases, which liberate arachidonate from phospholipid stores (8).

Phospholipase activation is typically the result of cell stimulation by a circulatory

hormone or by a cytokine, growth factor or other rnitogenic agent. The mobilized

arachidonic acid is then converted by a PGHS to PGHZ; other enzymes then convert PGH2

into the biologically active prostaglandins, which include PGEZ, PGDZ, PGFm,

prostacyclin (P612) and thromboxane A2 (TXA,) (9). The biologically active

prostaglandins then exit the cell, likely via facilitated diffusion, and activate specific

prostanoid G-protein linked receptors in the plasma membrane (10).

Three of the active prostaglandins (PGDz, PGEz, and PGFm) are formed

spontaneously from PGH2 in vitro; however, in vivo the synthesis of the biologically

active prostaglandins occurs enzymatically, and a given cell type will only form one of

the active prostaglandins. Several enzymes have been identified which can specifically

generate PGDZ, PGFQ, or PGF2m from PGH2 (9). Partly due to the fact that these three

active prostaglandins can forru spontaneously from PGHZ, it is not clear which, if any, of

these enzymes actually serve as prostaglandin isomerases in vivo. Prostacyclin and

thromboxane A2, on the other hand, are only formed enzymatically, and prostacyclin and

thromboxane synthases have been purified and characterized (11-13), and the

thromboxane synthase has been cloned (14, 15). Both enzymes are members of the

cytochrome P450 superfamily of proteins, and are integral membrane proteins of the

endoplasmic reticulum (16). As cytochrome P450 proteins, the active sites of both of the

synthases are presumed to be on the cytoplasmic side of the ER membrane (17, 18).

Active prostanoids are rapidly inactivated, both spontaneously and enzymatically,
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5

and do not survive a single pass through the circulatory system (9). Therefore, the

prostanoids are recognized as local hormones, acting at or near their site of synthesis.

Upon exiting the cell, prostanoids will stimulate prostanoid receptors on the surface of

the synthesizing cell (an autocrine response) and on cells neighboring the producing cell

(a paracrine response) (19). While a given cell usually generates only one predominant

type of prostanoid, the same cell may express several different prostanoid receptors,

enabling the cell to have different responses to different prostanoids (10).

Activation of prostanoid receptors generates a second messenger response which

either amplifies or attenuates the response of a group of cells in a tissue to the original

stimulus that initiated prostanoid synthesis. In other words, prostanoids coordinate the

responses of cells to the original stimulus. For example, platelets stimulated with

thrombin generate TXAZ, which causes platelet aggregation and vasoconstriction and leads

to the formation of blood clots (20). Balancing this action, the stimulation of endothelial

cells with thrombin results in the generation of P012, which acts as a vasorelaxant and

inhibits platelet aggregation. Thus, unnecessary c10t formation in healthy blood vessels

is inhibited (21). Other areas of prostanoid action include inflammation, the regulation

of water reabsorption in the kidney, the initiation of ovulation, and the modulation of

gastric acid secretion in the stomach (I, 7, 19).

NSAIDS such as aspirin and ibuprofen block prostanoid biosynthesis by inhibiting

the cyclooxygenase activity of PGHS-1 and PGHS-2 (5, 6, 22, 23), and are widely used

as pharmaceutical agents. Common uses of NSAIDS include a) use as anti-thrombotic

agents for the reduction of blood clotting in individuals with a high risk of heart disease;

b) use as anti-inflammatory agents for the alleviation of symptoms associated with chronic



6

inflammation such as arthritis; c) use as anti-pyretic agents for fever reduction; and d) use

as analgesic agents to alleviate pain (4). Epidemiological studies have also recently

associated the use of NSAIDS with a reduced risk of colon cancer. The mechanism for

the involvement of prostanoids in cancer is not known, but it is speculated that expression

of prostanoids in the colon may be stimulating cell growth, thereby increasing the risk of

cancer (24).

One problem with the use of NSAIDS is that they do inhibit both PGHS-1 and

PGHS-2, and therefore inhibit the production of prostanoids throughout the body.

Chronic administration of NSAIDS for treatment of inflammatory diseases, such as

arthritis, can lead to stomach and kidney ailments due to inhibition of prostanoid synthesis

in these tissues (7, 25). The relatively recent discovery of PGHS-2 has spurred interest

in the creation of a new generation of NSAIDs which inhibit only PGHS-2. The impetus

for these efforts is based on evidence which suggests that prostanoid production by

PGHS-2 is specifically involved in inflammatory responses (26, 27). On the other hand,

prostaglandin production by PGHS-1 appears to be involved in responses to circulatory

hormones such as those described for platelets, kidney and stomach (4). This new

generation of NSAIDS is predicted to be suitable for chronic anti-inflammatory

administration without causing stomach and kidney problems.

Regulation of the expression of PGHS isozymes.

While PGHS-1 mRNA and protein are found in most mammalian tissues, levels

of PGHS-2 mRNA in tissues are low, and PGHS-2 protein is not detectible (28, 29).

Similarly, in unstimulated cell lines which express the two isozymes, PGHS-1 mRNA and
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7

protein levels are relatively constant while levels of PGHS-2 mRNA and protein are low.

PGHS-2 mRNA and protein levels can be induced in many cell lines with pro-

inflammatory cytokines or growth factors; under similar conditions PGHS-1 mRNA and

protein levels remain relatively constant (30, 31). This highlights one of the major

differences in PGHS-1 and PGHS-2: the regulation their expression.

Although PGHS-1 is expressed in most tissues, only certain cell types in a given

tissue actually express the enzyme. In cells which express PGHS-1, protein and mRNA

levels remain essentially constant, indicating that the enzyme is expressed constitutively.

Cells which produce PGHS-1 are typically highly differentiated (32-35), and it appears

that PGHS-l expression is controlled primarily at the developmental level (36). Because

PGHS—l is always present in a given cell due to its constitutive expression, it is able to

form prostaglandins immediately following arachidonate mobilization in response to the

stimulation of the cell by hormones such as thrombin or bradykinin. For this reason, it

has been predicted that PGHS-1 is responsible for generating prostaglandins for cellular

responses to circulatory hormones which require immediate prostaglandin formation (9).

These responses are often referred to as "housekeeping" responses.

In contrast to PGHS-1, PGHS-2 protein is not detected in tissues under normal

physiological conditions. Low levels of PGHS-2 mRNA have been detected in some

tissues by northern blotting (37) and RT-PCR techniques (38), possibly the result of

expression of PGHS-2 mRNA by a small number of stimulated cells, such as

macrophages. However, it appears that most cells can produce high levels of PGHS-2

mRNA and protein can when provided with the proper stimulus. Growth factors (31),

phorbol esters (30), inflammatory cytokines such as lL-1 (39, 40), and lipopolysaccharide
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(41) have all been shown to stimulate PGHS-2 formation in cultured cells in vitra. Anti-

inflammatory glucocorticoids and cytokines such as dexamethasone and IL-10, have been

demonstrated to inhibit the expression of PGHS-2 mRNA and protein in vitra, while

having little effect on PGHS-1 mRNA and protein levels (31, 42). High levels of PGHS-

2 protein have been reported in viva in rat tissues used as models of inflammation (29,

43), in synovial joints of individuals with rheumatoid arthritis (43-45), and in rat follicles

preceding ovulation (46). Thus, in viva PGHS-2 expression occurs in inflamed tissues

or in systems which have inflammation-like responses. These observations have led to

the prediction that PGHS-2 is involved in prostanoid production associated with

inflammation. Because PGHS-2 protein is not usually present in unstimulated tissues, it

would not be available for prostanoid synthesis in response to stimulation by circulatory

hormones, and therefore it is not predicted to be involved in prostaglandin production for

"housekeeping" responses.

Mobilization of arachidonic acid for prostanoid synthesis.

Within cells, arachidonic acid is found almost exclusively in an esterified form at

the sn-2 position of membrane phospholipids. Thus, for prostaglandin synthesis to occur,

it is thought that free arachidonic acid must be generated from membrane phospholipids.

Different patterns of arachidonate release are seen in cultured cells depending on the

stimuli. In response to circulatory hormones such as thrombin or vasopressin, a single,

transient phase of arachidonate release is seen, occurring primarily within the first 10 min

following hormonal stimulation (47). On the other hand, following stimulation of

cultured cells with the growth factor PDGF, and presumably other growth factors and
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9

inflammatory cytokines, two phases of arachidonic acid release are seen. The first phase

of release is the same as that seen with circulatory hormones; a transient release occuring

primarily in the first 10 min following stimulation. Following the first phase of

arachidonic acid release, a second, sustained release occurs over a period of several hours,

releasing several times the amount of arachidonic acid as the first phase of release (47).

This second phase of arachidonate release is requires de nova protein synthesis.

The primary mechanism for the release of arachidonic acid from membrane

phospholipids is thought involve phospholipase A2 enzymes, which hydrolyze

arachidonate from the sn-2 position of phospholipids (8). Two phospholipases A2 which

have been implicated in arachidonic acid release are a cytoplasmic 85 kDa phospholipase

A2 (cPLAz) and a non-pancreatic secretory Type II phospholipase A2 (sPLAz) (8, 9).

cPLA2 is activated by elevation of cytoplasmic Ca2+ levels. Upon stimulation by

intracellular Ca2+ increases, cPLA2 translocates from the cytoplasm to an intracellular

membrane, probably the ER membrane (48). The enzyme then selectively releases

arachidonate from the sn-2 position of phospholipids (49). The phospholipase activity of

cPLA, can be enhanced by phosphorylation of the enzyme, giving it an additional level

of control (50-52). As many circulatory hormones which stimulate prosmnoid formation

cause a transient Ca2+ mobilization in cells, the cPLA2 is an attractive candidate as a

phospholipase involved in arachidonate release in response to circulatory hormones (53).

The second phospholipase A2 thought to be involved in the generation of

arachidonic acid for prostaglandin production, sPLAz, is associated with the extracellular

surface of the plasma membrane. The association of sPLA2 with the plasma membrane

appears to involve the binding of heparin on the cell surface (8, 53, 54). Unlike cPLAz,
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sPLA2 fails to discriminate between different fatty acids at the sn-2 position of

phospholipids (8). sPLA2 has been implicated in the sustained arachidonic acid release

seen in response growth factors and cytokines (8, 53, 54). Apparently sPLA2 can be

upregulated to some extent by growth factors, suggesting that some control over the

activation of sPLA2 may be transcriptional (8). Thus, it is possible that the de novo

protein synthesis which is required for the release of arachidonic acid in response to

growth factors (47) involves the synthesis of sPLAz; however, significant levels of sPLA2

are present on the plasma membrane of prostanoid forming cells, so it is likely that other

proteins are responsible for the regulation of arachidonate release following stimulation

of cells by growth factors.

Arachidonic acid added exogenously to cells can be utilized by both PGHS-1 and

PGHS-2 to initiate prostanoid synthesis. However, recent evidence indicates that PGHS-1

cannot utilize arachidonate released by endogenous mechanisms following the stimulation

of cells by phorbal esters, factors which induce PGHS-2 formation and stimulate

prostaglandin production. This evidence stems from studies in murine fibroblasts which

constitutively express PGHS-1, and can be induced to form PGHS-2. Following TPA

treatment PGHS-2 protein is induced, arachidonate release occurs and prostaglandin

formation was observed. However, when these fibroblasts were transfected with antisense

primers which prevent the translation of PGHS-2 mRNA, although arachidonate release

was observed in response to TPA stimulation, prostaglandin formation did not occur via

the endogenous PGHS-1 (55). This suggests that growth factors and cytokines cause the

activation of a phospholipase pathway which channels arachidonic acid specifically to

PGHS-2. Possible mechanisms for the channelling of arachidonic acid to PGHS-2 could
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include a specialized localization of the enzyme in the cell, or the presence of accessory

proteins in the cell which facilitate channeling of arachidonate to PGHS-2. A channelling

pathway does exist for another arachidonic acid metabolizing enzyme, 5-lipoxygenase (5-

LOX). In viva, 5-LOX requires a second protein, 5-lipoxygenase activating protein

(FLAP), for the synthesis of leukotrienes from arachidonic acid. The role of FLAP in

leukotriene biosynthesis is thought to involve the binding of arachidonic acid following

release by phospholipases and transferal of the arachidonate to 5-LOX (56-58).

Primary structures of PGHS isozymes.

PGHS-l was the original cyclooxygenase enzyme first purified and cloned from

ovine seminal vesicles (2, 59-61). PGHS-2 was discovered more recently as an inducible

gene product in chicken and murine fibroblasts (28, 30). Subsequently, the murine (62),

human (63) and rat (64) PGHS-1 and the human (65) and rat (64) PGHS-2 have been

cloned (Fig. 2). Within a species, the deduced amino acid sequences of PGHS-1 and

PGHS-2 share 60% identity and are 75% similar when conservative amino acid changes

are taken into account. All amino acids which have been found to be essential for

catalysis in PGHS-1 are conserved in PGHS-2. There are two obvious differences found

in the deduced amino acid sequences of the PGHS isozymes. First, the signal peptide at

the amino terminus of PGHS-2 lacks a series of hydrophobic amino acids found in the

signal peptide of PGHS-1. The second difference in the deduced amino acid sequences

of the PGHS isozymes occurs near the carboxyl terminus, where PGHS-2 contains an 18

amino acid insert not found in PGHS-1. The reason for these conserved differences

between the amino acid sequences of PGHS-1 and PGHS-2 are not clear. Apparently
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Figure 2. Comparison of the deduced amino acid sequences of various PGHS-

] and PGHS-2. Included are ovine PGHS-l (59-61), murine PGHS-1 (62), human

PGHS-1 (63), rat PGHS-l and PGHS-2 (64), human PGHS-2 (65), murine PGHS-2 (30),

and chicken PGHS-2 (28). The numbering corresponds to ovine PGHS-1, starting with

Met] of the deduced amino acid sequence. The signal sequences of ovine PGHS-1 and

rat PGHS-2, the cysteines residues of the EGF homology domain (Cys36, Cys41, Cys47,

CysS7, CysS9, Cys69 of PGHS°,-l), the N-glycosylation consensus sequences (at Asn68,

Asn104, Asn144, and Asn410), the proximal and distal heme ligands (Hi8388 and

His207), the active site tyrosine (Tyr386), the active site serine acetylated by aspririn

(Ser530), and the 18 residue insert at the carboxyl terminus of PGHS-2 are in hold. The

residues comprising the four helices predicted to form the membrane binding domain are

underlined and labelled Helix A, B, C and D.
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MLLPCALLAALL AAGHAANPCCSLPCONRGECMTTGFDRYECDCTRTGYYGENCTTPEFFTWLKL

MLARALLLCAVL ALSHTANPCCSHPCQNRGVCMSVGFDQYKCDCTRTGFYGENCSTPEFLTRIKF

ILFRKVLLCICE 4€LSEAANPCCSNPCQNRGECMSIGFDQTKCDCTRTGFYGENCTTPRFLTRIKL

MLFRAVLLCAAL GLSQAANPCCSNPCQNRGECMSTGFDQYKCDCTRTGFYGENCTTPEFLTRLKL
 

HSRRSLSLWFPLLLLLLLPPTPSVLLADPGVPSPVNPCCYYPCQNQGVCVRFGLDNYQCDCTRTGYSGPNCTIPEIWTWLRN

MSRRSLSLQFPLLLLLLLLPPPPVLLTDAGVPSPVIPCCYYPCQNQGVCVRFGLDHYQCDCTRTGYSGPNCTIPEIWTWLRS

MSR-SLLLRFLLLLLLL-PPLP-VLLADPGAPTPVNPCCYYPCQHQGICVRFGLDRYQCDCTRTGYSGPNCTIPGLWTWLRN

ISROSISLRFPLLLLLL-SPSP‘VPSADPGAPAPVNPCCYYPCQHQGICVRFGLDRYQCDCTRTGYSGPNCTIPEIWTWLRT

10 20 30 4O 50 60 70 Helix A

LIKPTPNTVHYILTHFKGVWNIIINSPFLRDTIMRYVLTSRSHLIDSPPTYNSDYSYKSWEAYSNLSYYTRSLPPVGHDCP

LLKPTPNTVHYILTHFKGFWNVVNNIPFLRNAIMSYVLTSRSHLIDSPPTYNADYGYKSWEAFSNLSYYTRALPPVPDDCP

PLKPTPNTVHYILTHFKGVWNIVNNIPFLRIQSMRYVLTSRSHLIDSPPTYNVHYGYKSWEAFSNLSYYTRALPPVADDCP

LLKPTPNTVHYILTHFKGVWNIVNNIPFLRSLTMKYVLTSRSYLIDSPPTYNVHYGYKSWEAFSNLSYYTRALPPVADDCP

SLRPSPSFTHFLLTHGYWLWEFVIII-FIREVLMRLVLTVRSNLIPSPPTYNSAHDYISWESFSNVSYYTRILPSVPKDCP

SLRPSPSFTHFLLTHGYWIWEFVIII-FIREVLMGWVLTVGAKLIPSPPTYNTAHDYISWESFSNVSYYTRILPSVPKDCP

SLRPSPSFTHFLLTHGRWFWBFVRII-FIREMLMLLVLTVRSNLIPSPPTYNSAHDYISWESFSNVSYYTRILPSVPKDCP
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TPMGTKGKKOLPDIHLLAQRLLLRREFIPAPQGTNVLFAFFAQHFTBQFFKTSTKMGPGFTKALGHGVDLGHIYGDSLER
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the short signal peptide of PGHS is still functional, as PGHS-2 is targeted to the ER (66),

and the signal peptide is cleaved in the native enzyme (46). Similarly, although the 18

amino acid insert near the C-terminus of PGHS-2 is highly conserved across species, a

function for the insert has not yet been determined.

Physical characteristics and intracellular localization of PGHS isozymes.

While most of the studies on the physical characteristics of the PGHS isozymes

have been conducted solely on PGHS-1, preliminary work on the physical characteristics

of PGHS-2 have shown that important structural features are conserved between the two

enzymes. Because of the abundance of PGHS-1 in ovine seminal vesicles, this tissue has

been the source used in most studies of PGHS-l. PGHS-1 has been characterized as a

membrane-associated glycoprotein (2) which is localized to the ER and nuclear

membranes (66, 67). Ovine PGHS-1 has a molecular weight determined by SDS-PAGE

of approximately 72 kDa (2, 3, 68), compared to its theoretical molecular weight of

approximately 66 kDa (59-61). The difference in molecular weight has been attributed

to the presence of three N-linked high mannose carbohydrate groups (69). In the deduced

amino acid sequence of ovine PGHS-1 there are four consensus sequences for N-

glycosylation (Asn-X-Ser/Thr), occurring at Asn68, Asn104, Asnl44, and Asn410.

Murine PGHS-2 exhibits two bands on SDS-PAGE with molecular weights of 74

and 72 kDa (46), compared to the theoretical molecular mass of about 67 kDa. PGHS-2

contains three of the four consensus sequences for N-glycosylation found in ovine PGHS-

1, at positions corresponding to Asn68, Asnl44, and Asn410 in ovine PGHS-1. There

are also two additional consensus sequences for N-glycosylation in PGHS-2 which are not
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found in PGHS-1. These two Nglycosylation consensus sequences are located in the 18

amino acid insert near the C-terminus of the enzyme, and occur at Asn580 and Asn592

in murine PGHS-2 (28, 30).

Both PGHS-1 and PGHS-2 are found in microsomal membrane fractions (2, 3, 46,

68). PGHS-1 has been characterized as an integral membrane protein, based on

observations that detergents are required to solubilize the enzyme from membrane

preparations (2). Consistent with this prediction, purified PGHS-l can be reconstituted

into pure phospholipid liposomes, indicating that the enzyme can associate directly with

the phospholipid component of membranes (70).

Intact ovine PGHS-l is susceptible to proteolytic cleavage by trypsin at Arg277

(71). This property has been utilized in studies of the topology of ovine PGHS-l in

microsomal membranes, and it has been determined that Arg277 is accessible to trypsin

in microsomes containing ovine PGHS-1 (71-73). Because the outside of intact, right-

side-out microsomes correspond to the cytoplasmic side of intracellular membranes, this

evidence led to the prediction that Arg277 was oriented on the cytoplasmic surface of the

ER membrane. Several distinct epitopes for monoclonal antibodies were also accessible

in microsomal PGHS-1 (72), suggesting that several several regions of ovine PGHS-1

reside in the cytoplasm. Combined with the presence of luminal (N-glycosylated) regions

of PGHS, these studies predicted that PGHS-l contained one or more transmembrane

domains. One region of ovine PGHS-1, between residues 285-306, was identified as a

potential membrane spanning domain by hydrophobicity analysis (60).

However, the crystal structure of detergent solubilized ovine PGHS-l has indicated

that PGHS-1 is an essentially globular protein, having significant structural homology
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with two soluble peroxidases, myeloperoxidase and cytochrome c peroxidase (74). There

are not any regions in the structure of PGHS-1 corresponding to transmembrane domains;

the 285-306 region identified by hydrophobicity analysis as a potential membrane

spanning domain lies in the core of the enzyme. Thus, discrepancies exist between the

biochemical data on the orientation of ovine PGHS-1 in membranes and the crystal

structure of the detergent solubilized enzyme.

The crystal structure of ovine PGHS-1 does contain a domain which might serve

as a membrane binding domain. This domain is composed of three amphipathic 0t-

helices, labelled helix A, helix B and helix C, which lie roughly in a triangular plane, and

part of a fourth helix D which forms part of the hydrophobic channel which leads into

the cyclooxygenase active site (Fig 3). The helices in this domain project hydrophobic

residues away from the body of the protein, forming a hydrOphobic surface. The domain

is predicted to interact with a single leaflet of the lipid bilayer, making PGHS-1 the first

protein with a structure predicted to integrate into a single leaflet of the membrane bilayer

(74, 75).

Upon solubilization of PGHS-l from membranes, the enzyme has been

demonstrated to exist as a homodimer by crosslinking studies (76), sedimentation analysis

(2) and gel filtration. The crystal structure of PGHS-1 agrees with this biochemical data,

and has provided information on the regions of PGHS-1 involved in dimerization. Both

PGHS isozymes contain an EGF-homology domain at their amino termini, consisting of

6 cysteine residues which form three disulfide bonds. Interestingly, the EGF-homology

domains of the two subunits which form the holoenzyme do not associate with one

another; rather, each EGF-homology domain interacts with another region of the
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Figure 3. Crystal structure of ovine PGHS-l and the putative membrane

binding domain. Crystal structure coordinates were generously provided by R. Micheal

Garavito, Daniel Picot, and Patrick J. Loll of the University of Chicago Department of

Biocherrristy and Molecular Biology. (a) The crystal structure of the amino acid

backbone of one subunit of ovine PGHS-1. Residues 70-130, which contain the putative

membrane binding domain, are highlighted with a ribbon. (b) The putative membrane

binding domain of ovine PGHS-1. Helices are labelled A, B, C, D.
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opposite subunit, giving the dimer a head-to-tail arrangement. It is not known if the

PGHS isozymes exist as dimers in membranes. However, because it has not been

possible to prepare active monomers of PGHS, and because the crystal structure indicates

that there are specific interactions which occur between the subunits of the dimer

following solubilization, it is assumed that the PGHS isozymes do function as dimers in

membranes. Dimerization could be favorable event for the association of PGHS with the

membrane, as dimer formation brings together two membrane association domains,

forming a hydrophobic surface along the one face of the enzyme (75).

PGHS-1 and PGHS-2 have similar subcellular localizations when observed by

immunofluorescent microscopy. Both isozymes reside in the ER and nuclear membranes.

However, PGHS-2 appears to be more heavily concentrated in the nuclear envelope than

PGHS-1 (66). Although this difference in localization is subtle, it may be significant.

As described earlier, the signal peptide of PGHS-2 lacks several consecutive hydrophobic

amino acids found in the signal peptide of PGHS-1. This may result in a difference in

the sites of insertion or localization for the protein in the ER and nuclear membranes.

Alternatively, the 18 amino acid insert region near the carboxyl terminus of PGHS-2

could be involved in targeting PGHS-2 to the nuclear envelope. The concentration of

PGHS-2 on the nuclear envelope may be important for the mechanism by which PGHS-2

can selectively utilize arachidonic acid mobilized following the treatment of cells with

growth factors or cytokines (55).
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Cyclooxygenase and Peroxidase activities of PGHS isozymes

and inhibition by NSAIDS.

PGHS-1 and PGHS-2 generate PGH2 from arachidonic acid via the same two

activities: the cyclooxygenase activity, which catalyzes the bis-oxygenation of

arachidonic acid to form the endoperoxide PGGZ, and the peroxidase activity, which

reduces the 15-hydroperoxyl group of PGG2 to form PGH2 (see Fig. 1). Studies utilizing

site directed mutagenesis have identified several residues important for the activity of

PGHS-1. The location of these residues in the crystal structure is consistent with their

participation in catalysis. Figure 4 illustrates the active site of ovine PGHS-1. Heme is

required for both the cyclooxygenase and peroxidase activities of PGHS-1. The heme

group is coordinated by a pair of histidine residues, with His388 acting as the proximal

heme ligand and His207 acting as the distal heme ligand (74, 77). Both of these residues

are conserved in PGHS-2, and it assumed that PGHS-2 binds heme in an identical manner

to PGHS-1.

The cyclooxygenase active site of ovine PGHS-1 is thought to be composed of a

long hydrophobic channel which extends from the membrane binding domain to near the

heme group. This hydr0phobic channel has been shown to bind the NSAID flurbiprofen,

and it is assumed to bind arachidonate. In ovine PGHS-1, Arg120 lies near the membrane

binding domain, and is predicted to bind the carboxylate ion of arachidonate (74). Recent

studies involving site-directed mutagenesis of Arg120 are consistent with this prediction

(78). Ser530 also lies in this channel. Ser530, a conserved residue in both PGHS

isozymes, can be acetylated by aspirin, causing in the elimination of cyclooxygenase

activity (22, 62).



 

Figure 4. Mt
laieuiille, 1994 (9).
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Figure 4. Model of the active site for ovine PGHS-l. Adapted from Smith and

Laneuville, 1994 (9).
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The properties of the PGHS isozymes following acetylation of the aCtive site

serine with aspirin demonstrate that some structural differences do exist between the two

enzymes. Acetylation of the active site serine in PGHS-1 with aspirin completely blocks

cyclooxygenase activity, while having no effect on peroxidase activity. Through site

directed mutagenesis, it was determined that the active site serine is not an essential

residue for catalysis; rather, in PGHS-1, acetylation of this serine, or substitution (by site-

dirccted mutagenesis) of the serine residue with a larger amino acid such as asparagine,

introduces a steric group into the cyclooxygenase channel which presumably blocks the

binding of arachidonic acid (62).

Acetylation of the active site serine in PGHS-2 by aspirin blocks the formation of

PGI-l, by this enzyme also. However, in contrast to PGHS-1, acetylation of the active site

serine in PGHS-2 does not entirely block the cyclooxygenase active site. This is evident

because acetylated PGHS-2 retains the ability to oxygenate arachidonic acid, forming 15-

hydroxyeicosatetraenoic acid (lS-I-IETE) (5, 79). Mutations of the active site serine have

demonstrated similar results; while replacement of the active site serine of PGHS-1 with

asparagine inactivated cyclooxygenase activity, the same mutation in PGHS-2 did not

significantly affect cyclooxygenase activity. For inactivation of PGHS-2, mutation to the

larger amino acid glutamine was necessary (79). Thus, it appears that the active site of

PGHS-2 in the region of the active site serine is somewhat larger than that of PGHS-l.

Other NSAIDS act in a similar fashion to aspirin in that they bind in the hydrophobic

channel which forms the cyclooxygenase active site of PGHS (74, 80, 81). Because there

does appear to be some difference between the sizes of the PGHS isozymes’ active sites,

it may be possible to discover or design drugs which specifically inhibit PGHS-2.
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Following the binding of arachidonic acid in the active site of PGHS, the

cyclooxygenase reaction is thought to be initiated by the abstraction of the C-13 pro-S

hydrogen from arachidonate by a tyrosyl radical present in the enzyme (82-84). Electron

paramagnetic resonance studies have demonstrated that a tyrosyl radical is generated by

both PGHS-1 and PGHS-2 (85). Tyr385 has been proposed as a source of the tyrosyl

radical (84, 86), and it is situated near the cyclooxygenase active site in close proximity

to both the heme and the predicted position of 013 of arachidonic acid.

Because NSAIDS inhibit the cyclooxygenase activity of PGHS-1 and PGHS-2

without affecting the peroxidase activity of the enzymes (87, 88), it was predicted that the

enzyme had two distinct active sites, one for the cyclooxygenase reaction and one for the

peroxidase reaction. The crystal structure of ovine PGHS-1 is consistent with this

prediction. The peroxidase active site appears to be distinct from the cyclooxygenase

active site, residing on the opposite side of the heme group. The conformations of the

two active sites suggest that PGG2 produced in the cyclooxygenase reaction is released

by the enzyme prior to binding to the peroxidase active site, consistent with biochemical

studies.



CHAPTER II

EXAMINATION OF THE N-GLYCOSYLATION OF PGHS-1 AND PGHS-2

Introduction

Approximately 8% of the mass of ovine PGHS-l is carbohydrate, consisting of

tluee Asn-linked, high mannose oligosaccharides (2, 69). In the deduced amino acid

sequence of ovine PGHS-l, there are four consensus sequences for N-glycosylation

consisting of the tripeptide Asn-X-Ser/I‘hr, where X can be any amino acid. These

consensus sequences are located at Asn68, Asn104, Asnl44, and Asn410 (59-61); these

four sites are conserved in human (63) and murine (62) PGHS-1. Three of these four

consensus sequences for N-glycosylation, corresponding to Asn68, Asnl44, and Asn410

of ovine PGHS-l are present in murine PGHS-2 (28, 30). There are also two additional

consensus sequences for N-glycosylation PGHS-2 which are not found in PGHS-1. These

are located at Asn580 and Asn592 in murine PGHS-2. We have used site-directed

mutagenesis (a) to determine which of the four N-glycosylation consensus sequences in

ovine PGHS-1 are glycosylated, (b) to determine if either of the two additional consensus

sequences in murine PGHS-2 is glycosylated; and (c) to investigate the role of N-linked

oligosaccharides in enzyme catalysis by the PGHS isozymes.
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Methods

Materials. Dulbecco’s modified Eagle medium (DMEM) and fetal calf serum were

obtained from GIBCO. Calf serum was from Hyclone. Chloroquine, bovine hemoglobin,

hematin, guaiacol, trypsin (Type IX), chicken egg white trypsin inhibitor, tunicarnycin,

DEAE dextran, and nitro blue tetrazolium were from Sigma. lndomethacin was from

Merck, Sharp, & Dohme Research Laboratories. Flurbiprofen was provided by the

Upjohn Company. pSVT'7 was a generous gift from Dr. Joseph Sambrook (University

of Texas Southwestern Medical Center). pSVL was from Pharmacia. [or-”SMATP was

purchased from DuPont-New England Nuclear. 125I-labeled Protein A was from ICN

Biomedicals. BA85 (0.45 pm) nitrocellulose was from Schleicher & Schuell. Restriction

endonucleases, T4 DNA ligase, T4 DNA polymerase, and endoglycosidase H were from

Boehringer Mannheim Biochemicals. Sequenase was from US. Biochemical Corp.

Purified ovine PGHS-1 was obtained from Oxford Biomedical Research, Inc. Goat anti-

rabbit IgG-horseradish peroxidase was from BioRad. ECL western blotting reagents were

from Amersham. Oligonucleotides used for preparing mutants of PGHS-1 and PGHS-2

were prepared by the Michigan State University Macromolecular Structure and

Sequencing Facility. All other reagents were from common commercial sources.

Preparation of PGHS-1 Mutants. The coding region of ovine PGHS-l with unique

Sal I restriction sites in both the 5’- and 3’-untranslated sequences was as described

previously (62, 77, 86). Mutants were prepared starting with M13mp19-PGHSw-1, which

contains a 2.3 kb Sal I fragment encoding the native ovine PGHS-1, according to the

method of Kunkel et al. (89) using a Bio-Rad kit essentially as described previously (62,



27

77, 86). Table I shows the Oligonucleotides used in the preparation of each of the

mutants. Phage samples were sequenced using the dideoxy method (90) to identify

mutants. A double mutant, N68Q/N144Q, was constructed by a second round of

mutagenesis using the N68Q oligonucleotide primer and M13mp19-PGHSw-1 (N144Q)

as the original template. The 2.3 kb insert from the replicative form of M13mp19-

PGHSw-l containing the desired mutation was isolated and subcloned into pSV'I'7 (77,

86). The orientation of the insert was determined by restriction digestion with Pst I (77,

86). Plasmids used for transfections, designated pSVT‘I-PGHSw-l (mutant), were purified

by CsCl gradient ultracentrifugation. Mutations were reconfirmed by double-stranded

sequencing of the pSVT7 constructs using Sequenase (Ver. 2.0) and the protocol

described by the manufacturer.

Preparation of PGHS-2 Mutants. The coding region of murine PGHS-2 with the

5’-untranslated region of ovine PGHS-1, no 3'-untranslated region, and unique Sal I

restriction sites at the 5’- and 3’-ends was as described previously (91). M13mp19-

PGHSm-Z, which contains the 1.8 kb Sal I fragment encoding the native murine PGHS-2

described above, was used to prepare mutants essentially as outlined above for PGHS-1.

Table I shows the Oligonucleotides used in the preparation of each of the mutants. The

1.8 kb Sal I insert fragment containing the mutant PGHS-2 cDNA was isolated from the

replicative form of M13mp19-PGHSm-2 and subcloned into the Xho I site of pSVL.

Determination of the insert orientation and purification of pSVL-PGHSm-Z constructs

were performed as described above for pSVT7-PGHSW-1.

Transfection of Cos-1 Cells with pSVT7 and pSVL Constructs. Cos-1 cells

(ATTC CRL-1650) were grown in DMEM containing 8% calf serum and 2% fetal calf
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Table I. Oligonucleotides used in site directed mutagenesis.

  

 

 

 

 

 

 

 

 

 

 

 

N68Q ov-l S’-”’CCGGCCCCCAATGCACCATC’"—3’

T70A ov-l 5’-”‘CCCAACI‘GCGCCA‘I‘CCCGGA’"—3’

N104Q ov-l 5’-‘°‘A‘ITI'IG‘I‘CCAGGCCACCITC"°-3’

N144Q ov-l 5’3“GGAG'I‘CC'ITCI‘CCCAGGTGAGCI‘A’I'I‘AT5‘3-3’

8146A ov-l S’-’”’I'I‘CTCCAATGTGGCCTA'ITATACI‘CGC“’-3’

N410Q ov-l 5’-""I'ICIG’I'I‘CCAAACC'I‘CCATG‘”‘-3’

S412A ov-l 5’-"”G‘ITCAACACCGCCATGC1‘GGTG"“-3’

N410D ov-l 5'3"’CAG‘ITI‘CI‘G'ITCGACAOCTCCATG‘”'3’

N4IOS ov-l 5’-m’CAG’I'ITCI‘G‘I'I‘CAGCACC’l‘CCATG‘m-S’

NS8OQ mu-2 5'-‘”zAGCCACCA‘I‘CCAGGCAAGTGCC‘m-y

N592Q mu-2 5’-‘"‘CCAGACTAGAT‘GACA'I'I‘CAACCTACAGTAC‘"°-3’

HelA ov-l 5’-’"CCCGGAGACATCGACCI‘CGACCCGGACGAC’“-3’

I74T-W758-

W775-L78T

HelB ov-l 5'-’”AGCCCC1‘CI'I‘CCATCCACI‘CI‘GCGCTGACGCACGGcm-B’

F88S-F'918-

L92A

HelC ov-l 5’-’”CACGGGCGCTCGGC1TGGGA'I'I‘C’1‘G‘I‘CAATGCCACC‘“-3’

W988-L99A-

F1028

AEGF ov-l 5’-‘“GACCCCGGCGCGCCCGCG/CCCAACI‘GCACCA’I‘CCCG"5-3’

Delete

C36-P67

N—EF—T—Wfie—‘Wumring 0 ammo aci gins wr e a e translational start sue.

Numbering of nucleotides begins at the transcriptional start site.

Mutagenic codons are underlined.

AEGF deletion site marked with a ”I" .
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serum until near confluence, and the cos-1 cells (ca. 3x106 cells/100 mm dish) were

transfected as previously described (77, 86, 91) using a pSVT7 (or pSVL) construct

containing the coding region of the native or mutant ovine PGHS-l (or murine PGHS-2).

Microsomal membranes were prepared from transfected cells in 0.1 M Tris-HCl, pH 7.4

(62, 77, 86). Tunicamycin treatments of cos-1 cells transfected with pSVW-PGHSW-l

or pSVL-PGHSm-Z constructs were performed by adding tunicamycin to the media at a

final concentration of 1 pg/ml 20 to 24 hrs posttransfection (92).

Western Transfer Blotting. Solubilized microsomal membranes were resolved by

one-dimensional SDS-PAGE and transferred electrophoretically to BA85 nitrocellulose

filters (0.45 pM) essentially as described previously (77). For detection of PGHS-1 bands

by autoradiography, filters were fust incubated overnight with a 1:100 dilution of

monospecific rabbit anti-PGHS-l serum (77). The filters were then washed and incubated

for four hours with 12SI-Protein A. Following a final wash and air drying, the filters were

subjected to autoradiography using Kodak XRP-S X-ray film

For detection of PGHS-1 bands by enhanced chemiluminescence, filters were

incubated for one to two hours with a 1:20,000 dilution of monospecific rabbit anti-

PGHS-l serum. The filters were washed and incubated for one to two hours with a

1:2000 dilution of goat anti-rabbit IgG-horseradish peroxidase. The filters were again

washed and incubated for one minute with Amersham ECL western blotting detection

reagents. The filters were immediately blotted dry and exposed to Kodak XRP-S X-ray

film.

PGHS-2 was detected by using a peroxidase stain. The filter was incubated for

two hours with a 1:2000 dilution of a monospecific rabbit anti—PGHS-2 serum (66). The
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filter was then washed and incubated for two hours with a 1:2000 dilution of goat anti-

rabbit IgG-horseradish peroxidase. The filter was again washed and stained with the

following solution: 50 mM NaHPO.,, pH 7.0, 3 mM NADH, 2 pM phenol, 6 pM H202,

and 0.4 mM nitro blue tetrazolium (93). Following staining, the filter was photographed.

Enzyr_natic Deglycosylation of Denatured PGHS-1 and PGHS-2. Microsomal

samples (100 pg pr0tein/25 pl) for analysis by western transfer blotting were incubated

with 2% SDS at 100°C for 2 min and then cooled on ice. The solubilized proteins were

then diluted in 50 mM NaHzPO,” pH 5.7 (100 pg protein/100 pl final concentration), and

incubated with 5 mU of endoglycosidase H at 37°C for 12 hrs. SDS-sample buffer was

then added, and the samples were analyzed by western transfer blotting.

Tmtic Cleavage of PGHS-1 a_ng Protection with Heme and lndomethacin.

Microsomal suspensions (100 pg prorein/lOO pl) prepared from cos-1 cells transfected

with pSVT7 constructs encoding native or mutant PGHS-1 were incubated with 5 pg of

trypsin at 25°C for 5 min. The reactions were quenched by adding a 40-fold molar excess

of trypsin inhibitor, and the samples were then chilled on ice and incubated for 2 min at

100°C with SDS-sample buffer. The resulting peptide products were analyzed by western

transfer blotting.

The ability of heme and indomethacin to protect native and mutant PGHS-1 from

cleavage by trypsin was analyzed essentially as described previously (77, 94).

Microsomes (100 pg protein/100 pl) were incubated with 32 pM hematin for 15 min. In

some experiments, the microsomes were then incubated with 250 pM indomethacin for

15 min. Samples were then incubated with 5 pg trypsin for 10 min at 25°C. The

reactions were then quenched, prepared for SDS-PAGE, and analyzed as described above.
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Cyclooxygenase Assays. The cyclooxygenase activities of microsomal

preparations were measured by monitoring the initial rate of 02 uptake at 37°C using an

O2 electrode as described previously (77, 94). The assay mixture contains 3 ml of 0.1

M Tris-HCl, pH 8.0, 1 mM phenol, 85 pg of hemoglobin (as a source of heme), and 100

pM arachidonic acid. Reactions were initiated by adding 5-100 pg of microsomal protein.

Cyclooxygenase activities were inhibited by the addition of flurbiprofen (160 pM) to the

reaction mixture.

Peroxidase—Assays. The peroxidase activities of microsomal preparations were

measured spectrophotometrically as described previously (77, 86, 94) using the procedure

of Marnett et al. (95). The reaction mixture contained 100 mM Tris-HCl, pH 7.2, 5.6

mM guaiacol, 5-100 pg of microsomal protein, and 1 pM hematin (added in DMSO) in

a total volume of 0.3 ml. Reactions were initiated by adding 20 pl of 4.5 mM H202, and

the absorbencies measured at 436 nm.

Enzmatic Deglycosylation of Intact PGHS-l. Purified ovine PGHS-1 (100 pg of

protein/800 pl) was incubated with 50 mU of endoglycosidase H in 50 mM NaHzPO,” pH

5.7, at 37°C. Flufenamate (100 pM) was included to stabilize the enzyme. Alternatively,

microsomes from cos-1 cells that had been transfected with a construct encoding native

ovine PGHS-1 were solubilized in 1% Tween 20 (final 160 pg of protein/160 p1). The

solubilized microsomes were incubated with 50 mU endoglycosidase H in 50 mM

NaH2P04, pH 5.7 at 37°C (final volume 300 pl). After different times of incubation,

aliquots of the reaction mixtures were assayed for cyclooxygenase and peroxidase

activities, and samples were taken for analysis by western transfer blotting.

Protein Determinations. Determinations of protein concentrations were performed



by the method of Bradford (96).

32



33

Results

Electrophoretic Mobilitv of PGHS-l Glycosylation Mtg. PGHS-1 is an N-

glycosylated protein with a subunit molecular mass of 72 kDa (2, 3, 97) having three

Asn-linked, high mannose oligosaccharides (69). The deduced amino acid sequence of

ovine PGHS-1 contains four N-glycosylation consensus sequences (Asn-X-Ser/I'hr) with

potential glycosylation sites at Asn68, Asn104, Asnl44, and Asn410 (59-61). To

determine which of these sites are N-glycosylated, we fust constructed four mutants of

ovine PGHS-1 by replacing the Asn at each potential glycosylation site with a Gln.

These mutants were then expressed by transient transfection of COS-1 cells, microsomal

membranes were prepared from the transfected cells, and the mobilities of the mutant

proteins were examined by western transfer blotting (Fig. 5). Three of the mutant

proteins, N68Q, N144Q, and N410Q, each displayed an increased mobility corresponding

to a decrease in subunit molecular mass of approximately 2 kDa. The fourth mutant

protein, N104Q, exhibited a subunit molecular mass which was the same as that of the

native enzyme.

A double mutant, N68Q/N144Q, was subsequently constructed by replacing both

Asn68 and Asn144 with Gln residues. In addition, unglycosylated enzyme was produced

by expressing native PGHS-1 in COS-1 cells which were cultured in the presence of the

N-glycosylation inhibitor, tunicamycin. The N68Q/N144Q double mutant protein

exhibited an apparent subunit molecular mass which was 4 kDa less than the native

enzyme, and the unglycosylated native PGHS-1 exhibited a 6 kDa decrease (Fig. 5).

Treatment with endoglycosidase H reduced the apparent molecular mass of all of the
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Fig. 5. Electrophoretic mobilities of native PGH synthase-l and PGH

synthase-l N-glycosylation site mutants. Microsomes were prepared from sham-

transfected cos-1 cells, from cos-1 cells transfected with pSVT7 constructs encoding

native and mutant PGH synthases-1, and from COS-1 cells transfected with the pSVT7

construct encoding the native PGH synthase-1 and treated with tunicamycin. Samples (20

pg protein) were electrophoresed using a 10% SDS-polyacrylamide gel, and electroeluted

onto nitrocellulose. The filter was incubated with a 1:100 dilution of anti-PGH synthase-1

serum and 12SI-Protein A as described in Methods. The nitrocellulose was washed with

0.1% Tween 20 in TBS, air dried, and exposed to X-ray film at -80°C. Purified ovine

PGH synthase-1 (0.5 pg protein) was electrophoresed as a standard and is noted as

OVINE PGH SYNTHASE-1. Microsomal samples were as indicated. Unglycosylated

PGH synthase—1 was produced by expression of the native PGH synthase-1 in cos-1 cells

to which tunicamycin (1 pg/ml) was added 20 hrs posttransfection, and is noted as

NATIVE/TUNICAMYCIN.
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single-site mutant PGHS-1, the native enzyme, and the double mutant (N68Q/N144Q) to

66 kDa (Fig. 6); this latter value was the same as that observed for the unglycosylated

native PGHS-l expressed in tunicamycin-treated cos-1 cells. These results indicate that

the changes in apparent molecular masses seen with the mutant proteins are due to

changes in the extent of glycosylation of the proteins and not to proteolytic degradation.

Taken together, the results shown in Figures 5 and 6 indicate that ovine PGHS—1 is

glycosylated at three sites: Asn68, Asnl44, and Asn 410. To verify this conclusion,

three additional mutants were constructed in which the serine or threonine in the

consensus sequences of each of the proposed N-glycosylation sites was substituted with

an alanine. When examined by western transfer blotting, each of these three mutant

proteins, 170A, 8146A, and S412A, exhibited a decrease in apparent subunit molecular

mass of 2 kDa (data not shown); this electmphoretic behavior is the same as that

observed with the corresponding N68Q, N144Q, and N410Q mutants and is consistent

with the N-glycosylation sites being located at Asn68, Asnl44, and Asn410.

Digestion of native ovine PGHS-1 with dilute trypsin results in cleavage at

Arg277, generating a 38 kDa peptide containing the carboxyl (C-) terminus and a 33 kDa

peptide containing the anrino (N-) terminus (72). By determining the molecular masses

of the peptides derived from tryptic digestion of various glycosylation site mutants, we

were able, in some cases, to localize the decreases in molecular mass to the tryptic

peptide which contained the mutation (Fig. 7). Following trypsin treatment, the N-

terrninal peptides for the N68Q and N144Q mutants exhibited decreases in their apparent

molecular masses; in contrast, the C-terminal tryptic peptides from native enzyme and the

N68Q and the N144Q mutant proteins, as well as the N68Q/N144Q double mutant, each
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Fig. 6. Electrophoretic mobilities of native PGH synthase-l and PGH

synthase N-glycosylation site mutants following treatment with endoglycosidase H.

Microsomes (100 pg protein) from transfected COS-1 cells were solubilized by boiling in

SDS and then incubated with endoglycosidase H (5 mU) at 37°C for 12 hrs at pH 5.7.

Following glycosidase treatment, samples (20 ug protein) were analyzed by western

transfer blotting utilizing 12"’I-Protein A as a secondary antibody followed by film

exposure by autoradiography. Untreated native and unglycosylated PGH synthase-1 (ex-

pressed in tunicamycin treated cos-1 cells) are noted as NATIVE (UNTREATED) and

NATIVE/TUNICAMYCIN (UNTREATED). All other samples were treated with

endoglycosidase H.
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Fig. 7. Tryptic digestion of native PGH synthase-l and PGH synthase-l N-

glycosylation site mutants. Microsomes (100 pg protein) prepared from transfected cos-

1 cells were incubated for 5 min with trypsin (5 pg) at room temperature. Reactions were

stopped by the addition of trypsin inhibitor (40-fold molar excess). Trypsin-treated

samples (22 pg protein for the N68Q/N144Q mutant, 8 pg protein for all other samples)

were then analyzed by western transfer blotting, using a 1:20,000 dilution of rabbit anti-

PGH synthase-1 serum as primary antibody and a 1:2000 dilution of goat anti-rabbit IgG-

horseradish peroxidase as the secondary antibody. The filter was then incubated with

Amersham’s ECL western blotting reagents followed by film exposure by enhanced

chemiluminescence.
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exhibited the expected apparent molecular mass of 38 kDa. The C-terminal peptide of

the N410Q mutant protein exhibited a decreased apparent molecular mass of 36 kDa.

These observations are consistent with the concept that there are three glycosylation sites

in ovine PGHS-1 (69), and that two of these sites, Asn68 and Asnl44, are in the N-

terminal peptide and one of the sites, Asn410, is in the C-terminal peptide.

No N-terminal tryptic peptides for the N410Q and N68Q/N144Q mutant proteins

or for unglycosylated native enzyme from transfected, tunicamycin treated cells were

detected; the reason for this is likely to be an increase in trypsin sensitivity for these

proteins. The faint 38 kDa C-terminal tryptic peptide seen in the unglycosylated, native

enzyme lane is thought to be due to the cleavage of a small amount of glycosylated

PGHS-1 produced in this particular transfection (which is evident by the faint band seen

at 72 kDa). In digestions of unglycosylated native enzyme where this 72 kDa band was

not present, no 38 kDa tryptic peptide was evident (data not shown).

Cyclooxygenase and Peroxidase Activities of PGHS-1 Mutants. Mutations in the

consensus sequences affecting N-glycosylation at either Asn68 or Asn144 decreased both

the cyclooxygenase and peroxidase activities of the enzymes considerably but did not

abolish either activity (Table 11). However, the double mutant, N68Q/N144Q, had no

enzyme activity. Moreover, all mutations affecting N-glycosylation at Asn410 were found

to eliminate both cyclooxygenase and peroxidase activities. These include the N410Q and

S412A mutations, as well as two additional mutations — N410D and N4IOS. Consistent

with these observations, unglycosylated PGHS-1 obtained from expression of the native

enzyme in tunicamycin-treated cos-1 cells did not exhibit cyclooxygenase or peroxidase

activity. Thus, glycosylation of ovine PGHS-1 at Asn410 and either Asn68 or Asn144
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Table II. Cyclooxygenase and peroxidase activities of PGHS-l N-glycosylation site mutants.

 

Native 100 100

 

 

 

 

 

 

   

Sham transfection 0.8 :l: 0.2 0.2 :l: 0.2

Native/1‘unicamycin 0 0

N68Q 18.1 i 1.4 11.2 :l: 0.8

T70A 39.7 :l: 2.5 24.5 :1: 4.9

N104Q 48.6 i 9.7 42.3 :l: 1.0

N144Q 6.8 i: 1.3 3.5 :l: 0.1

S146A 12.1 :l: 3.0 4.8 :l: 1.5

N410Q 0.5 :l: 0.4 0.2 :l: 0.2

N410D 0.6 :l: 0.1 0

N4108 0.5 :l: 0.2 0

S412A 0.8 :l: 0.2 0.8 i 0.8

N68Q/N144Q 0 0

fictrvrtres are expressed as We percent of Elie cyclooxygenase or peroxrdfie activity seen

for native ovine PGHS-1.
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during its synthesis in cos—l cells is necessary for the enzyme to exhibit measurable

cyclooxygenase and peroxidase activities.

Protection of PGHS-1 Mmts from Trypsin Cleavage by Heme and Indomethac_in_.

The binding of heme and the non-steroidal anti-inflammatory agent indomethacin by

native ovine apoPGHS-1 protects it from cleavage at Arg277 by dilute trypsin (73, 80).

Protection from tryptic digestion by these compounds has been used as a method to

determine if enzymatically inactive ovine PGHS-l mutants do exhibit some native

conformation (77). Accordingly, the N410Q and N68Q/N144Q mutant proteins and

unglycosylated native PGHS-1 (from expression in the presence of tunicamycin) were

treated with trypsin in the presence and absence of indomethacin and/or heme (Fig. 8).

Heme alone and heme plus indomethacin protected native PGHS-1 from proteolysis, as

evidenced by the dramatic increase in the intensity of the 72 kDa band and also by the

decrease in intensity of the 38 kDa C-terminal tryptic peptide (in this particular

experiment, the 33 kDa N-terminal peptide was not detected). Neither heme nor heme

plus indomethacin appeared to protect either the N410Q mutant protein or unglycosylated

PGHS-1 from trypsin cleavage. The N68Q/N144Q mutant protein also does not appear

to be protected from tryptic cleavage; however, the faint 38 kDa C-terminal tryptic

peptide observed for the N68Q/N144Q double mutant decreased in intensity in the

presence of both heme and indomethacin. This may indicate that a small population of

the N68Q/N144Q mutant protein can bind heme and indomethacin. However, because

of the lack of an increase in the intensity of the intact 68 kDa protein band, compared to

that seen for native PGHS-1, we conclude that in general the majority of the double

mutant protein N68Q/N144Q was not protected against trypsin cleavage by these



Fig. 8. Protection of native and inactive mutant PGH synthases-l from

tryptic digestion by heme and indomethacin. Microsomes were prepared from cos-1

cells transfected with pSVT7 constructs coding for native PGH synthase-1, the N410Q

or N68Q/N144Q mutants of PGH synthase-l, or native PGH synthase-1 in the presence

of tunicamycin. Microsomal samples (100 pg protein) were preincubated with or without

32 pM hematin for 20 min and, then, with or without 250 pM indomethacin for 20 min

at room temperature prior to addition of trypsin. Microsomes, microsomes incubated with

heme, and microsomes incubated with heme and indomethacin were then incubated with

trypsin (5 pg) for 10 min at room temperature. Reactions were quenched with trypsin

inhibitor, and samples (22 pg prOtein for N68Q/N144Q samples, 8 pg for all other

samples) were analde by western transfer blotting using enhanced chemiluminescence

detection. Untreated samples of each protein are included to demonstrate levels of

protease cleavage. A second series of N68Q/N144Q digestions from a second experiment

are included to demonstrate the effect of heme and indomethacin pretreatment on trypsin

cleavage, which is missing in the original series of digestions. Electrophoresis time was

slightly longer in the second experiment.
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compounds. From these results, we propose that N-glycosylation of Asn410 and either

Asn68 or Asn144 is required for the enzyme to attain and/or maintain a native conforma-

tion.

Endoglvcosidase H Treatments of PGHS-1. To further determine the role of

carbohydrate in PGHS-1 function, the effects of glycolytic cleavage on the enzymatic

activities of PGHS-1 were examined. Purified ovine PGHS-1 (from ovine seminal

vesicles) or solubilized microsomes from cos-1 cells transfected with a construct encoding

native PGHS-1 were incubated with endoglycosidase H. In both cases, the enzymes

retained significant cyclooxygenase and peroxidase activities relative to the activities of

untreated controls (Table 111). Following endoglycosidase H treatment for 36 hr, the

purified ovine PGHS-1 displayed an electrophoretic mobility similar to that of

unglycosylated native PGHS-l prepared from tunicamycin-treated cos-1 cells (Fig. 9),

suggesting that a significant portion of the N-linked carbohydrate had been removed.

Similar results were observed for the native enzyme in solubilized microsomes from cos-1

cells (data not shown).

Electrophoretic Mobility and Enzymatic Activity of N-glvcosylation Mutants of

_P_G_1_1_S_-2_. Murine PGHS-2 contains three consensus N-glycosylation sites at Asn53,

Asn130, and Asn396 which correspond to the three sites (Asn68, Asnl44, and Asn410)

which we have determined to be N-glycosylated in ovine PGHS-1. The deduced amino

acid sequences of PGHS-2 from various species also contain two additional N-

glycosylation consensus sequences near the carboxyl terminus (28, 30, 98); in the case

of murine PGHS-2, these sites are Asn580 and Asn592. Using site-directed mutagenesis,

we constructed two mutants, N580Q and N592Q, in which the Asn at each consensus
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TABLE III. Retention of cyclooxygenase and peroxidase activities by ovine PGH

synthase-l following treatment with endoglycosidase H.

    
100

 

99 95 “ 97 not determined

 

  
88 80 H 84 33

 

Activities are expressed as the percent of a control incubated in the absence of Endo H.
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Fig. 9. Deglycosylation of intact PGH synthase-l by endoglycosidase H.

Purified ovine PGH synthase-1 (100 pg protein) was incubated at 37°C with

endoglycosidase H (50 mU) at pH 5.7 in the presence of sodium fiufenamate (100 pM).

Samples (0.5 pg protein) were taken for analysis by western transfer blotting after 0 hr,

14 hr, and 36 hr of endoglycosidase H-treatment. Detection was by enhanced

chemiluminescence. Unglycosylated native PGH synthase-1 from transfected,

tunicamycin-treated cos-1 cells is noted as NA'I'IVE/I'UNICAMYCIN.
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sequence was replaced with a Gln. The electrophoretic mobilities of these mutant

proteins and unglycosylated PGHS-2 (produced by expression of murine PGHS-2 in cos-1

cells treated with tunicamycin) were compared to native PGHS-2 (Fig. 10). Native

PGHS-2 and the N592Q mutant protein each displayed two immunoreactive peptides

having apparent molecular masses of 74 kDa and 72 kDa. In contrast, the N580Q mutant

protein and unglycosylated PGHS-2 each displayed a single peptide with molecular

masses of 72 kDa and 65 kDa, respectively. Upon treatment of native PGHS-2 and the

N580Q and N592Q mutant proteins with endoglycosidase H, the apparent molecular

masses the proteins were approximately that of unglycosylated PGHS-2 from tunicamy-

cin-treated cells. Taken together, these observations suggest that the two

electrophoretically-distinct forms of native murine PGHS-2 are a result of two different

N-glycosylation patterns: the 72 kDa peptide is presumed to be N-glycosylated three

times at Asn53, Asn130, and Asn396 (sites which correspond to the three glycosylation

sites in ovine PGHS-l at Asn68, Asnl44, and Asn410); the 74 kDa peptide is N-

glycosylated four times, with the additional site at Asn580. In neither form is Asn592

N-glycosylated.

The N580Q mutant protein retains full cyclooxygenase and peroxidase activities.

Unglycosylated PGHS-2 (from expression in cos-1 cells treated with tunicamycin) does

not express either activity (Table IV).
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Fig. 10. Electrophoretic mobilities of native murine PGH synthase-2 and

PGH synthase-2 N-glycosylation site mutants. Microsomes were prepared from sham-

transfected cos-1 cells, from cos-l cells transfected with pSVL constructs encoding native

(noted as NATIVE-2) and mutant murine PGH synthases-2, and from cos-”l cells

transfected with the pSVL construct encoding the native murine PGH synthase-2 and

cultured in the presence of tunicamycin (noted as NATIVE-2/TUNICAMYCIN).

Additionally, samples of native PGH synthase-2 (NATIVE-ZIENDO H), the N580Q

(N580Q/ENDO H) and N592Q (N592Q/ENDO H) mutant proteins, and unglycosylated

native PGH synthase-2 from transfected, tunicamycin treated cells (100 pg microsomal

protein) were denatured in SDS and incubated with endoglycosidase H (5 mU). Samples

(20 pg protein) were resolved by SDS—PAGE and western transfer blotting was performed

using an antibody to PGH synthase-2 with visualization by a peroxidase stain as described

in Methods.
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TABLE IV. Cyclooxygenase and peroxidase activities of native PGH synthase-2

and PGH synthase-2 N-glycosylation site mutants.

 

 

 

 

 

 

 

Sham 9 i 7 0

Native/Tunicamycin 7 :t 7 0

N580Q 139 i 33 87 i 54

N592Q 178 i 39 126 :t 26  
 

Actrvfies are expressetfas the percent of the cyclooxygenase and peroxidase activity seen

for native murine PGHS-2.
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Discussion

By analyzing mutants of ovine PGHS-1 having changes in each of the four

consensus sequences for N-glycosylation, we have deduced that the sites of carbohydrate

attachment are Asn68, Asnl44, and Asn410, and that a fourth N-glycosylation consensus

sequence found at Asn104 is not glycosylated. The Asn104 consensus sequence is

located in the membrane binding domain proposed by Picot et al. (74). The association

of this domain of ovine PGHS-1 with the membrane may explain why Asn104 is not N-

glycosylated.

Mutant PGHS-1 which lack N-glycosylation at either residue 68 or 144 have

diminished but measurable cyclooxygenase and peroxidase activities. However, PGHS-1

which lack Nglycosylation at both Asn68 and Asnl44, and/or at Asn410, have no

cyclooxygenase or peroxidase activity. The Asn410 glycosylation site is particularly

critical for expression of the catalytic activities of ovine PGHS-l. The failure by heme

and indomethacin to protect the various catalytically inactive, glycosylation-deficient

forms of PGHS-1 from tryptic digestion suggests that these mutant proteins are not in a

conformation which is capable of binding heme or non-steroidal anti-inflammatory drugs.

Interestingly, the retention of enzyme activities following partial deglycosylation of

PGHS-1 with endoglycosidase H implies that once the enzyme has achieved a mature,

active conformation, the attached carbohydrate is not needed to maintain activity. Thus,

these observations suggest that the attachment of N-linked oligosaccharides is necessary

for PGHS-1 to attain its native conformation, but is not essential for maintaining a

catalytically active conformation of the enzyme. Additional evidence for the importance
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of N-glycosylation for PGHS-1 activity comes from studies of the expression of native

PGHS-1 in a baculovirus system (99); while high levels of protein expression of PGHS-1

are achieved in this system, there is a low yield of active enzyme, apparently resulting

from inefficient 00-20%) N-glycosylation. Similar observations on the role of N-

glycosylation on protein folding have been documented with several cell surface receptors,

including the EGF (100), insulin (101), and transferrin (102, 103) receptors.

Site-directed mutagenesis of murine PGHS-2 suggests that the two different forms

of PGHS-2 (72 and 74 kDa) result from a variability in the N-glycosylation of Asn580.

Consistent with this model, the two polypeptide bands of rat PGHS-2, isolated from

preovulatory follicles, have an identical amino terminal sequence (46). The fact that the

N580Q mutant PGHS-2 retains both cyclooxygenase and peroxidase activities indicates

that both forms of native PGHS-2 are active. The functional significance of variable N-

glycosylation of Asn580, or the reason for its occurrence, is not apparent. We have also

demonstrated that N-glycosylation of the Asn592 consensus N-glycosylation sequence of

PGHS-2 does not occur. This result was not unexpected because Pr0593 occupies the

second position of the consensus sequence tripeptide Asn-X-Ser/Thr", a proline at this

position in a N-glycosylation consensus sequence is generally thought to prevent

glycosylation (104).

The three utilized N-glycosylation sites found in ovine PGHS-1 (Asn68, Asnl44,

and Asn410) are conserved in PGHS-2 (Asn53, Asn130, and Asn396 in the case of

murine PGHS-2 (28, 30)). This suggests that each of these sites in PGHS-2 are

glycosylated. The 9 kDa difference in the apparent molecular masses of fully

glycosylated (74 kDa) and unglycosylated (65 kDa) PGHS-2 is consistent with there being
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four N-glycosylation sites with high mannose oligosaccharide in murine PGHS-2. The

lack of enzyme activities in unglycosylated PGHS-2 (expressed in tunicamycin-treated

cos-1 cells) suggests a role for N-glycosylation in PGHS-2 similar to that for PGHS-1.

Both PGHS-l and PGHS-2 are located in the ER (66, 67). As N-glycosylated

residues reside in the lumen of the ER (104), determination that Asn68, Asnl44, and

Asn410 ovine PGHS-l and Asn580 in murine PGHS-2 are N-glycosylated demonstrates

that these residues reside in the lumen of the ER.
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CHAPTER III

ORIENTATION OF PGHS-l AND PGHS-2 IN THE ER MEMBRANE

Introduction

Earlier examinations of the topology of ovine PGHS-l in microsomal membranes

have indicated that there are regions of PGHS-1 which are on the outside of presumably

right-side-out microsomes and therefore on the cytoplasmic side of the ER. One such

region includes the Arg277 trypsin cleavage site in ovine PGHS-1 (71-73). Epitopes for

several antibodies against PGHS-1 are also exposed in microsomal preparations (71).

Thus, cytoplasmic domains containing Arg277 and antibody epitopes and lunrinal domains

containing N-linked carbohydrate have been predicted for PGHS-1. The existence of

cytoplasmic and luminal domains would require the presence of membrane spanning

domains.

The predictions made by the crystal structure of ovine PGHS-1 for its t0pology

in the membrane are not consistent this biochemical data. The crystal structure depicts

an essentially globular domain which does not contain any structures which appear like

they could form transmembrane domains, which leads to the prediction that PGHS-1

resides entirely in the lumen of the ER (74).

The determination that Asn68, Asnl44, and Asn410 in ovine PGHS-1 and Asn580

in murine PGHS-2 are N-glycosylated demonstrates that these residues reside in the

lumen of the ER. We further tested the orientations of regions of PGHS isozymes in the

ER membrane, using peptide-directed antibodies in immunocytofluorescent studies. Three

58
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antibodies were generated for ovine PGHS-1 against peptides corresponding to the amino

terminus (residues 25-35), against the region of the trypsin cleavage site (residues 272-

284) and against the carboxyl terminus (residues 583-594). An antibody against a peptide

corresponding to the carboxyl terminal insert region of PGHS-2 was also used (66).

These antibodies were used in cells which had been treated so only the plasma membrane,

and not the ER membrane, had been permeabilized in order to distinguish between

cytoplasmic domains and luminal domains. We have also examined the original

experiments which predicted cytoplasmic domains for PGHS-1.



METHODS

Materials. Streptolysin O was obtained from GIBCO. Horse myoglobin, saponin,

digitonin, rabbit anti-actin, goat anti-rabbit IgG-FITC, goat anti-mouse IgG-FITC and goat

anti-rat IgG-FITC were from Sigma. Anti-B—galactosidase and pSVGAL were from

Promega. Anti-BiP was the gift of Dr. David Bole (University of Michigan). Peptides

were from the Howard Hughes Research Center at Harvard Medical School. Ellman’s

reagent, Sulfo-link maleimide-activated gel and maleirrride-activated coupling kit were

from Pierce. TiterMax adjuvant was from Cthx Corp. Frozen ovine seminal vesicles

were from Oxford Biomedical.

Generation and purification of mptide-directed antibodies. Table V lists the

peptides used in generating peptide—directed antibodies. Peptides were coupled to either

maleimide-activated keyhole limpet hemocyanin (KLH) or to maleimide-activated bovine

serum albumin (BSA) according to the procedure recommended by the manufacturer.

Rabbits were immunized with 100 pg of the coupled peptide-BSA emulsified in 0.2 ml

TiterMax adjuvant, and the titer of antiserum was assayed by ELISA using the

corresponding peptide coupled to KLH. Rabbits were boosted monthly with 100 pg of

peptide-BSA, and immune sera were collected 7 to 10 days following each boost.

Peptide-specific antibodies were purified on peptide affinity columns. Each

peptide (10 mg) was coupled to 2 ml of Sulfo-link gel according to the procedure

recommended by the manufacturer. Immune serum (5 ml) was diluted 1:1 in phosphate

buffered saline (PBS) and passed through the column several times. The column was

washed with 20 ml of PBS, and antibodies were eluted in 0.7 ml fractions with 0.1 M
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TABLE V. Characteristics of peptide-directed antibodies against ovine PGHS-l and

murine PGHS-2.

 

 

 

 

 

 

 

2"‘ADPGAPAVNPC’s PGHS,-l Amino-terminus + ovrne-l. human-l + ovrne-l. human-1

- mouse-l. human-2. - mouse-1

mouse-2

mLMHYPRGIPPch PGst-l Arg277 trypsin + ovine-l. human-l + ovine-l. human-l

cleavage site

- mouse-l. human-2.

mouse-2 - mouse-l

C‘mPDPRQEDRPGVE’” PGHS,,-l Carboxyl + ovine-l + ovine-1

terminus

- human-l, mouse-1. - human-l, mouse-l

human-2. mouse-2

CYmSHSRLDDlNPI'VUK” PGHS__-2 Carboxyl + human-2, mouse-2 + human-2. mouse-2

terminus

+ ovine—l, human-l. - mouse-1

mouse-1

z"’Ql'lli'I’HQFFK'I‘SGKMGPmC PGHS,-1 His207 distal + ovine-l - ovine-1

heme ligand

C“'QDPQP'I'KTATIN”° PGHS_-2 Carboxyl + mouse-2 n.d.

terminus

’DEAKNIKKG” Luciferase Amino terminus + luciferase - luciferase    
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glycine, pH 2.2, directly into 0.1 ml of l M NazPO4, pH 9.5. Fractions were assayed for

protein, and protein-containing fractions were pooled. Final protein concentrations were

approximately 0.5 mg/ml.

Cell cplture and transfection. Cos-1 cells (A'I'I‘C CRL-1650) were grown in

DMEM containing 8% calf serum and 2% fetal calf serum until near confluence (ca.

3x10‘5 cells/100 mm dish) and were transfected as previously described in the Methods

section of Chapter 11 using expression vectors containing cDNAs coding for either PGHS-

] or -2 or B—galactosidase. The cDNA for ovine PGHS-1 was carried in the vector

pSVT7 (77, 86), the cDNAs for murine PGHS-l and -2 were in pSVL vectors (91), and

cDNAs for human PGHS-l and -2 were in pOSML vectors (6). The construct pSVGAL

carried the cDNA for B—galactosidase. Cells were harvested or stained 48 hr post-

transfection.

NIH/3T3 cells were grown in DMEM containing 8% calf serum and 2% fetal calf

serum until near confluence. The cells were washed with DMEM and serum-starved 24

to 48 hr in DMEM containing 0.2% serum. Cells were stimulated by adding fetal calf

serum to the media to a final concentration of 20%. Cells were stained 2 to 4 hr

following stimulation (66).

Microsome preparation. Microsomes were prepared from transfected cos-l cells

as described in Chapter II. Microsomal proteins were solubilized by adding Tween 20

(1% final concentration) and sonicating for 20 s; supernatants containing solubilized

protein were obtained following centrifugation at 200,000 x g for 1 hr (2).

Western blottflg. Western blotting was performed using chemiluminescent

detection as described in Chapter II.
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Selective mrmeabilization of cells using digitonin. Serum-stimulated NIH/3T3

cells and transfected cos-1 cells grown on coverslips were washed with PBS and fixed

in 2% formaldehyde/PBS. The coverslips were washed with PBS and incubated with a

PIPES buffer solution (0.3 M sucrose, 0.1 M KCl, 2.5 mM MgClz, 1 mM EDTA, 10 mM

Pipes, pH 6.8) with or without 5 pg digitonin/ml for 15 min at 4°C (105). The coverslips

were then washed with PBS and blocked in PBS containing 10% calf serum. Subsequent

washings and antibody incubations were conducted in PBS containing 10% calf serum

with or without 0.2% saponin. Immunocytofluorescent staining was conducted by

incubation with a 1:20 dilution of primary antibody followed by a 1:40 dilution of FITC-

labeled secondary antibody.

Selective mmeabilization of cells using Streptolysin O. Transfected cos-1 cells

grown on coverslips were washed with PBS and fixed in 2% formaldehyde/PBS. The

coverslips were washed with PBS and incubated for 15 min at 4°C with Streptolysin O

(200 U/ml) which had been preactivated by incubation with 10 mM dithiothreitol in PBS

for 10 nrin at 0°C (106). Unbound Streptolysin O was removed by washing, and the

coverslips were incubated at 37°C for 20 min in 10 mM dithiothreitol in PBS. The

coverslips were washed in PBS and blocked in 1% myoglobin/PBS. Subsequent washings

were conducted in PBS, and antibody incubations were conducted in 1% myoglobin/PBS

with or without 0.2% saponin. Immunofluorescent staining was conducted as described

above.

Immunoprecipitation of microsomal PGHS-1 and -2. Affinity-purified peptide-

directed antibodies against ovine PGHS-l were incubated with attenuated S. aureus cells

(71) in the presence or absence of the corresponding peptide (10 pM) in 0.1 M Tris-HCl,
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pH 7.4. Microsomes prepared from ovine seminal vesicles were incubated with the S.

auteur-antibody complex, and the S. aureus cells were collected by centrifugation at 1000

x g. The cyclooxygenase activity of PGHS in the supernatant was assayed using a

standard oxygen electrode method (77, 86).

Typtic cleavage of microsompl PGHS-1 31L; Microsomal or solubilized

protein (100 pg) was incubated with 5 pg of trypsin at 25°C for 5 or 15 min in 0.1 M

Tris-HCl, pH 7.4. Reactions were quenched by addition of a 40-fold molar excess of

trypsin inhibitor, as described in Chapter II. Tryptic peptides were analyzed by western

blotting as described above.

Enzymatic deglycosylation of microsomal PGHS-1 and -2. Microsomal or

solubilized protein (100 pg) was incubated for 10 or 60 min with 5 mU of

endoglycosidase H (Endo H) at 37°C in 50 mM NaHPO4, pH 6.0. Reactions were

stopped by boiling the samples. To completely deglycosylate PGHSs, nricrosomal protein

(100 pg) was denatured by boiling in 1% SDS and then treated for 12 hr with 5 mU of

Endo H at 37°C in 50 mM NaHPO4, pH 6.0.
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RESULTS

_C_ha__racteriaation of peptide—directed aptibodies. Peptide-directed antibodies

reactive with ovine PGHS-1 were successfully raised against (a) the amino terminus, (b)

the domain containing the unique tryptic cleavage site at Arg277, and (c) a region near

the carboxyl terminus of the protein; a fourth antibody against an eighteen amino acid

cassette located near the carboxyl terminus of murine PGHS-2 and unique to this isozyme

was prepared previously (66). The reactivities of each antibody with ovine, human, and

murine PGHS-1 and human and murine PGHS-2 as determined by western blotting and

immunocytofluorescent staining are summarized in Table V. It should be noted that

incubation of each antibody with its corresponding peptide (10 pM) blocked staining in

both western blotting and immunocytofluorescence.

Orientation of t_he carboxyl terminus of murine PGHS-2 in the ER of NIH/3T3

p_ell_s. When NIH/3T3 cells were subjected to immunocytofluorescent staining in the

absence of detergent, approximately 15% of the cells were stained with an antibody

directed against actin; no cells were stained with an antibody either against the luminal

ER marker protein BiP (107) or with the antibody against the carboxyl terminal region

of PGHS-2. Presumably, the 15% staining occurring with anti-actin antibody represents

broken cells. Following selective permeabilization of plasma membranes with digitonin,

all of the NIH/3T3 cells could be stained with anti-actin antibody, but again no cells were

stained with either the anti-BiP or anti-PGHS-Z antibodies (Fig. 11). However, when

NIH/3T3 cells were subjected to immunocytofluorescence in the presence of 0.2%

saponin, which nonselectively perrneabilizes all cellular membranes, all of the cells were

stained with anti-actin, anti-BiP, and anti-PGHS-Z antibodies (Fig. 11). Thus, with



Figure 11. Immunocytofluorescent staining of selectively-permeabilized

NIH/3T3 cells. Serum-stimulated NIH/3T3 cells were fixed using 2% formaldehyde/PBS

and permeabilized either with saponin (0.2%) or digitonin (5 pg/ml) as indicated in the

figure. Cells were then stained by indirect immunofluorescence with either (A) a rabbit

polyclonal antibody against actin, (B) a rat monoclonal antibody against BiP, or (C) the

affinity-purified antibody against the carboxyl terminus of murine PGHS-2, followed by

an appropriate secondary antibody coupled to FITC. Coverslips were mounted using an

anti-fade reagent, and rrricroscopy was conducted on a Leitz Wetzlar fluorescence

microscope. Magnification is 400X. Photographic exposures times were 2 min, in all

cases.
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NIH/3T3 cells, the staining patterns observed with anti-BiP and anti-PGHS-Z antibodies

are the same and differ from those observed with the anti-actin antibodies. Our previous

studies had established that the PGHS-2 antigen is associated with the ER and nuclear

membrane of NIH/3T3 cells (24). Because BiP is a luminal ER protein (107), our results

indicate that the carboxyl terminal region of PGHS-2 resides in the ER lumen of these

cells.

Mafion of ovine PGHS-1 in the ER of transfectea cos-1 cells. Cos-l cells

were transfected with constructs encoding ovine PGHS-l, murine PGHS-2, or B-

galactosidase. Following fixation, the transfected cells were subjected to

immunocytofluorescent staining with various antibodies under different membrane

permeabilization conditions. Anti-actin antibodies were again used as a control for

cytoplasmic staining; in addition, an antibody against B-galactosidase was used as a

control for the staining of a cytoplasmic protein expressed by transient transfection. The

antibody against the carboxyl terminus of murine PGHS-2 described above served as a

marker for the ER lumen of cos-1 cells because the antibody against BiP failed to stain

these cells. Finally, antibodies against the amino terminus, the Arg277 trypsin cleavage

site, and the carboxyl terminus of ovine PGHS-1 were used to examine the orientation of

this isozyme in the ER.

As expected, cos-1 cells treated with either digitonin or Streptolysin O to

selectively permeabilize plasma membranes were uniformly stained with anti-actin

antibodies. A subpopulation of about 30% of the cos-1 cells which had been transfected

with a cDNA encoding B-galactosidase could be stained using anti-B—galactosidase

antibodies when the plasma membranes were permeabilized (Fig. 12 and Fig. 13); this
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percentage did not increase following permeabilization of all cellular membranes with

0.2% saponin, indicating that the staining percentage reflects the transfection efficiency

of the DEAE-dextran/chloroquine protocol. Cos-1 cells expressing murine PGHS-2 which

had been permeabilized with either digitonin or Streptolysin O could not be stained with

antibodies to PGHS-2 (Fig. 12 and Fig. 13). However, after permeabilization with 0.2%

saponin, approximately 40% of these cells became reactive with the anti-PGHS-Z

antibody. This pattern of staining observed with anti-PGHS-2 antibodies in cos-1 cells

treated with different cell perrneants is the same as that observed with these antibodies

in staining NIH/3T3 cells. Thus, the orientation in the ER of the carboxyl terminal

epitope of PGHS-2 is the same in COS-1 cells and murine NIH/3T3 cells. We conclude

that this epitope is an appropriate marker for the lumen of the ER of transfected cos-1

cells.

Cos-1 cells transfected with PGHS-1 could only be stained with the three

antibodies to this protein following permeabilization of all cellular membranes with 0.2%

saponin (Fig. 12 and Fig. 13); no staining was observed in cells permeabilized with either

digitonin or Streptolysin 0. Again, because of incomplete transfection, only about 40%

of the transfected cells could be stained (Fig. 13). This pattern of staining parallels that

observed for PGHS-2, the ER luminal marker in cos-1 cells. These results indicate that

(a) the amino terminus, (b) the domain containing the unique tryptic cleavage site at

Arg277, and (c) a region near the carboxyl terminus of ovine PGHS-1 are all located in

the lumen of the ER.

Accessibilig of microsomal PGHS-1 and -2 to antibocfies and enzymes. Previous

studies have indicated that ovine PGHS-1 present in apparently intact, right-side out
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Figure 12. Immunocytofluorescent staining of selectively-permeabilized cos-l

cells. Cos-1 cells were transfected with vectors containing cDNA encoding either ovine

PGHS-l (rows A, D, E, F), B-galactosidase (row B), or murine PGHS-2 (row C). Cells

were fixed in 2% formaldehyde/PBS and permeabilized with either saponin (0.2%),

digitonin (5 pg/ml), or Streptolysin O (100 U/ml) as indicated in the figure. Cells were

then stained with either (A) a rabbit polyclonal antiserum against actin, (B) a purified

mouse monoclonal antibody against B-galactosidase, (C) affinity-purified antibody against

the carboxyl terminus of murine PGHS-2, or affinity-purified antibodies against (D) the

amino terminus, (E) the region of the Arg277 trypsin cleavage site, or (F) the carboxyl

terminus of ovine PGHS-1.
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Figure 13. Levels of immunocytofluorescent staining for various antigens in

transfected cos-l cells. Cos-1 cells that had been transfected with vectors containing

cDNAs encoding either ovine PGHS-1, B-galactosidase, or murine PGHS-2 were

subjected to immunofluorescent staining. Between 100 and 300 individual cells on each

cover slip were counted and examined by both phase microscopy and fluorescence

microscopy to determine the percentage of total cells which exhibited

immunofluorescence. Figure 13a displays the results for digitonin permeabilization, and

Figure 13b displays the results for Streptolysin O permeabilization. The antibodies used

in each experiment were (A) anti-actin, (B) anti-B-galactosidase, (C) antibody against the

carboxyl terminus of murine PGHS-2, and antibodies against the (D) amino terminus, (E)

region of the Arg277 trypsin cleavage site, and (F) carboxyl temrinus of ovine PGHS-1.



P
e
r
c
e
n
t

c
e
l
l
s

s
t
a
l
n
e
d

5
'

P
e
r
c
e
n
t

c
e
l
l
s

s
t
a
i
n
e
d

73

 

100% 4

80% '

60%“

40%-

20%-l

 

 

. Saponin

Digitonin

U Buffer alone

 

 

100% "

80% I

60% ‘

40% "

20% "

 

I Saponin

Streptolysin O

U Buffer alone

 

 



74

microsomes can be cleaved at Arg277 by trypsin (71-73). This result suggested that the

region including Arg277 was located on the cytoplasmic surface of the ER. However,

the results of our immunocytofluorescent staining have indicated that Arg277 is located

in the lumen of the ER. Therefore, we examined the ovine PGHS-1 present in

microsomes prepared using our previous protocols for its accessibility to antibodies and

its sensitivity to enzymatic digestion.

The abilities of each of the three antibodies to ovine PGHS-l to immunoprecipitate

PGHS-1 in microsomes prepared from ovine seminal vesicles were examined (Table VI).

Each antibody quantitatively immunoprecipitated nricrosomal cyclooxygenase activity,

indicating that the amino and carboxyl termini of ovine PGHS-1, as well as the domain

containing of the Arg277 trypsin cleavage site, were accessible to antibody binding in

microsomal preparations of ovine PGHS-1. Incubation of each antibody with its

corresponding peptide blocked irnmunoprecipitation of ovine PGHS-1.

Microsomes prepared from ovine seminal vesicles and from cos-1 cells expressing

murine PGHS-2 were treated with endoglycosidase H (Endo H) (Fig. 14). The incubation

times for these treatments were insufficient to completely deglycosylate either microsomal

or solubilized PGHS. However, limited deglycosylation did occur in short-term (10 or

60 min) treatments of both preparations of PGHSs, establishing that at least some of the

N-linked carbohydrate in ovine PGHS-1 and murine PGHS-2 is accessible to enzymatic

deglycosylation in the microsomal preparations.

The ability of trypsin to cleave microsomal and solubilized PGHS-l and -2 was

examined to determine if the trypsin cleavage sites of the enzymes were accessible in our

microsomal preparations. Cleavage of ovine PGHS-1 at Arg277 results in a 33 kDa
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TABLE VI. Immunoprecipitation of microsomal ovine PGHS-l by peptide-directed

antibodies.

 

 

 

 

  

None 100 100

Anugngtgfinus 0 110

Arg277 “3281318:lclavagc site 0 102

”an“ 4 104
Actrvrty rs expressed as flie percent cyclooxygenase actrvrty of a control With no antibody

added.
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Figure 14. Enzymatic deglycosylation microsomal and solubilized PGHS-l

and -2. Microsomal and solubilized PGHSs (100 pg protein) were treated with 5 mU of

Endo H for either 10 or 60 min at 37°C in 50 mM NaHPO,, pH 6.0. Reactions were

halted by boiling the samples. PGHSs were completely deglycosylated by denaturing the

microsomal protein (100 pg) by boiling in 1% SDS followed by a 12 hr incubation with

5 mU Endo H at 37°C in 50 mM NaHPO,, pH 6.0. Proteins were analyzed by SDS-

PAGE followed by western blotting. Figure 14a is a western blot of ovine PGHS-1 (5

pg of protein) from sheep seminal vesicles performed using the affinity-purified anti-

pcptide antibody against the carboxyl terminus of ovine PGHS-1 described in Table VI.

Figure 14b is a western blot of murine PGHS-2 (15 pg of protein) from transfected COS-1

cells using the affinity-purified anti-peptide antibody against the carboxyl terminus of

murine PGHS-2 described in Table VI. The lanes in each blot were (A) untreated

microsomal protein, (B) 10 min Endo H treatment of microsomal protein, (C) 60 min

Endo H treatment of microsomal protein, (D) and (H) completely deglycosylated protein,

(B) untreated solubilized protein, (F) 10 min Endo H treatment of solubilized protein, and

(G) 60 min Endo H treatment of solubilized protein.
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peptide containing the amino temrinus and a 38 kDa peptide containing the carboxyl

terminus (72, 73). As expected, trypsin was able to cleave ovine PGHS-1 in microsomes

prepared from either ovine seminal vesicles or transfected cos-1 cells expressing

recombinant ovine PGHS-1 (Fig. 15a and 15b). Murine PGHS-2 is partially N-

glycosylated (ca. 50%) at Asn580 (Chapter II). This results in the occurrence of two

distinct immunoreactive PGHS-2 bands on western transfer blots (M5 = 72,000 and

74,000 (46)). Trypsin does not cleave murine PGHS-2 at a site analogous to Arg277, but

it does cleave approximately 3 kDa from the carboxyl temrinus of PGHS-2. The result

of trypsin cleavage is to eliminate the N-glycosylation site at Asn580, generating a

69 kDa peptide from both the 72 and 74 kDa forms of the enzyme (66). Trypsin

treatment of either solubilized or microsomal murine PGHS-2 prepared from transfected

cos-1 cells decreased or eliminated the 72 and 74 kDa bands seen in western blots using

the antibody against the carboxyl terminus of murine PGHS-2, consistent with the

cleavage of the enzyme near the carboxyl temrinus (Fig. 15c); moreover, a 69 kDa band

was seen in a western blot performed using an anti-peptide antibody raised against

residues 568-580 of murine PGHS-2 (Fig. 15d, for antibody see Table V). This result

indicates that the site of trypsin cleavage in murine PGHS-2 occurs between residues 568

and 580. Based on the sidechain specificity of trypsin, we predict cleavage occurs at

Lys576. This residue neighbors the N-glycosylation site at Asn580 and, thus, is expected

to reside in the lumen of the ER. Therefore, the generation of a 69 kDa peptide by

tryptic cleavage of murine PGHS-2 at LysS76 indicates that this carboxyl terminal region

of the enzyme, which is located in the lumen of the ER, is accessible to trypsin in

microsomal preparations.
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Figure 15. Tryptic cleavage of microsomal and solubilized PGHS-1 and -2.

Microsomes were prepared from sheep seminal vesicles and from COS-1 cells transfected

with vectors containing cDNAs encoding either ovine PGHS-l or murine PGHS-2.

PGHSs were solubilized from nricrosomes by addition of Tween 20 at a final

concentration of 1%. Microsomal or solubilized PGHSs (100 pg protein) were incubated

with 5 pg of trypsin either for 5 and 15 min at 25°C in 0.1 M Tris-HCI, pH 7.4.

Reactions were quenched by adding a 40-fold molar excess of trypsin inhibitor, and the

resulting peptides were analyzed by SDS-PAGE followed by western blotting. The lanes

in each blot are (A) untreated microsomal protein, (B) 5 min trypsin treatment of

microsomal protein, (C) 15 min trypsin treatment of microsomal protein, (D) untreated

solubilized protein, (B) 5 min trypsin treatment of solubilized protein, and (F) 15 min

trypsin treatment of solubilized protein. Figures 15a and 15b are western blots of ovine

PGHS-1 (5 pg protein) from sheep seminal vesicles and transfected cos-1 cells,

respectively. The primary antibody for these blots was antiserum raised in rabbits against

purified ovine PGHS-1, used at a 1:20.000 dilution (22-24). Figures 15c and 15d are

western blots of murine PGHS-2 (15 pg protein) from transfected cos-1 cells. The

primary antibody for Figure 15c was the affinity-purified antibody against the carboxyl

temrinus of PGHS-2 described in Table I, used at a 1:2000 dilution. The primary

antibody for 15d was an affinity-purified anti-peptide antibody directed against the murine

PGHS-2 sequence C-“sQDPQPTKTATIN’” (Table V), and was used at a 1:1000 dilution.
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DISCUSSION

The PGHS isozymes are integral membrane proteins (3, 46) located in the ER and

nuclear membranes of prostaglandin-forming cells (66, 67). Previous models describing

the association of PGHS isozymes with membranes have predicted the existence of one

or more transmembrane domains (60, 71). The arguments for the existence of

transmembrane domains in PGHS have been predicated on two observations which

suggested the existence of both cytoplasmic and luminal domains: first, PGHS is N-

glycosylated (3, 69), and N-glycosylated residues gnoups are found exclusively on the

luminal side of the ER (104), and second, microsomal ovine PGHS-1 is susceptible to

cleavage by trypsin, which hydrolyzes the enzyme at Arg277 (71-73), suggesting that this

residue is on the cytoplasmic face of the ER membrane.

To test the orientation of PGHS-1 in the ER membrane, we prepared antibodies

to the domain containing Arg277, as well as to the N- and C-termini, and then performed

immunocytofluorescent staining in the presence of detergent treatments which would

either expose only the cytoplasmic surface of the ER or both the cytoplasmic and luminal

surfaces. The results of these studies have indicated that the domain containing Arg277

and the N- and C-terrnini of ovine PGHS are only accessible to antibodies following

permeabilization of the ER with 0.2% saponin; no staining was observed under conditions

found to cause only permeabilization of the plasma membrane. These

' immunocytocherrrical results argue that Arg277 is located in the lumen of the ER in cells

expressing ovine PGHS-1.

Several additional experiments were performed to determine if microsomes used

in earlier studies of tryptic cleavage of the enzyme were intact and right-side-out. The
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results of these studies have indicated that ovine PGHS-1 in both seminal vesicle and cos-

1 cell microsomes (a) can interact with antibodies to the N- and C-termini and the

Arg277-containing domains of the protein and (b) can be deglycosylated by

endoglycosidase H. We have also demonstrated that the lunrinal side of cos-1

microsomes is accessible to trypsin by demonstrating that trypsin cleaves the C-terminus

of murine PGHS-2, probably at Ly3576. Thus, we conclude that seminal vesicle and cos-

1 cell microsomes are either wrong-side-out or not intact. In either event, it is clear that

the susceptibility of microsomal ovine PGHS-1 to trypsin cleavage at Arg277 cannot be

interpreted to mean that Arg277 is present on the cytoplasmic surface of the ER. In

preparing microsomes in early studies, ovine seminal vesicles and rat liver had been

cohomogenized and cocentrifuged and the mannose-6phosphatase activity of liver

microsomes had been used as a marker for the lumen of the ER (71); this approach was

used because there were no known luminal ER markers in ovine seminal vesicles.

Mannose-6—phosphatase was not cleaved by trypsin in these experiments, suggesting that

the liver microsomes were intact and right-side-out. It is now clear that this interpretation

should not have been extended to the ovine vesicular gland microsomes with which the

liver nricrosomes were co-prepared. The simple procedures for preparing intact

microsomes from liver clearly are not transferable to ovine seminal vesicles or cos-1 cells.

Our current work demonstrates that the N- and C-ternrini and the Arg277-

containing domain of ovine PGHS-1 resides in the lumen of the ER, and that the carboxyl

terminus of murine PGHS-2 is also located on the luminal side of the ER. Combined

with the presence of N-glycosylation sites at Asn68, Asnl44, and Asn410 in ovine PGHS-

1, six regions of the enzyme spaced along the length of the amino acid sequence have
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now been shown to reside in the ER lumen. Because of the close homologies in the

amino acid sequences of PGHS-l and PGHS-2, PGHS-2 is predicted to have an identical

orientation in the ER to PGHS-1. The prediction that the amino and carboxyl termini,

Arg277, and each of the N-glycosylation sites of ovine PGHS-1 reside on the same side

of the ER membrane is in agreement with the recently determined crystal structure of

detergent-solubilized ovine PGHS-1 (74). The enzyme has a globular structure similar

to that of two soluble peroxidases, myeloperoxidase and cytochrome c peroxidase. No

obvious transmembrane regions are apparent in the crystal structure. The one

transmembrane domain predicted from the deduced amino acid sequence by

hydrophobicity plots (60) is found in the core of the structure. Thus, it appears that the

entire PGHS molecule, including both the cyclooxygenase and the peroxidase active sites,

resides in the ER. To account for the interaction of ovine PGHS-l with membranes, Picot

et al. (74) have proposed that the enzyme associates with the membrane through four

amphipathic helices located between amino acids 74 and 117, with each of the helices

having a hydrophobic surface which is embedded in one layer of the membrane bilayer.

Depicted in Figure 16 is a model for the orientation of ovine PGHS-1 in the ER

membrane based on the present evidence.

In serum-starved, quiescent murine NIH/3T3 cells only the PGHS-1 isozyme is

expressed. The turnover rate of this enzyme is unknown but appears to be relatively slow

because the levels of PGHS-l remain the same in both serum-starved and serum

stimulated cells (31). Thus, the observation that PGHS-l is present in the ER of various

cells can be reasonably interpreted to mean that this isozyme does actually function in the

ER. Our present data indicating that PGHS-1 is on the lumen side of the ER raises
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Figure 16. Model for the orientation of ovine PGHS-l in the ER membrane.

Ala25 is the amino terminus of the native enzyme following removal of the signal

peptide. The epidermal growth factor (EGF) homology domain extends from Cys36 to

Cys69. N-glycosylation sites are denoted with CHO and occur at Asn68, Asnl44, and

Asn410. The putative membrane anchoring domain extends from approximately Ile74 to

Vall 16. His207 and His388 are the distal and axial heme ligands, respectively. Arg277

is the trypsin cleavage site. Ser530 is the active site serine acetylated by aspirin.

Symbols attached to the amino acid chain are meant to represent hydrophobic amino acids

involved in the association of ovine PGHS-1 with the ER membrane.
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questions about (a) how PGHS-1 acquires free arachidonate for prostaglandin formation

and (b) how PGHZ, formed through the action of PGHS-1, is channeled to enzymes

downstream in the prostaglandin biosynthetic pathway. Arachidonic acid can diffuse

across lipid bilayers (108), and arachidonate added exogenously to cells expressing

PGHS-1 is rapidly converted into prostaglandins, indicating that arachidonate can

efficiently pass through cell membranes to reach the ER lumen. There are three

phospholipases which are potentially involved in supplying arachidonate to PGHS-1

following hormonal stimulation of cells. The first is a cytosolic phospholipase A2

(cPLAz), which is activated rapidly in response to hormonal stimuli (48, 53). Upon

activation, this enzyme translocates to an intracellular membrane, probably the ER (109),

and the enzyme would be expected to hydrolyze arachidonoyl groups from phospholipid

located on the cytoplasmic side of this membrane (48). Thus, arachidonate would have

to cross a single leaflet of the bilayer to reach PGHS. One scenario is that the 0)-

terminus of arachidonate moves through the center of the four helical membrane anchors

of PGHS-1 embedded in the inner bilayer of the ER and on into the hydrophobic channel

that forms the core of the cyclooxygenase active site of PGHS-1 (74). The second

phospholipase Az-mediated release involves a secreted nonpancrcatic Type II

phospholipase A2 (sPLAz) which is activated in response to mitogenic stimuli (53, 110).

Presumably, newly released arachidonate derived from the plasma membrane through the

action of sPLA2 could simply diffuse through the plasma and ER membranes to reach

PGHS-1 in the ER lumen. Finally, Gross and coworkers have characterized a soluble,

Ca2*-independent PLA2 purportedly involved in hormone-induced prostaglandin formation

in pancreatic islets (111) and smooth muscle cells (112). The site of action of this
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phospholipase A2 is not known.

Following synthesis of PGH2 by PGHS-l in the ER lumen, PGH2 is converted into

active prostanoids by other enzymes. The location of the enzymes which catalyze these

conversions may shed light on the mechanism of release of prostanoids from the cell.

The synthesis of PGE1, PGD;, and PCP”, can be mediated by a variety of different

enzymes (19), but it is not clear whether any of these proteins is actually involved in

prostaglandin synthesis in vivo. In contrast, the synthesis of both prostacyclin (PGI,) and

thromboxane A2 (TXA,) are mediated by prostacylin and thromboxane synthases,

respectively. Both enzymes are members of the cytochrome P450 superfamily, and, as

such, are associated with the ER membrane (14-16). The active sites of this family of

proteins have been predicted to be located on the cyt0plasmic side of the ER (17, 18),

suggesting that PGH2 would need to cross the ER membrane to the cytoplasm for

conversion into prostacyclin or thromboxane. Although, in general, prostanoids cannot

move freely through membrane bilayers (113), PGH2 added to cells is rapidly converted

to PGI2 and TXA2 (113, 114), suggesting that PGH2 can move through membranes, and

thus, generation of PGl-I2 in the ER lumen should pose no difficulty for its subsequent

enzymatic isomerization occurring on the cytoplasmic face of the ER.

The PGHS-2 antigen is present in the ER and on the nuclear membrane of murine

NIH/3T3 cells stimulated to replicate by the addition of serum (66). Because of the rapid

synthesis and degradation of PGHS-2 (3.1, 115), it is not clear whether the PGHS-2 in the

ER is in transit to its actual site of action or whether PGHS-2 normally functions in the

ER. However, it is clear from our studies that PGHS-2 in the ER is present in the lumen.
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CHAPTERIV

EXAMINATION OF THE ASSOCIATION OF PGHS-1 WITH THE ER MEMBRANE

Introduction

PGHS-1 was initially characterized as an integral membrane protein because

detergents were required to solubilize the enzyme from microsomal membrane

preparations (2). Similar conditions are required to solubilize PGHS-2 from microsomal

membranes (46). Purified ovine PGHS-1 can be reincorporated into phospholipid

liposomes, indicating that the enzyme can associate directly with phospholipid membranes

following solubilization (70). As described in Chapter 111, it was originally believed that

PGHS contained transmembrane domains, and that this was the mechanism by which

PGHS was associated with the ER membrane. We have demonstrated that the primary

evidence for the existence of cytoplasmic domains for PGHS-l, the cleavage of

microsomal PGHS-1 by trypsin, was not valid. In addition, the crystal structure of

detergent solubilized ovine PGHS-1 does not contain any regions which would appear to

be transmembrane domains; rather, ovine PGHS-1 was shown to be an essentially

globular protein (74).

In their description of the crystal structure of ovine PGHS-1, Picot et al. proposed

that the globular catalytic domain is anchored to the ER membrane by a novel membrane

binding domain. This domain consists of three amphipathic helices which essentially lie

in a plane, and the amino terminal end of a fourth helix which forms part of the

cyclooxygenase active site (helices are labelled A, B, C and D, and the domain is

89
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composed of residues 74-117 in ovine PGHS-1 (see Figs. 2 and 3)). These helices project

hydrophobic residues away from the body of PGHS-l, forming a hydrophobic surface.

The authors predict that this domain associates with a single leaflet of the lipid bilayer

of the ER membrane. Although there has been speculation that monotopic integral

membrane proteins exist (116), this is the first structural evidence consistent with such

a domain (74, 75).

We have taken three approaches to determine if this putative membrane binding

domain of ovine PGHS-1 associates with membranes. First, the hydrophobic,

photoactivatable reagent 3-trifluoromethyl-3-(m-[‘”I]-iodophenyl)diazirine ([‘75I]TID) was

used to label regions of microsomal ovine PGHS-1. [mI]TID has been used in the past

to identify membrane-associated regions of proteins, and non-specific labelling of a region

of a protein by [1251]T'1D is considered to provide evidence for membrane association (117,

118). Second, we have made mutations in helix A, helix B and helix C of ovine PGHS-1,

replacing some of the hydrophobic residues in these helices with serine, threonine or

alanine in an attempt to disrupt the association of the enzyme with the ER membrane.

Finally, we have prepared chimeric proteins in which the putative membrane binding

domain of ovine PGHS-1 is fused to the amino temrinus of either luciferase and B-

galactosidase to determine if addition of this domain to a soluble protein can cause

association with membranes.
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METHODS

Materials. [‘251]TID was from Amersham. pSVgal, pGLuc, Luciferase Assay

System, and monoclonal antibody against B-galactosidase were from Promega. Mouse

anti-Bgal polyclonal antibody, protein A-sepharose 4B, glutathione and o-nitrophenyl-B-D-

galactopyranoside were from Sigma PCR amplification kit was from Boehringer

Mannheim Biochemicals. anti-HMG CoA reductase and pSV-HMGal were the gift of

Robert D. Simoni (Stanford University).

Photolabelling of ovine PGHS-1 with InsllTII; Frozen ovine seminal vesicles

were sliced into thin strips with a razor and homogenized with a Polytron homogenizer

in a HEPES buffer consisting of 20 mM HEPES, 20 mM glutamic acid, 2 mM

magnesium acetate, and 200 mM Sucrose, pH 7.5. Homogenized tissue was centrifuged

at 10,000 x g for 10 min, and microsomes were collected by centrifugation at‘200,000 x

g for 1 h. Microsomes were resuspended in HEPES buffer, homogenized in a dounce

homogenizer, and cleared by centrifugation at 10,000 x g for 5 min. Microsomes were

diluted to a protein concentration of 3 mg/ml and incubated for 10 min at 0°C in the

presence or absence of either 20 mM glutathione, 100 pM ibuprofen, or 100 pM sulindac

sulfide. [mIJTID was then added to the rrricrosomes at a final concentration of

approximately 5 pM, and incubated for 10 min at 0°C. Microsomes were transferred to

a 1 cm2 dish and photolabelled by irradiation at a distance of 5 to 10 cm with a 366 nm

wavelength UV illuminator for 10 min at 0°C.

Limited proteolytic (Ligestion of [mllTID-labelleg ovine PGHS-1 by m

Following photolabelling of ovine seminal vesicle microsomes with [‘”I]TID, microsomes

were recollected by centrifugation at 200,000 x g for l h, and resuspended to a protein
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concentration of 3 mg/ml. For tryptic digestion, microsomes were incubated with trypsin

(10:1 microsomal protein:trypsin) for 15 min at 25°C. A 40 fold excess of trypsin

inhibitor was then added, and the microsomal proteins were solubilized by addition of

Tween 20 to a final concentration of 1%. Solubilized protein was incubated with affinity

purified antibodies against the amino and carboxyl termini of ovine PGHS-1 (Table V),

and the antibody-PGHS-l complexes were precipitated by prorein A-sepharose 4B. The

protein A-sepharose 4B complex was washed extensively with 0.1 M Tris-HCl/O.1 %

Tween 20, pH 8.0, and PGHS-l was eluted from the complex by boiling in SDS-loading

buffer. Samples were resolved on a 15% SDS-PAGE gel, and the gel was silver stained.

Photolabelled proteins and peptides in the silver stained gel were visualized by

autoradiography.

Con_rplete proteolytic digestion of photolabelled ovine PGHS-1 by endomteinase

Lys_C; Following photolabelling, microsomes were solubilized by addition of Tween 20

(final concentration 1%), and ovine PGHS-l was immunoprecipitated using the

monoclonal anti-PGHS-l antibody cyo-7 (72) and protein A-sepharose 4B, as described

above. PGHS-1 was eluted from the protein A complex by boiling in 0.5% SDS.

Samples were diluted to 0.05% SDS in 10 mM Tris-HCl, pH 8.0, and endoproteinase Lys

C was added to a final concentration of 300 mU/ml. Samples were incubated overnight

at 37°C, and peptides were resolved on a 15% SDS-PAGE gel, and identified by western

blotting using chemiluminescent detection as described in Chapter II. After allowing the

chemiluminescence to fade, ['ZSUTTD-labelled peptides were identified by autoradiography.

Site directed mutagenesis. Site directed mutagenesis of ovine PGHS-1 was

performed as described in Chapter II. Oligonucleotide primers used in site-directed
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mutagenesis are listed in Table 1.

Generation of PGHS-laciferase and PGHS-fi-galactosidase fusion proteins. The

BamHl-Sall cDNA fragment containing the coding region of firefly luciferase was isolated

from the vector pGEM-Luc and subcloned into the BamI-II-Sall sites of pUC19 (pUCl9-

Luc). The Kpnl—Sall fragment containing the cDNA for luciferase was then isolated from

pUC19-Luc and subcloned into the KpnI-Sall sites of the expression vector pOSML

(pOSML-Luc).

Similarly, the BsaI-Sall cDNA fragment containing the coding region of B-

galactosidase (Bgal) was isolated from the vector pSVGAL and subcloned into the Smal-

Sall sites of pUC19 (pucl9-Gal). The Kpnl-Sall fragment containing the cDNA for B-

galactosidase was then isolated from pUC19-Ga1 and subcloned into the Kpnl-Sall sites

of pOSML (pOSML-Gal). Due to the subcloning procedure, the original translational

start site of Bgal is removed, and the new translational start site is Met23.

Polymerase chain reaction (PCR) was used to agrlify the cDNA of ovine PGHS-l

containing the coding region for either residues 1-35, 1-124, or 1-124 containing a

deletion of most of the EGF homology domain, eliminating residues 36-67 (Table 1).

Primers used in PCR are listed in Table VII. Sense strand primers were designed to

incorporate a PstI site at the 5’-end of the coding strand in PCR products, and anti-sense

strand primers were designed to incorporate a Kpnl site into the 3’-end of the coding

strand in PCR products and to maintain an in frame fusion with either luciferase or Bgal.

Following amplification, PCR products were treated with PstI and KpnI, and the ovine

PGHS-1 cDNA fragments were purified by electrophoresis on low-melting point agarose

gels, and ligated into the Pstl-Kpnl site of pOSML-Luc or pOSML-Gal.
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Table VII. PCR oligonucleotide primers for the construction of PGHS,,-1-luciferase and PGHS.,-l-

Bgalactosidase fusion proteins.

 

 

  ------

Coding strand primer 5’-AACTGCAGCCGGAGCTCCCGGGCAGAGTT-3’
 

 

 

 

35Luc S’GCGGTACCTTGGGTTCACTGGCGCGGGCGCB’

Anti-coding strand primer

124Luc 5’-GCGGTACCTGATAAGGTI‘GGAACGCACTGT-3’

Anti-coding strand primer

3SGal 5’-GCGGTACCTGGGTTCACTGGCGCGGGCGC-3’

Anti-coding strand primer

1246al 5’-GCGGTACCGATAAGGTTGGAACGCACI‘GT-3’

Anti-coding strand primer

Engineefi restriction srtes are in Eli! EM Wing and rimming sequences from ovrne PGHS-I are

Mimi
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Transient transfection of cos-I cells and preparation of membrane fractions.

Cos-1 cells were transfected with expression vectors and harvested as described in the

Methods section of Chapter II. For determination of enzyme activities in whole cells,

cells were resuspended in 0.1 M Tris-HCL, pH 7.5, and Tween20 was added to a final

concentration of 1%. Suspensions were sonicated for 30 s and then homogenized in a

dounce homogenizer.

Membrane fractions were prepared by differential centrifugation. Following

sonication of the harvested cos-I cells, membranes were centrifuged at 10,000 x g to

obtain a membrane fraction (10P) consisting of cell debris, nuclei, plasma membrane, and

mitochondria. The supernatant of the 10,000 x g fraction was then centrifuged at 200,000

x g to obtain a microsomal fraction (200P) and a cytosolic fraction (2008).

Cyclooxygenase and Eroxidase assays. The cyclooxygenase assay utilizing an

oxygen electrode was as described in the Methods seetion for Chapter II. Peroxidase

assays were conducted using an assay which relies on oxidation of luminol by the

peroxidase activity of PGHS and detection on a luminometer. The assays were conducted

in 0.1 M Tris-HCl, pH 8.0, 10% Amersham ECL reagent B, 1 pM hematin with 1040

pg microsomal protein in a final volume of 100 pl. 50 pl of 0.4 mM H202 were added

to initiate the reaction. Assays were 1 rrrin in length.

Luciferase assay. Luciferase assays were conducted using the Luciferase Assay

System kit from Promega. Activity was measured on a luminometer with an assay time

of 1 min.

fl-galactosidase assay. Endpoint assays were conducted for B—gal activity

according to directions from a Promega kit. 20-80 pg protein were added to a solution
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of 100 mM NaHPO4, 1 mM MgC12, 50 mM B-mercaptoethanol and 0.67 mg/ml o-

nitrophenyl-[SD-galactopyranoside, pH 7.3, with a final volume of 300 pl. Reactions ran

30 min at 25°C, and were terminated by the addition of 1 M NaCO3. Product formation

was measured at 420 nm on a spectrophotometer.

Western blotting Western blotting using chemiluminescent detection was as

described in Chapter II. Luciferase and luciferase fusion proteins were blotted using a

peptide directed antibody against its amino terminus (Table V). A polyclonal antibody

against Bgal was used for B-gal, HMGal, and Bgal fusion proteins. Fusion proteins were

also bloned with an antibody against the amino terminus of ovine PGHS-1 (Table V).

Deglycosylation of proteins was conducted as described in the Methods section

of Chapter II.
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Results

Photolabelling of ovine PGHS-1 by [125I1TID. Microsomes prepared from ovine

seminal vesicles were labelled with the photoactivatable, hydrophobic probe [mI]TID.

PGHS- l , which makes up approximately 5% of the total microsomal protein of seminal

vesicles, was the major protein labelled in these preparations (Fig 17). Tryptic digestion

of [mum-photolabelled ovine PGHS-1 demonstrated that both the 33 kDa amino

terminal peptide, which contains the putative membrane binding domain, and the 38 kDa

carboxyl terminal peptide were photolabelled by [‘25I]TID. The amino and carboxyl

terminal tryptic fragments of PGHS-1 were also photolabelled by [17,-‘1]T1D in the presence

of 20 mM glutathione, which scavenges [‘ZSHTID exposed to the aqueous phase (Fig.

17a). Incubation of microsomes with the non-steroidal anti-inflammatory drugs ibuprofen

and sulindac sulfide altered the [‘2‘I]TID photolabelling pattern seen for ovine PGHS-1

by diminishing the photolabelling of the 38 kDa carboxyl terminal tryptic peptide (Fig.

17b). This suggests that the photolabelling seen in the carboxyl terminal peptide of ovine

PGHS-1 was the result of [‘25I]TID entering the hydrophobic cyclooxygenase active site,

and was not the result of the membrane association of a region of PGHS-1 contained in

this peptide.

Exhaustive digestion of ovine PGHS-1 with endoproteinase Lys-C is predicted to

yield a peptide containing residues 25-166 and having a theoretical peptide molecular

mass of 16.2 kDa; because this peptide contains two N-glycosylation sites at Asn68 and

Asnl44, the observed molecular mass is predicted to be about 20 kDa. Digestion of

[MUTE-photolabelled PGHS-1 with endOproteinase Lys-C did result in a major peptide

with a molecular mass of 20.5 kDa (Fig. 18). This peptide was labelled by [‘25I]TID, and
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Figure 17. Labelling of PGHS-l with [‘“IITID, and the effects of glutathione,

ibuprofen and sulindac sulfide on labelling. a) Microsomes prepared from ovine

seminal vesicles were photolabelled with [‘”I]TID in the presence and absence of 20 mM

glutathione (GSH). GSH was removed by repelleting the microsomes by centrifugation

at 200,000 x g, and some samples were then treated with trypsin. Microsomes and

trypsin treated microsomes were then solubilized and PGHS-1 was immunoprecipitated.

Photolabelled microsomes (MCS), immunoprecipitated PGHS-l (IPT), and

immunoprecipitated PGHS-1 from trypsin treated microsomes (TRYP) were then resolved

by SDS-PAGE and silver stained. Photolabelled products were visualized by

autoradiography. The major bands in immunoprecipitated samples not found in

microsomes are immunoglobulin heavy and light chains.

b) Microsomes were preincubated with no inhibitor (N1), 100 pM ibuprofen

(IBU), or 100 pM sulindac sulfide (SS) prior to photolabelling with [‘”I]TID.

Microsomes were then repelleted, treated with trypsin, and immunoprecipitated as

described above prior to SDS-PAGE.
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Figure 18. Localization of an [‘”I]TID-labelled region of PGHS-l to a

proteolytic peptide. Following photolabelling, microsomes prepared from ovine seminal

vesicles were solubilized, and PGHS-1 was purified on an immunoaffinity column.

Purified PGHS was then incubated with endoproteinase LysC, and proteolytic products

were resolved by SDS-PAGE and transferred to a nitrocellulose filters. Western blots

were then conducted on the filters to identify products. Shown is a western blot using

an antibody against the amino terminus of ovine PGHS-1. After allowing

chemilluminescence to disapate, photolabelled peptides on filters were identified by

autoradiography.
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reacted with an antibody raised against the amino terminus of ovine PGHS-1, but not with

an antibody against a peptide corresponding to residues 203-217 of ovine PGHS-1 (I‘able

V, data not shown). Labelling of this peptide is consistent with the concept that the

predicted membrane binding domain of ovine PGHS-1 is in fact associated with the ER

membrane.

Membrane association of ovine PGHS-1 folloMnasite-directcd mutagenesis of

helices in the putative membrane binding domain of PGHS-1. Three sets of mutations

in the putative membrane binding domain were designed in ovine PGHS-1 in an attempt

to solubilize an active form of the enzyme by replacing hydrophobic residues predicted

to be associated with membranes with small neutral or hydrophilic ones. These mutants

have been designated HelA (four mutations: I74T—W758-W77S-L78A), HelB (three

mutations: F888-F91S—L92A), and HelC (three mutations: W98S-L99A-F102S). These

residues were chosen following an examination of the crystal structure; in all cases,

residues chosen for mutation were oriented away from the body of the enzyme and thus

were ones that were predicted to be interacting with membranes. Other hydrophobic

residues in these three helices that were oriented toward the body of the enzyme were not

mutated, as we reasoned that they might be important for the conformation of the enzyme.

Helix D was not altered, because it is part of the hydrophobic channel involved in binding

arachidonic acid It was anticipated that mutations in this channel probably would result

in an inactive protein. If a helix mutation did cause the solubilization of ovine PGHS-1,

we expected that the enzyme would be present in the 2008 fraction following differential

centrifugation of homogenized cells expressing the mutant protein, and would not be

retained within microsomes in the 200P fraction. This expectation was based on our
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results presented in Chapter III which indicate that the lunrinal surfaces of our microsomal

preparations are exposed.

Assays of whole cells revealed that the HelB mutant protein retained low levels

of cyclooxygenase and peroxidase activity, while HelA and HelC mutant proteins were

inactive (Fig. 19). The distribution of the activity for the HelB fusion protein in the 10P,

200P, and 2008 fractions following differential centrifugation was similar to that seen for

native ovine PGHS-1. The lack of activities with the HelA and HelC mutants were not

the result of degradation or secretion of these proteins, as the levels of these proteins in

whole cells were similar to those of the native ovine PGHS-1 (Fig. 20a). In all cases,

examination of the distribution of protein in the 10P, 200P, and 2008 fractions revealed

that each PGHS-l helix mutant was located in the 10P and 200P fractions, and not in the

2008 fraction. This is the same distribution seen for native ovine PGHS-1 (Fig. 20b).

Examination of the electrophoretic mobilities of the HelB and HelC mutant

proteins by SDS-PAGE revealed that there was a 74 kDa band in addition to the 72 kDa

band typically seen for native ovine PGHS-1. The Asn104 N-glycosylation consensus

sequence lies in helix C, and is not N-glycosylated, presumably because the association

of this region of the enzyme with the membrane prevents N-glycosylation (Chapter 11).

Treatment of each of the three mutant proteins with Endo H reduced the molecular weight

of each protein to 66 kDa (Fig. 20c), indicating that the 74 kDa band seen for the HelB

and HelC mutant proteins was the result of the presence of an additional N-glycosylation

site. This result establishes that mutations in helices B and C can cause the Asn104

consensus sequence to become accessible for N-glycosylation.

Membrane association of PGHS-Luc and Pg-LS-BGal fusion proteins. The
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Figure 19. Cyclooxygenase and peroxidase activities of native PGHS-l and

PGHS-l helix mutant proteins. a) Specific cyclooxygenase and peroxidase activities

of PGHS-1 mutant proteins expressed in whole cos-1 cells were determined, and are

displayed as a percentage of the activity expressed by native PGHS-1 expressed in whole

cos-1 cells.

b) Total specific activities were determined for native PGHS-1 and the HelB

mutant protein by adding together the specific activity seen in the 10P, 200P, and 200S

fractions for each of the enzymes. Percentages of the total activity expressed in each

fraction for each enzyme were then calculated, and are displayed.
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Figure 20. Western blot analysis of ovine PGHS-l helix mutant proteins. a)

Whole transfected cos-1 cells were homogenized and total cellular protein was resolved

by SDS-PAGE and transferred to nitrocellulose. Western blots were performed using an

antibody against the amino terminus of ovine PGHS-1.

b) Transfected cos-1 cells were homogenized and separated into 10P, 200P, and

2008 fractions by differential centrifugation. Proteins in each fraction were western

blotted as described above.

c) Microsomes prepared from transfected cos-1 cells boiling in 1% SDS, and

proteins were deglycosylated by addition of Endo H. Products were resolved by SDS-

PAGE and western blotted as described above.
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following fusion proteins between ovine PGHS-1 and luciferase were constructed: a)

35Luc, which contains the first 35 anrino acids of PGHS-1 (including the signal peptide)

fused to the amino terminus of luciferase; b) 124Luc, which contains the first 124 anrino

acids of PGHS-1; and c) 124(AEGF)Luc, which contains the first 124 amino acids of

PGHS-1 with a deletion residues 36-67, which represent most of the EGF homology

domain. The amino acid sequence of luciferase expressed from pOSML-Luc begins at

Metl, and the fusion proteins contain the hexapeptide Arg-Tyr-Pro-Gly-Ile-Gln between

the carboxyl terminal residue of PGHS-1 and the anrino terminal Metl of luciferase.

Whole cell preparations were assayed to determine the total activity of fusion

proteins compared to luciferase (Fig. 21a). The 35Luc, 124Luc and 124(AEGF)Luc

fusion proteins each exhibited low luciferase activities compared to native luciferase.

However, it should be noted that the fusion proteins did exhibit luciferase activity several

orders of magnitude higher than background, indicating that the fusion proteins did have

a significant level of activity. Protein levels in the cell preparations were compared in

western blots using two antibodies: an antibody against residues 25-35 of ovine PGHS-l,

which is contained in each of the fusion proteins, and an antibody against the amino

terminus of luciferase (Table V). The antibody against PGHS-1 detected 35Luc protein

at levels similar to that of PGHS-1; much lower levels of 124Luc protein were detected,

and no 124(AEGF)Luc protein was detected (Fig. 22a). The anti-luciferase antibody

detected similar levels of luciferase and 35Luc protein, but did not detect the 124Luc or

124(AEGF)Luc proteins (Fig. 22a). We beleive the discrepency between the two

antibodies with respect to the 124Luc protein represents a difference in the relative titer

of the two antibodies. No immunoreactive protein was observed in the tissue culture
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Figure 21. Luciferase activities of PGHS,,-l-luciferase fusion proteins. a)

Specific luciferase activities of whole cos-1 cells expressing luciferase (Luc) or PGHS-

luciferase fusion proteins were determined and are displayed as arbitrary light units/mg.

The percentage of native luciferase activity for each mutant has also displayed.

b) Total specific luciferase activity was determined luciferase and for the PGHS-

luciferase fusion proteins. The percent of the total activity in 10P, 200P, and 2008

fractions was determined and is displayed. The notation for the 124(AEGF)Luc fusion

protein has been abbreviated to AEGFLuc.
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Figure 22. Western blot analysis of PGHSm-l-luciferase fusion proteins. a)

Whole cos-1 cells expressing luciferase (Luc) or PGHS-luciferase fusion proteins were

homogenized, and total cellular protein was resolved by SDS-PAGE and western blotted

using either an antibody against luciferase or against the amino terminus of ovine PGHS-

1, as indicated. The notation for the 124(AEGF)Luc fusion protein has been abbreviated

to AEGF.

b) 10P fractions prepared from transfected cos-1 cells were boiled in 1% SDS and

proteins were deglycosylated by addition of Endo H. Proteins were resolved by SDS-

PAGE and western blotting was performed as described above.
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media, indicating that the low protein levels of 124Luc and 124(AEGF)Luc were not

caused by secretion of the protein (data not shown). Therefore, it appears that the lower

activities seen with the fusion proteins are the result of low levels of expression.

The 35Luc and 124Luc proteins exhibit multiple bands ranging from 72-64 kDa

and 83-73 kDa, respectively, when resolved by SDS-PAGE. Deglycosylation with Endo

H caused each set of bands to collapse into a single band, having molecular weights of

64 kDa for the 35Luc protein and 73 kDa for the 124Luc protein (Fig. 22b). As the

deduced luciferase amino acid sequence contains three consensus sequences for N-

glycosylation (119), and the 124Luc construct introduces a fourth consensus sequence at

Asn68 of ovine PGHS-1, we conclude that luciferase is being inserted into the lumen of

the ER where it is N-glycosylated.

The levels of luciferase activity seen in fractions following differential

centrifugation are shown in Figure 21b. A total luciferase activity per mg protein was

calculated for each individual fusion protein or for luciferase by totalling the activity per

mg protein in each of the fractions. A percent luciferase activity was then calculated for

each of the three fractions. For native luciferase, the 35Luc protein and the

124(AEGF)Luc protein, approximately 95% of the total activity in the cell was found in

the 2008 fraction. In the 124Luc protein, however, there was a shift of activity into the

membrane fractions, with only 33% of the total activity present in the 2008 fraction,

suggesting that addition of the first 124 anrino acids of PGHS-1 caused the 124Luc

protein to associate with membranes.

The distributions of luciferase and PGHS-luciferase fusion proteins in membrane

fractions were not in agreement with the luciferase activity data. Western blotting of the
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fractions revealed that luciferase and the 35Luc protein, as well as the 124Luc protein,

were located primarily in the IOP fraction (Fig. 23). Low levels were seen in the

supernatant fraction, which had contained 95% of the luciferase activity for luciferase and

the 35Luc protein. Similar to the results seen in whole cell preparations, the protein

levels were comparable for luciferase and the 35Luc protein, much lower for the 124Luc

protein, and undetectable for the 124(AEGF)Luc protein.

Fusion proteins were also constructed between ovine PGHS-1 and B-galactosidase

(Bgal). Similar to the fusion proteins generated between ovine PGHS-1 and luciferase,

the BGal fusion proteins were designated 3SGal, 124Gal, and 124(AEGF)Gal. The amino

acid sequence of Bgal expressed from the pOSML-Bgal construct begins at Met23. In the

fusion proteins, the Bgal amino acid sequence begins at Arg17 and the dipeptide Gly—Thr

lies between the carboxyl terminal residue of PGHS-l (either Pro35 or Ile124) and the

amino terminal Arg17 of Bgal. As a control, a fusion protein between the membrane

domain of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG CoA reductase) and

Bgal, termed HMGal, was used. HMG CoA reductase is a integral membrane protein of

the ER, and HMGal displays a similar localization (105).

The 3SGal and 124Gal fusion proteins exhibited very low levels of Bgal activity,

2 to 4 fold above background and approximately 1% of that seen for Bgal expressed from

pOSML-Gal (Fig. 24). The 124(AEGF)Gal fusion protein had an activity of 40% of that

for the native Bgal, while the HMGal protein had 20% of the activity of the native

enzyme. When the levels of proteins in whole cells were examined in western blots using

an antibody against Bgal, levels of the 3SGal protein and the 124Gal protein were low in

the cells, while the levels of B-gal, HMGal, and 124(AEGF)Gal were similar
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Figure 23. Western blot analysis of the distribution of PGHS,,-l-luciferase

fusion proteins in subcellular fractions. 10P, 200P, and 2008 fractions were prepared

from cos-l cells expressing with ovine PGHS-l, luciferase or PGHS-luciferase fusion

proteins. Proteins were resolved by SDS-PAGE, and western blotting was performed

using antibodies against either luciferase or the arrrino terminus of ovine PGHS-l. The

notation for the 124(AEGF)Luc fusion protein has been abbreviated to AEGF.
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Figure 24. B-galactosidase activity of PGHSm-l-B-galactosidase fusion

proteins. Specific B-galactosidase activities were determined for whole cos-l cells

expressing B-galactosidase, HMGal, or PGHS-Bgal fusion proteins. Activities are

expressed as a percentage of the B—galactosidase activity seen for native Bgal. The

notation for 124(AEGF)Gal fusion protein has been abbreviated to AEGF.
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(Fig 25). No protein was observed for 3SGal or 124Gal in the culture medium (not

shown).

When the three fusion proteins between PGHS-1 and Bgal were blotted with the

antibody against the amino temrinus of ovine PGHS-1, no staining was observed,

suggesting that at least a portion of the PGHS-1 domain in the fusion protein is missing.

Because these fusion proteins appeared to lack a portion of the PGHS-1 domain, no

further characterization was performed.
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Figure 25. Western blot analysis of PGHS,,-l-B-galactosidase fusion proteins.

Whole cos-l cells expressing Bgal, HMGal, or PGHS-BGal were homogenized, and total

cellular protein was resolved by SDS-PAGE. Western blotting was performed using

either a polyclonal antibody against Bgal or an antibody against the amino terminus of

ovine PGHS-1. The notation for the 124(AEGF)Gal fusion protein has been abbreviated

to AEGF.
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Discussion

Due to its ability to partition almost completely into the hydrophobic phase of the

lipid bilayer, [‘25I]TID has been used to photolabel regions of proteins which are

associated with the lipid phase of membranes (117, 118). Ovine PGHS-1 is one of the

major membrane proteins in microsomes prepared from seminal vesicles, comprising

approximately 5% of the total microsomal prorein, and it was the most prominent

microsomal protein photolabelled by [‘”I]TID. Initially, we were surprised to find that

both the amino terminal tryptic peptide and the carboxyl terminal tryptic peptide of

PGHS-1 were labelled by [‘25I]TID, as we had predicted that only the anrino terminal

peptide, which contains the putative membrane binding domain, was associated with the

membrane. The photolabelling of both peptides in the presence of 20 mM glutathione

demonstrated that the photolabelling observed was not due to the presence of [1251]TID

in the aqueous phase.

An examination of the crystal structure of PGHS-1 did not reveal any obvious

region of the protein in the carboxyl terminal tryptic peptide which might be able to

associate with the membrane. An alternative explanation for the photolabelling of this

peptide is that [‘2’I]TID can occupy and photolabelled the hydrophobic channel which

which comprises the cyclooxygenase active site. The channel consists of regions of

PGHS-1 found in both the amino and carboxyl terminal tryptic peptides. Studies of the

nicotinic acetylcholine receptor have provided a precedence for [‘25I]TID labelling in both

a non-specific manner, consistent with the labelling of regions of proteins associated with

membranes, and in a specific manner, which can be competed for with other ligands and

antagonists (118, 120). The inhibition of the [”51]TID-labelling of the carboxyl terminal
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tryptic peptide by the NSAIDs ibuprofen and sulindac sulfide indicates that the labelling

of this peptide was the result of a specific interaction between [‘ZSHTID and PGHS-1, and

is not consistent with the labelling of a membrane-associated region. It is reasonable to

predict that a hydrophobic compound such as [‘25I]TID could occupy the cyclooxygenase

active site; the substrate for PGHS is a fatty acid and many of the inhibitors for PGHS

are quite hydrophobic. [‘25I]TID is also somewhat similar in size and structure to aspirin.

Figure 26 compares the structures of [‘”I]TTD and several NSAIDS.

Proteolytic digestion of [‘2’I]TID-labelled PGHS-l demonstrated that a peptide

consisting of residues 25-166 is labelled by [‘”I]TID. The labelling of this peptide

provides the first biochemical evidence consistent with the putative membrane binding

domain actually being the region of PGHS-1 that associates with the membrane. Further

characterization of smaller peptides will be required establish this point.

The mutation of helices A, B and C did not solubilize PGHS-1. While the HelB

prorein retained activities, the HelA and HelC proteins lacked both cyclooxygenase and

peroxidase activities. It will be of interest to determine if these mutant proteins retain

some native structure and are still associated with the membrane, or if they are unfolded

aggregates that precipitate with the membrane fractions. If the HelA and HelC proteins

are still associated with membranes, it may still be possible to solubilize an inactive form

of PGHS-1 by constructing double and triple mutants with the HelA, HelB and HelC

mutants. The apparent N-glycosylation of Asn104 in the HelB and HelC helices is

interesting because it raises the possibility that these mutations have subtly altered the

interaction of PGHS-1 with membranes to the point that N-glycosylation can occur at this

residue.



124

Figure 26. Comparison of the structures of [“51le and selected NSAIDS.
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Analysis of the fusion proteins between ovine PGHS-1 and luciferase yielded

confusing results. While the activity data suggested that addition of the 124 amino

terminal residues of PGHS-1 to luciferase resulted in partial association with the

membrane, this conclusion was not supported by an examination of the distribution of

immunoreactive protein in membrane fractions. While 95% of the total activity was

contained in the supernatant fraction for native luciferase and the 35Luc protein, the 10P

fraction contained most of the prOtein. A possible explanation for this observation is that

the majority of the protein observed in western blots of the 10P fraction was inactive,

aggregated protein (due to the overexpression of protein in cos-1 cells) that coprecipitates

with membranes. Apparently the sensitivity of the luciferase assay is such that the

amount of protein needed to generate a signal in an activity assay is much less than the

amount of protein necessary to be detected by western blotting. The 124(AEGF)Luc

protein is an example of this; the luciferase activity of 124(AEGF)Luc is approximately

3400 fold higher than background, and yet the mutant protein is not detectable in a

western blot. Thus, although it does appear that the that 124 amino acids of ovine

PGHS-1 cause a shift in the distribution of active luciferase towards being membrane

associated, this cannot be confrnned due to a high background of apparently inactive

protein and low levels of expressed fusion protein.

Thus, we were not able to demonstrate that the putative membrane binding domain

is in fact associated with the ER membrane. We have, however, provided evidence that

the region or regions of PGHS-1 which associate with the membrane are in the first 276

amino acid of the enzyme, and that a region of membrane association resides between

residues 25-166. This evidence is consistent with the prediction that the putative
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membrane binding domain between residues 74-117 is associated with the membrane.
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