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AtsSTRAT['

The present study invoives the investigation of the structure-function relationships of the

human interferon gamma (HuIFNl). This study is divided into two parts. The first part deals

with the exclusion of primary sequences from the carboxy-terminus (C-terminus) that are not

involved in conferring the biological activities of the HuIFN-7. The second part involves the

investigation of the structural and/or functional importance of the individual conserved amino acid

residues of the HuIFN-7.

In the first part, deletion variants were either isolated as a proteolytic cleavage product

or constructed by specific gene modifications. Two of the variant polypeptides which had,

respectively, 15 and 2I amino acid residues deleted from the C-terminus were successfully

expressed in Escherichia coli and were purified by immunoaffinity chromatography to

homogeneity. These two variant polypeptides were shown to hâve specific activities comparable

to the parental HuIFN-7 molecule. Thus, the functional site(s) of the HuIFN-y must be located

in the N-terminal 122 amino acid residues. The variant which had2I residues deleted was treated

with guanidine hydrochloride and was subsequently renatured in vitro. It was found that the

antiviral specific activity of the renatured molecule was significantly reduced. Thus, although the

C-terminus of HuIFN-7 is not involved in conferring its biologiJ activities, this region may play

a positive role in the proper folding of the IFN molecule in vitro. This may explain earlier reports

which showed that recombinant deletion variants which had as few as 11 residues deleted from

the C-termius and which were extracted with chaotrophic agent showed substantially diminished



specilrc activities. Deletion variant polypeptides which had, respectively, 26,32, and37 amino

acid residues deleted from the C-terminus exhibited reduced intracellula¡ accumulation and

attempts to purify these polypeptides were unsuccessful. The biological activities of these latter

variants were undetectable at the limit of sensitivity of the antiviral assay. It was estimated that

the antiviral acúvity of these variants must be at least l0@-fold less than that of the parental full-

length molecule to be undetectable. Thus, deletions of more ttran ãt residues from the C-terminus

might have caused structural instability of the molecules which renders these molecules

susceptible to proteolytic degradation inside the bacterial cell.

In the second part, single-site variants were constructed by site-directed mutagenesis.

These va¡iants were constructed based on analyses of primary sequences that are evolutionarily

conserved, regions that are surface-exposed (hydrophilic), and areas that consist of conserved

secondary structures. Four single-site va¡iants were constructed. These variant polypeptides were

purif,red by immunoaffinity chromatography. The f,rrst variant-, which was constructed by the

subsitution of Aspo' for Ala, was found to have significantly r1_"..d antiviral specific activity

as well as diminished intraceltular accumulation. Secondary structure analysis showed that a

conserved É-turn was disrupted as a result of this substitution. Since this B-turn is highly exposed

and is conserved among IFNs-y from various vertebrate specieg it is likely to play an important

role in intermolecular interactions. A second variant *ur.onr¡^.t.d by replacing Aspo' with Asn.

This variant retained the conserved É-turn structure; however, the local hydrophilicity was

reduced and the negative charge on the carboxyl group of Aspo' was abolished. This purified

variant polypeptide was found to have antiviral specific activity comparable to the unmodified

11



molecule. Thus, it is likely that the whole conserved É-furn rather than individual residues that

is essential for conferring the full biological activities of HuIFN-7. Two variants were also

constructed to study the possible influence of the adjacent secondary structures on the conserved

B-turn. Two residues, Gln* and Gln*, were individually replaced by l-eu. Hydrophilicity and

secondary structure analyses showed that these two substitutions resulted in the reduction of the

local hydrophilicity without any alteration in the locâl secondary structures. Unexpectedly, these

purified variant polypeptides were found to have approximately 3O-fold increase in antiviral

specific activity. These two amino acid subsitutions might have enhanced the hydrophobic

interactions between the IFN molecule and the effector molecule(s) and/or the cell-surface

receptor.
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1.1

CT{^APTER. 1 müTR.ODUCTTON

Classification

The interferons (IFN) a¡e a family of glycoproteins first discovered by their ability to

induce resistance to virus infection (an antiviral state) in susceptible cells (Isaacs and Lindenmann,

1957). At least 3 distinct classes of interferons have been identified. They are the a-, 0-, and r-

interferons. Since IFNs-a and IFNs-F are induced by the same type of inducers, namely, viruses

and double-stranded RNA (dsRNA), they have also been referred to as type I IFN, whereas IFN-

"y has been classified as type II IFN which is predominantly induced by various mitogens. At least

15 IFN-a molecules, which have 70-90 % amino acid sequence homology over 166 amino acids,

have been identified based on their immunological relatedness. Two IFNs-B have also been

identified: IFN-P, and IFN-B'. While IFN-P, shares 30-40 % homology with the IFNs-a, IFN-

B, does not appear to belong to the same type of IFN based on sequence homology. Only one

IFN-7 has been identified and it app€ars to be encoded by a single gene. The IFNs-d are

predominantly produced by leukocytes, IFNs-É are produced by f,rbroblasts, and IFN-7 is

produced mainly by activated T-lymphocytes.



1.2 Mechanism of antiviral action

The antiviral state induced by IFN involves multiple pathways. One of these pathways

involves inhibition of viral protein synthesis. Two enzyme systems are believed to play an

important role in this mode of antiviral actions of IFN: (1) the (2'-5')-oligoadenylate [2,5-AJ

synthetase - nuclease system nd (2) the P1/eIF-2aprotein kinase - phosphoprotein phosphatase

system. V/hile both the (2-5XA), synthetase and the pllelF-2a protein kinase are induced by

interferon, they have to be activated with either natural or synthetic double-stranded RNA

(dsRNA). Interferon treatment alone does not cause a significant increase of intracellular (2',5')-

oligoadenylates or the extent of eIF-2a phosphorylation, whereas interferon treated cells that were

either activated by dsRNA or were infected by various viruses resulted in activation of these two

enzyme systems (Pestka et al., 1987). In addition to the two enzyme systems, the MHC class I

and II molecules are also induced by IFN and have been shown to play important roles in

enhancing cell-mediated immunity during viral infection. Other lFN-inducible proteins such as

the Mx protein likely represent novel antiviral mechanisms that are yet to be elucidated.

I-2.1 The (2'-5')-Oligoade ylate Synthetase - Nuclease Sysûem

First discovered in the studies of rates of cleavage of reovirus mRNAs in extracts from

IFN-treated EAT (Ehrlich Ascites Tumor) cells (Brown et al. , L976; Ratner et al., 1978; Lengyel

1981), the (2'-5')-oligoadenylate synthetase - nuclease system comprises three enzymes: the 2,5-



A" synthetase that catalyzes the formation of oiigonucleotides possessing 2',5'- phosphodiester

bonds; the 2,5-Ar-dependent endoribonuclease S.Nase L) that is activated by certain 2,5-A,

structures; and the (2',5') phosphodiesterase that catalyzes the hydrolysis of oligonucleotides

possessing 2',5'-phosphodiester bonds (Pestka et al., 1987).

All three classes of IFN's (o, ß, and "r) are able to induce 2,5-A" synthetase in a variety

of cells. The level of induction depends on the types of IFN, celi types, and growth state of cell.

The enzyme is activated by dsRNA to cataJyze the synthesis of a family of oligonucleotides of

the general structure ppp(42'p)"4 with n > 2, abbreviated 2,5-A". The only well established

biochemical function of 2,5-4, is its ability to activate another enzyme, RNaseL. RNaseL is an

endoribonuclease and is present as a latent protein in both untreated and lFN-treated cells. When

activated, RNase L is able to cleave various single-stranded viral RNA as well as cellular mRNA.

Double-stranded RNAs are, however, not cleaved @atner et al., 1977). The activated enzyme

catalyzes the cleavage of single-stranded RNAs on the 3' side of -UpXp- sequences

(predominantly UA, UG, and UU) to yield products with -UpXp 3'-termini. It was shown in the

EMC virus - Hel^a cell system that virus infection without IFN treatment functionally inactivates

the2,5-A"-dependent RNase (Silverman et al., 1982). The appearance of 2,5-A oligonucleotides

induced by interferon is only transient. This is due to the presence of another enzyme, the2' ,5'-

phosphodiesterase, that specifically degrades 2,5-4" to yield AMP and ATP, thereby returning

the activated 2,5-A-dependent RNase to an inactive state.

Although the activation of the 2,5-,\ synthetase - nuclease system has been implicated as

one of the mechanisms that establishes the antiviral state in lFN-treated cells, the extent to which



this system may be involved in the antiviral actions is a question yet to be resolved. There is

evidence to suggest that a functional 2,5-il system is neither sufficient nor required for the

antiviral action of IFN against a variety of different viruses that are sensitive to IFN (Hersh et

al., 1984; Kingsman and Samuel, 1980; Masters and Samuel, 7982; Ulker and Samuet, 1985;

Whitaker-Dowling and Youngner, 1986; Rice, etaI., 1984). Others have suggested that the2,5-

A, pathway may play a more important role in events associaìed with cell-cycle progression

(Wells and Mallucci, 1985) and cell differentiation (Krause et al., 1985; Michel and Chebath,

1986) rather than antiviral responses. The concentration of 2,5-A- synthetase was found to

increase during maturation of T-lypmhocytes, erythroid cells, and monocytes (Michel and

Chebath, 1986) and that the rise in 2,5-4" synthetase was due to the production of endogenous

IFN (Yarden et al., 1984).

1.2.2 The Fl/eIF2a F¡otein Kinase - Phosphoproûein Fhosphatase System

The process of phosphorylation-dephosphorylation has long been known to be a major

mechanism for the regulation of intracellular events in eukaryotic cells (Alberts et al., 1989).

Studies of the antiviral actions.of IFN revealed the presence o{ a protein kinase - phosphatase

system that was induced by IFN (Iængyel 1932). This systern consists of at least two major

protein substrates and two enzymes: (1) a ribosome associated protein, Pl, (I-ebleu et al. , 1976;

Zilberstein et al., 1918; Roberts et al., 1976), (2) the smallest subunit of the protein synthesis

initiation factor eIF-2, eIF-2a (Farrell et al. , 1978; Samuel , 1979), and (3) a protein kinase (Sen



et al., 1978; Kimchi et al., 1979) and a phosphoprotein phosphatase (Kimchi et al., t979; Crouch

and Safer, 1980) that regulate the phosphorlation state of Fl and eIF-2a.

The Fl/eIF2a protein kinase - phosphoprotein phosphatase system was f,rrst discovered

during the course of studying reovirus infection of lFN-treated cells (Iæbleu et al., I976).It was

found that addition of either dsRNA from reovinìs or poly(I).poly(C) to extracts from IFN-

treated EAT cells or L cells resulted in phosphorylation of Pl and eIF-2a. The dsRNA-dependent

protein kinase responsible for the phosphorylation can be induced by both type I and type II

IFNs. The lFN-induced protein kinase is dependent upon dsRNA for activation (Berry et al.,

1985). The mechanism by which the dsRNA activated protein kinase inhibits viral protein

translation involves the phosphorylation of eIF2a which is rendered inactive due to the

phosphorylation. Studies with cell-free protein synthesizing systems have shown that the PIleIF2a

protein kinase can efficiently inhibit the synthesis of protein in vitro. There is evidence to suggest

that Pl, which is induced by IFN, itself possesses the dsRNA-àependent protein kinase activity

(Samuei, 1985). The phosphorylation of P1/eIF2a is reversible. Phosphoprotein phosphatase(s)

was shown to dephosphorylate both P1-F and eIF-2a-F in untreated and IFN-treated cells (Kimchi

et al., 1979; Crouch and Safer, 1980; Samuel and Knutson, 1982), thereby returning the cell to

its uninduced state.



1.2.3 Major l{istocompatibitiry Cornplex (}'ffi{C),{ntigens

Antigen recognition by T lymphocytes is accomplished by binding of the antigen to

antigen receptors in association with the MHC molecules on the cell surface (Kindred and

Schreffler, l9l2; Zinkernagel and Doherfy, 1975; Katz and Benacerraf , 1975). Expression of

these cell surface molecules is essential for cell-mediated immunify. The classical work of

Zinkernagel and Doherty (I97a) provided the first evidence that T-cell mediated cytotoxicity of

viral infected cells is MHC restricted. It was observed that lymphocytic choriomeningitis virus

GCMV) infected tffget cells could only be killed by cytotoxic T cells (tc) of the same haplotype

(MHC class I H2-K or -D compatible). The restriction of Tc by the MHC class I molecules has

since been confirmed in both mouse and human viral infections (Sissons and Oldstone, 1985).

Cell mediated cytotoxicity of influenza virus infected cells has been shown to be both MHC class

I and class II restricted @raciale et al., 1987). Enhanced MHC antigen expression induced by

IFN may also contribute to antiviral actions of IFN in vivo (Tominaga et al., 1985) through the

enhancement of the antigen specific lytic effect of cytotoxic T cells. In addition to its role in cell-

mediated cytotoxicity, IFN may be involved in the induction ofMHC class II antigens on antigen

presenting cells (APC). APC such as macrophages cån only effectively present antigen to T

helper cells when both express the same MHC class II *tigerrr. Most macrophages do not

express these antigens constitutively (Unanue, 1981) and have to be stimulated into expression

of the class II antigens before they can act as accessory cells in presenting antigens to activated

T lymphocytes.
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Both type I and type II IFNs are able to induce the class I and class II major

histocompatibility complex (MHC) antigens on a variety of different cell types (Heron et al.,

t978; Basham et al., 1982; Fellous et al., 1982; V/allach et aI., 1982; Yoshie et al., 1982; Satz

and Singer, 1984; Burrone and Milstein, 1982; Collins et al., ß8a; Dani et al., 1985). CeUs of

the immune systems flMong et al., 1982; King and Jones, 1983; Koeffler et ai., 1984;

Capobianchi, et al., 1985) as well as nonimmune cells are able to express class II antigens upon

induction by IFN-7 @ober et al., 1983; Collins et al., 1984; Goldring et al., 1986; Wong et al.,

1984; Capobianchi et al., 1985). Although some studies have shown that IFN-,¡,was more

effective than IFN-a and IFN-p in the induction of class II antigens @asham and Merigan, 1983;

Zlotnik et al., 1983; Kelley et al., 1984; Virelizier et al., 1984), other studies showed that IFN-

a and IFN-P were equally effective in stimulating these antigens (Kim et al., 1983; Dolei et al.,

1983). Therefore, the effect of both classes of IFNs on class II expression probably depends on

the types and stages of differentiation of the cells. This question is further complicated by the data

of Rosa et al. (1983) who found that there was little correlation between the increase of class II

antigen mRNA and the corresponding antigens expressed at the rurf""" of cells treated with fypes

I and II IFNs, suggesting that other regulatory mechanisms were involved.

1.2.4 futx proteins

It is known that the antiviral st¿te induced by IFN against influenza virus infection in the

mouse is genetically determined. It was originally discovered that an inbred mouse strain A2G



had an inborn resisúance to infection by influenza virus (Lindenmann et al., 1963). At least two

genes in the mouse, designated Mxl and MxZ, are believed to be responsible for the resistance.

These genes have been cloned (Staeheli et aI., 1986; Staeheli and Sutcliffe, 19Bg) and the cDNAs

encode a 72 l<D CMxl) and a 74 kÐ (Mx2) polypeptide that are found to accumulate in the

nucleus (Dreiding et al., 1985; Meier et al., 1988). The Mxl gene has been mapped to the distal

part of mouse chromosome 16 (Staeheli et al., 1986; Reeves et al., 1988). Chromosomal analysis

has shown that the wild-type Mx1 gene consists of 14 exons distributed over at least 55 kb (Hug

et al., 1988). Influenza virus-susceptible mouse strains were found to have mutations in the Mx1

gene which result in the failure of synthesis of the Mxl gene product. The Mx- phenotype of most

inbred strains, including BALB/c, is due to deletion of Mxl exons 9 through 11, whereas that

of strain CBA arises from a nonsense mutation to exon 10 (Staeheli et al., 1988). The Mx2 gene

was found to be expressed only in influenza virus-susceptible mice and could not be detected in

influenza virus-resistant mice that contain the functional, nonmutated Mx1 alleles (Staeheli et al.,

1988). However, in both cases, the Mx2 appeared to be nonfunctional (Staeheli and Sutcliffe,

1988). The latter results suggested that Mx2 could be a pseudogene and may not have

physiological importance in the mouse. The Mx proteins are induced by IFN-a and -P but not

by IFN-7.

Recently, the human counterparts of the mouse tø* geno t ave been cloned (Aebi et al.,

i989). Using the mouse Mxl cDNA as a hybridization probe, two human Mx genes, designated

MxA and MxB, were isolated from human fetal lung cells and the human glioblastoma cell line

T98G. The MxA and MxB cDNAs encode two polypeptídes with molecular masses of 76 and



73 kÐ, resp€ctively. The expression of these genes was stimulated by IFN-a, IFN-P, I.{ewcastle

disease virus, and, to a lesser extent, IFN-^¡,. The Mx proteins of humans and mice have overall

similarities of between 56 and 77% in amino acid contents. The human MxA and the mouse Mx2

are most closely related and are probably encoded by homologous genes, whereas the MxB and

the Mxl have relatively low degree of homology. In contrast to the mouse Mx proteins, which

are nuclear proteins (Dreiding et al., 1985), the human Mx geneþroducts could only be detected

in the cytoplasm (Aebi et al., 1989). The signif,rcance of this difference is not yet known. It is

interesting to note that of the three Mx proteins identified (encoded by three Mx-related genes)

in the rat, two have also been found to localize in the cytoplasm (Meier et al., 1988). The

molecular basis for the antiviral action of Mx is not known.

Mechanism of antiproliferative actions

The antiproliferative activity of IFN for cells was first recognized when proliferation of

different cell types in culture were inhibited upon exposure to crude preparations of IFN (Paucker

et a1., 1962). Both type I and type II IFNs are able to inhibit growth of a variety of cell types

with different sensitivities. IFN-7 has been shown to have more potent antiproliferative effect than

that of IFN-a or IFN-6 (Crane et a1., t97L;Rubin and Gupta, 1980; Fleishmann, i982). In

addition, synergistic effects of antiproliferation between MuIFN-,y and either MuIFN-a or -B was

observed suggesting that the two types of IFNs may have different mechanisms of action (Pestka

et al., 1987).
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A number of studies have shown that the antiproliferative action of IFN could affect all

phases of the cell cycle (Clemens and McNurlan, 1985). It is generally assumed that IFN inhibits

cell proliferation by impairing DNA synthesis. In fact, one of the most common assays for

antiproliferation involves measurement of ['Fl]-thymidine uptake. However, these data could be

complicated by the fact that membrane transport of thymidine and/or its subsequent intracellular

phosphorylation by thymidine kinase are inhibited by IFN in some cell types (Clemens and

McNurlan, 1985). In addition, cells that showed impaired uptake of thymidine could have normal

incorporation of deoxyadenosine (Gewert et al., 1983). Human fibroblasts, for instance, have

been shown to continue incorporating thymidine in the presence of IFN @feffer et al., 1977).

There were also reports of lFN-treated cells showing lower DNA polymerase activity (Lundblad

and Lundgren, 1981; Lundblad and Lundgren, 1982) and delay in DNA ligation of Okazaki

fragments (Moore et al., 1984), suggesting that the antigrowth effects of IFN were due to subtle

disruptions of a series of steps in the DNA replication process rather than inhibition of entry into

the S phase. However, these data should be intrepreted with caution since it cannot be established

whether these phenomena were the cause, or the effect of, the antiproliferative function of IFN.

There are relatively few reports regarding the antiproliferative activity of IFN as a result

of inhibition of protein synthesis. While some studies showed a reduction of incorporation of

radioactive amino acids in cells treated with IFN, other sensitJe cell types showed very little

inibition of protein synthesis (Clemens and McNurlans, 1985). Although the role of 2,5-À has

been implicated for the inhibition of protein synthesis in virus infected cells, its role in the

antiproliferative action of IFN remains to be established. Results that showed an inverse
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coruelation between cell proliferation and levels of 2,5-4, synthetase (Kirshnan and Baglioni,

1980, 1981; Etienne-Smekens et al., 1983; Kimchi et al., 1981; Jacobson et al., 1983; Creasey

et ai., 1983) contrast to reports that showed no correlation between these two parameters

(Verhaegen et al., 1980; Hovanessian et al., 1980; Vandenbussche et al., 1981; Verhaegen-

I-ewalle et al., 1982; Silverman et al., 1982; Tomita et al. , 1982; Tovey et al., 1983; Chapekar

and Glazer, 1983; Chapekar and Glazer, 1984). It cannot be exðluded, however, that tocatized

effects of 2,5-A." synthetase may play a role in antiproliferation. For instance, it has been shown

that both 2,5-A^ synthetase and the protein kinase were activated in a compartmentalized manner

in the vicinity of dsRNA (Nilsen and Baglioni; 1979; De Benedetti and Baglioni, 1984).

Recent reports by Ozaki et al. (1988) showed that induction of the enzyme indolamine

2,3-dioxygenase (IDO) may play a role in the antiproliferative effects of IFN. IDO, utilizing

reduced flavin and the superoxide anion, catalyzes the oxygenative decyclization of L-tryptophan

to form N-formyl-L-þnurenine (references 30-32 in Ozaki et al., 1988). This enzyme has been

found in a variety of mammalian tissues (references 22-26 in Ozaki et al., 1988) and is induced

by viral infection or treatment with IFN's in normal and malignant tissues (references 2l-29 in

Ozakt et al., 1988). The antiproliferative effects of IFN-7 were found to be cell dependent:

causing a greater antiproliferative effect against cell lines that exhibited induction of IDO, such

as KB oral carcinoma or WiDr colon carcinoma, than againJthose that lacked the enzyme

activity, such as Sw489 colon adenocarcinoma or NCI-H128 small-cell lung carcinoma.

Correlation of IDO with increased metabolism of L-tryptophan was shown by the depletion of

this amino acid in the culture medium. While 7A-80% of L-tryptophan remained in the medium
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of IFN-a- or mock-treated cells, virtually all of this amino acid was depleted in the medium of

the lFN-?-treated group following 2-3 days of culture. Supplementing the growth medium with

additional L-tryptophan reversed the antiproliferative effect of IFN-1 against KB cells in a dose-

and time-dependent manner. However, tryptophan deprivation only offers an explanation for the

short term antiproliferative effects of IFN-7 since cells after prolonged treatment with IFN-^¡, did

not respond to supplementation of tryptophan. Therefore, long-term inhibition may be due to

irreversible changes in cellular metabolism. The induction of IDO in monocytes may be

resposible for the substantial reduction in serum L-trytophan concentration observed in humans

after the administration of IFN-7 @atta et al., 1987). Recently, IFN-,y resistant human cervical

carcinoma cell lines (ME180) have been isolated that were defective in the induction of IDO

(Feng and Taylor, 1989). Studies of these mutant cell lines should provide further insight into

the antiproliferative mechanism of IFN-"y.

The antiproliferative activities of IFN-7 have made this cytokine one of the major

candidates in the search for potential antitumor therapeutic agents. The antitumor effects of IFN-

7 on virally induced tumors could, at least partially, be explained by its ability to induce the

expression of MHC class I antigens. It was shown that adenovirus type 12 induced tumor could

be suppressed when treated with IFN and that the tumor suppression effect was likely due to

augmentation of immune surveiilance mediated through the upregulation of MHC class I antigens

by IFN (Hayashi et al., 1985; Tanaka et al., 1987). Results from Taniguchi et al. (1987), on the

other hand, have shown that enhancement of MHC-class I antigen by IFN-7 treatment resulted

in the increase of metastatic ability of melanoma cells. It has also been shown that in human
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melanoma, metastasis and poor prognosis are associated with high MHC class II expression in

the primary tumor (Van Duinen et al., i984). Therefore, the parameters responsible for the

contrasting effects of IFN-7 on different tumors need to be defined in order for the successful use

of IFN-1 for immunotherapy which would likely depend on the forms of malignancy. The

efficacy of IFN as an antitumor agent would require not only better understanding of its

immunoregulatory functions but also the interactions of effecfor cells responsible for tumor

rejection.

Cell surface receptor for interferon gamma and mechanisms of signal transduction

1.4.1 Receptor for Interferon Sammâ

The cell surface receptor for interferon gamma seems to serve at least three major

purposes. First, the binding of IFN to the receptor transduces intracellular signals that are

responsible for the various biological responses induced by this lymphokine. Second, it provides

a mea,ns by which the interferon molecule is internalized. Internalization is essential for the

establishment of activation of macrophages (Fidler et al. , 1981; Fidler et al. , 1985). It was shown

that oniy liposome-encapsulated HuIFN-7, but not free HuIFN-r cout¿ activate the tumoricidal

activities of mouse peritoneal exudate macrophages. Third, the receptor provides a barrier that

prevents cross-species binding. It has been shown that species specificity could be abrogated if

the interferon molecule was encapsulated in liposomes (Fidler et al., 1985).
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Different cell types may possess different forms of receptors for interferon gamma. It has

been shown that IFN-7 receptors in He[¿ cells and monocytes not only differed in size and

molecular form but also differed in the internalization pathways @ubinstein et al., 1987). In the

case of HeLa cells, the lFN-receptor complex is dissociated in the endosome and the receptor is

then recycled to the surface of the cell. The recycling is not affected by protein synthesis.

Therefore, the IFN-1 receptor in HeI¿ cells serves as a "shuftlè" which internalizes the ligand

continuously. Similar results were observed in fibroblasts (Anderson et al., 1982; Rubinstein et

al., 1987). On the other hand, IFN-7 receptors on monocytes are degraded rapidly once they are

internalized. Therefore, these receptors are "down-regulated" as they are internalized.

Nevertheless, the IFN-7 internalized via the two different pathways appears to be degraded in all

of the aforementioned cell types. Therefore, the degradation pathway for IFN-1 itself seems to

be similar in these different cell types.

The differences in the receptor cycling pathways may reflect different responses in various

celi types to IFN-7 treatment. It has been shown that monocytes do not establish an antiviral state

on exposure to IFN-7 (Orchansþ et al., 1986). Since the induction of an antiviral state requires

a prolonged (at least t hours) exposure to IFN-7, the lack of response in monocytes may be due

to the down-regulation of receptors during this period. It was therefore hypothesized that this may

serve as one of the mechanisms that prevent immune cells from o*r-r.acting in an inflammatory

site (Rubinstein et al., 1987).

Recently, the cDNA for the HuIFN-y receptor has been cloned (Aguet et al., 1988). The

cDNA has the potential of encoding a protein of 489 amino acids. In addition , a l7 amino acid-
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long putative signal peptide and a hydrophobic transmembrane region was also predicted. The

discrepancy between the M, of 54,@ as predicted from the cDNA deduced amino acid sequence

and the apparent M, of 90,000 for the purified natural receptor protein is likely due to the latter

being glycosylated. From the deduced amino acid sequence, frve potential N-linked glycosylation

sites could be identif,red. Since 12% of the all the amino acids are serines, there is a potential for

O-linked glycosylation. The receptor protein app€ars to have an extracellular N-terminus which

likely ca¡ries the ligand binding site, while the 212 amino acid-long intracellula¡ portion is

presumably involved in signal transduction. In agreement with an earlier report (Rashidbaigi et

al., 1986), the HUIFN-"y receptor gene was mapped to the long arm of chromosome 6. When the

cloned human receptor gene was transfected into mouse cells, the human receptors were found

to correctly express on the cell surface. The dissociation constants of these receptors were also

found to be comparable with those on other human cells. However, none of these transfectants

was able to enhance expression of MHC class I antigens nor the induction of 2-54" synthetase

upon treatment with HuIFN-7. Therefore, the expression of the HUIFN-.y receptor gene in

heterologous cells is apparently not sufficient to elicit the biolgical responses to HUIFN-.y. This

seems to confirm an ea¡lier report by Jung et al. (1987) who showed that, in addition to human

chromosome 6, chromosome 21 in human cells was also required for response to HuIFN-? and

that the factors encoded by these two chromosomes were species specifrc. It is interesting to note

that an earlier unconfirmed report which demonstrated that the HuIFN-7 gene expressed

intracellularly in mouse cells could establish an antiviral state (Sanceau et al., 1987), suggesting

that an intracellular receptor or binding factor for HuIFN-7 is involved in signal transduction.
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t-4.2 Mechanisms of Signal Transduction

The binding of a specific ligand to its cell surface receptor initiates a variety of

intracellular signals that lead to rapid execution of functions and regulations of gene expression.

These events couid be rapid (within seconds or minutes), or intermediate in time (within minutes

to hours), or slow (within hours to days) (Adams and Hamilton, 1987).

A number of rapidly induced biochemical products have been described that have the

potentiai of acting as "second messengers" . These include production of the cyclic nucleotides

cAMP and cGMP (Fesenko et al., 1985; Yau and Nakatani, 1985; Matthews et al., i985; Cobb

and Pugh, 1985; Neer a¡d Clapham, 1988); hydrolysis of polyphosphoinositides which leads to

release of inositol 1,4,5 triphosphate (Benidge, 1985), increase of intracellular Ca*", and the

generation of diacylglycerol which in turn stimulates protein kinase C (Nishizuka, 1984, 1986,

1988); opening of ion channels in the membrane, leading to changes in intracellular

concentrations of Na*, K* or Ca** or alteration of intracellular pH (Alberts et al., 1989); and

stimulation of autophosphorylation of tyrosine of the receptor (reviewed by Jove and Hanafusa,

1987). These rapid events may be followed by intermediate events that include activation of

various enzymes and proteins due to changes in pH or level qf jons; and activation of enzymes

and proteins by covalent modif,rcations such as phosphorytation;ãd expression of specific genes

whose products may function to regulate other genes. The slow events usually involve

manifestation of various celiular functions resulting from the activation of the intermediate

specific gene products.
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Signal transduction events induced by IFN-"y are not well understood. Among the limited

number of studies, most have focused on the rapid and intermediate events. There have been

reports of elevation of int¡acellular diacylglycerol and inositol triphosphate in hbroblasts and

human B-cell-like lymphoblastoid cells (Yap et at., 1986) within 30 s after treatment with IFN-

7. However, the requirement of 20,@0 units/ml of IFN raises questions concerning the

physiotogical significance of such observation. Recently, observation of influx of Na* in murine

macrophages treated with IFN-7 has been reported (Prpic et a1., 1989). It was shown that IFN-

7 treatment was able to raise the cytosolic pH by 0.1 unit within I min. The findings that

alkalination was inhibited by amiloride suggested the involvement of the Na*/H* antiporter. The

influx of Na* was also inhibited by amiloride. Both the increase of cytosolic pH and Na* influx

could be induced by 1 unit/ml and 0.1 unilml of IFN-7, respectively. The two effects were

correlated with expression of two lFN-inducible cellular genes, JE and I-Au. The gene induction

was apparently due to cytosolic alkalination, since monesin was ineffective in inducing JE,

whereas significant accumulation was observed on a pharmacologic increase in cytosolic pH.

Observation of IFN-7 stimulated cytosolic alkalinization was also reported in a pre-B lymphocyte

cell line (Smith er al., 1988).

In addition to the early signals described above, studies on the IFN-I induced transcription

in macrophages suggested that the activation process may be røãtø by protein kinase C (PKC)

(reviewed by Adams and Hamilton i987; Hamilton et a1., 1985; Fan et al., 1988). The

macrophage-specific gene, T.1, could be detected within 20 min upon addition of IFN-1 and

accumulated thereafter to maximum level in 3 h. The transcriptional activation of 7.1 was found
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to correspond remarkably well with the kinetics and dose dependence of PKC translocation in

IFN-7 treated macrophages. Activation of PKC by phorbol esters, such as PMA, is due to the

induction of translocation of the enzyme from cytosol to membrane (Nishizuka., 1986). Two PKC

inhibitors, H7 and sphingosine, were also shown to inhibit the transcriptional activation of the

y.1 gene induced by IFN-7 and by PMA in a dose-dependent manner. Activators of cAMP- or

cGMP-dependent kinases either inhibited the induction of y. t mn¡¡e or had no effect. However,

not all genes that have been reported to be transcriptionally activated by IFN-r were inhibited by

PKC inhibitors. For instance, while HLA-DR or IP-30 (Luster et al., 1988) were inhibited by

H7, IP-10 (Luster and Ravetch, 1985) was not affected by sphingosine (Fan et al., 1988).

Therefore, PKC is likely to be involved in the signal transduction pathway leading to

transcriptional activation of some, but not ail, IFN-7-induced genes.

Interactions of inærferon gamma with other cytokines1.5

1.5.1 Intenactions with interleukin I (tr--l)

Interleukin-1 is one of the many soluble immunoregulatory molecules produced by LPS-

activated monocytes which, when stimulated by LPS and IFN-7, are capable of presentation of

antigens to T lymphocytes. IL-1 has been shown to have a broad spectrum of activities including

induction of lymphokine release from activated T cells (Gillis and Mizel, 1981; Oppenheim et

al., 1986), increase in natural killer cell activity (Oppenheim et al., 1986) and in the presence of
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B-cell growth factor, proliferation of B-cells (Falcoff et al., 1983; Pike and Nossal, 1985). It has

also been known to be one of the endogenous pyrogens (ûppenheim et al., 1986).

The production of IL-l is regulated by other lymphokines such as IFN-7. Fresh monocytes

gradually lose their ability to produce IL-l. These cells can be re-stimulated to secrete IL-l by

IFN-7 in combination with LPS (Arenzana-Seisdedos et al., 1985). Although it was found that

I,J-4P mRNA was increased in the presence of IFN-7/LPS/CHX, there was no correlation of

mRNA level and IL-1 production (Arend et al., 1988).

Opposing effects of IFN-7 and IL-l have been described. IFN-"y-induced Fc receptor

expression on human monocytes was shown to be inhibited by IL-l and tumor necrosis factor

(TltIF) produced by the same cells (Arend et al., 1987). In other cell systems, it was shown that

secretion of type I and III collagen and of fibronectin by rheumatoid synovial fibroblasts was

stimulated by IL-l (Krane et a1., 1985) and inhibited by IFN-"¡,(Amanto et al., 1985). On the

other hand, IL-1 and IFN-7 share many biologic activities including induction of IL-Z receptors

on NK cells (Shirakawa et aI., 1986), stimulation of expressionof MHC class I molecules on

tumor cells (I-ovett et a1., 1986), and enhancement of production of intercellular adhesion

molecules (Dustin et al., 1986). However, the molecular mechanisms of the interactions between

these two cytokines are poorly understood.
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1.5.2 [nteractions with interleukin 2 {W--2)

The immunoregulatory functions of interferon gamma are exemplifred by its regulation

of helper T ceils. It was shown that human peripheral T cells, but not non-T cells, expressed

receptors for IL-2 when treated with purif,red HuIFN-y (Johnson and Farra¡, 1983). The IFN-

1-induced expression of IL-2receptors is blocked by treatment of IFN-1 with anti-IFN-7 antibody

or by destruction of IFN-'¡, at acid pH. The observations that IL-2 could directly induce untreated

mouse and human lymphocytes to produce small amounts of IFN-7 early in cuiture without

additional stimulation provided by mitogen or antigen (Handra et al., 1983; Kawase et al., 1983;

Weigent et al., 1983; Yamamoto et al., 1982) suggested the action of a positive feedback

amplification loop. Interleukin 2, acttng on a small populations of cells, would induce the

production of IFN-1, which in turn would enhance the expression of IL-2 receptors on cells. The

expression of these receptors could thus augment the helper .ff."t. of IL-Z in further IFN-f

production and at the same time could commit lymphocytes to cell-cycle progression when

stimulated by IL-Z.

Both IL-2 and IFN-1 were also shown to play an important role in B cell proliferation and

differentiation. It has previously been demonstrated that rIFN-7 did not have any direct effect on

either proliferation and differentiation of B cells Oqaf.aga*a et al., 1985). However, in

combination with IL-2, antibody secretion was promoted in Staphylococcus aureus (SA)-induced

tonsillar B cells. Therefore, IFN-r appeared to play an amplifying role in B cell activation, but

the mechanisms of its action are not known. Studies carried out by Jelinek et al. (1986) showed
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Table 1.1 Froduction of lymphokines in mouse T cell clones

T"1 T12

IL.2

IFN-y

TL-3

GM-CSF

TL-4

IL-5

Adapted from Miyajima et al., 1988.
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that IFN-7 could play at least two distinct roles in B cell activation. First, it could deliver a signal

during initial activation with killed SA that augmented subse,quent proliferation and generation

of antibody secreting cells supported by IL-2. Second, IFN-7 could amplify the capacity of IL-

2 to promote differentiation of antibody secreting cells but not proliferation of B cells activated

initially by SA in the absence of T cell influences.

1.5.3 Inûeractions with interleukin 4 (U-4)

Interleukin 4 was first discovered by its ability to promote B cell growth (Howard et al.,

1982) and later found to have additional effects on small resting B cells, such as the induction of

MHC class II antigens (Noelle et al., 1984; Roehm et a7., 1984), induction of a low-affinity

receptor for IgE (also known as CD23) (Kikutâni et al., 1986; DeFrance et al., 1987; Hudak et

aJ., 1987), increase in the expression of its own receptor on iesting B cells (Paul and Ohara,

1987), and enhancement of IgGl production (Snapper and Paul, 1987). In long term lines of

murine T lymphocytes, IL-4 is produced by the T"2 cells but not T"1 cells (Iable 1.1)

(Mossmann et al., 1986). However, such simplistic clonal distinction may be valid only for long-

term T-cell lines, since studies with allogeneic mixed leukocytes showed that lymphokines listed

in Table 1.1 could be produced at random in both CD4* as well as CD8. cells and that

production of these lymphokines was not mutually exclusive (Kelso and Gough, i988). In the

presence of anti-Ig, IL-4 acts as a costimulant of B cell activation. Like most cytokines, IL-4 is

capable of acting on more than one cell type. For instance, it can act on resting T-cells to
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maintain their viability and, in the presence of phorbol ester or antireceptor antibodies, stimulate

the division of resting T cells (Hu-Li et al., 1987). In collaboration with other lymphokines, IL-

4 was found to act on multiple hematopoietic lineages (Paul, 1986). The cDNA for IL-4 has been

cloned (Noma et al. , 1986; I-en, et al., 1986) and studies using the purified recombinant IL-4 have

provided important insights not only into its diverse functions on different cell types but also its

regulation of and interactions with other lymphokines.

Interactions between IFN-7 and IL-4 were first ræ,ognizeÅ when it was observed that

these two lymphokines reciprocally regulate Ig isotype production (Coffman and Carty, 1986;

Snapper and Paul, 1987). For instance, Il-4-mediated expression of IgGl and IgE by LPS-

stimulated murine B cells was shown to be suppressed by IFN-7. At the molecular level, there

is data to suggest that IL-4 may direct specific switching events by transcriptional activation of

the heavy chain switch regions (Berton et al., 1989) and that addition of IFN-7 markedly

inhibited the expression of germ-line 71 transcripts without affeciing cell viability or proliferation.

This inhibition could be partially reversed by increasing the dose of trL-4. However, whether this

inhibition was due to direct effects of IFN-7 or the expression of germ-line 1l transcripts or due

to interference with the delivery of the ll--4-mediated signal is notknown. Interestingly, although

IL-4 and IFN-7 do not bind the same receptor (Mond et al.-, 1986), significant amino acid

sequence homology exists between these two lymphokines Oioma et al., 1986).

There is evidence to suggest that interactions between IL-4 and IFN-1 differ in the murine

and human systems (O'Garra et al., 1988). Although Il-4-induced B-cell activation (IIudak et

al., 1987; Mond et al., 1986; Rabin et al., 1986) and Fc. receptor expression (DeFrance et al.,
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1987: Rousset et al., 1988) were inhibited by trFN-^¡,in both systems, only human cells

proliferated when co-stimulated with anti-Ig and IFN-1 @eFrance et al., 1987; Romagnani et al.,

1986; DeFrance et al., 1986). Therefore, IFN-"¡,is able to potentiate the ll-4-induced

proliferation of preactivated human B cells, in contrast to its antiproliferative effects on other cell

types.

Both IL-4 and IFN-1 can influence the antigen presenting ability in thymic epithelial

cells. It has been shown that these T-cell derived lymphokines could enhance antigen presentation

by thymic macrophages and could therefore influence the interaction between thymic stromal cells

and immature thymocytes @.ansom et a1., 1937). It was found that both fetal immature

thymocytes and adult L3T4'lLyt-2-thymocfyes could be activated to produce IL-4 and IFN-7 and

that proliferation of these thymocytes in response to phorbol ester and IL-4 was inhibited by IFN-

7. However, the proliferative response of a thymocyte population enriched in mafure cells was

not affected by IFN-7. These hndings suggested that both fL-+ an¿ IFN-7 may be directly

involved in immature thymocyte differentiation and that IFN-1 may function as a differentiation

factor for thymocytes.

1.5.4 Synergism with tumor necrosis facton

The tumor necrosis factor (IIIF) was first described as a cytotoxin released by

macrophages which had been treated with bacillus Calmette-Guerin (BCG) and LPS. This

cytotoxin was shown to induce haemorrhagic necrosis of methylcholanthrene-induced (Meth A)
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sarcomas in BALB/c mice while leaving sun'ounding normal cells unaffected (Ruddle and

Waksman, 1967; Granger and fVilliams, 1968; Carswell et a1., 1975; Helson et al., 1975;

Matthews and Watkins, 1978; Aggarwal et aI., 1985a; Pennica, et al., 1984; Pennica, et al.,

1985). Two types of TNFs have been identified: (a) TNF-a, produced by activated macrophages

and @) TIIF-É (also known as lymphotoxin), produced by lymphocytes (Shalaby et al., 1985).

In addition to their tumoricidal activity, TNFs have been demonstrated to have mitogenic effects

(Vilcek et aJ. 1985; Sugarman et al., 1985), to induce IFN-F, in f,rbroblasts (Kohase et al., 1986),

to stimulate IL-l synthesis in monocytes and endothelial cells (Dinarello et at., 1986; Nawroth

et al., 1986), to stimulate the production of collagenase and prostaglandin E, (Dinarello et al.,

1986; Dayer et al., 1985), to suppress adipocyte gene expression (Torti et al., 1985), to activate

granulocyte functions (Shalaby et al., 1985; Klebanoff et al., 1986), to stimulate synthesis of

granulocyte-macrophage colony stimulating factor (GM-CSF) (Munker et a1., 1986), and to

regulate hemostatic properties in endothelial cells (Nawroth et al., 1986). TNF was also shown

to be involved in the acute phase of infections. It was found-that parasite infected animals

produced a blood-borne factor (cachetin) that showed significant homology to HuTNF-a,

suggesting that TNF was involved in cachexia which was found in a variety of disease, including

cancer and infection (Beutler et al., 1985; Beutler and Cerami, 1986). Because of its potential

as an antitumor agent as well as an important immunoregufalo.y molecule, TNFs have been

studied intensively both in vitro and in vivo in order to understand its role in the immune system.

TNFs and IFN-7 have been shown to have reciprocal synergism. For instance, IFN-7 was

shown to enchance the cytotoxic effects of TNFs (Williams and Bellanti, 1983; I*æ, et al., 1984;
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Stone-Wolff et al. , 1984; Feinman et al., 1987). Both TNF-e and -É are also able to synergize

with IFN-7 to inhibit virus replication (Wong and Goeddel, 1986; Mestan et al., 1986). Alrhough

TNFs were shown to possess antiviral activities, TNFs and IFN-1 likely exert their antiviral

effects through independent mechanisms. It was shown that both types of TNFs induced 2-5-A^

synthetase and IFN-B' (Kohase et al., 1986). However, the TNF antiviral effect was only partially

inhibited by anti-IFN-É antibodies and there was no evidence for synthesis of any other class of

IFN or IFN mRNA (Mestan et al., 1986). In addition to their synergism in the induction of

antiviral activity, TNF-a and IFN-7 synergistically enhance MHC class I and class II genes

(Pujol-Borrell et al., 1987), MHC-associated ff2-microglobulin (Wong and Goeddel, 1988), and

2,5-A, synthetase (Wong and Goeddel, 1986). The synergism between TNFs and IFNscould

partially be explained by the upregulation of TNF receptors by IFNs (Aggarwal et al., 1985;

Tsujimoto et al., 1986; Scheurich et al., 1986). In vivo studies, however, showed that IFN-7 and

TNF-o exhibited rather different properties (Jacob et al., 1988). These authors showed that while

IFN-7 treatment aggravated a systemic lupus-like autoimmun" 9]*r. in the mouse, anti-IFN-

'y treatment or administration of TNF-a significantly improved the disease state and increased

the survival rate of the animals. Therefore, the exact nature of synergism between IFN-1 and

TNF remains to be established.

Studies with acute phase of infections suggested that during the challenge, TNF/cachetin

would induce a net flux of lipid into the circulation (Beutler et al., 1985; Beutler and Cerami,

1986). The lipid being released would be used as a source of energy. However, with chronic

infection, the continuai release of lipid would result in wasting and eventually death. This
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1.6

hypothesis prompted the studies of the effects of other cytokines on lipid metabolism, since a

number of cytokines are synthesized and released during infection. There is evidence to show that

IFN-7, which is known to synergize with TNF, is able to induce hypertriglyceridemia and

inhibits post-heparin lipase activity in cancer patients (Kuzrock et al., 1986). In vitro studies

(Patton et al., 1986) also showed that both IFN-7 and TNFs were able to suppress lipid anabolism

and enhance secretion of free fatty acids, supporting the hypothesis of their roies in acute phase

infection and cachexia. Therefore, synergism between IFN-7 and TNF is not limited to antitumor

activities but also acts on general ceil metabolism during the acute phase infections.

Interferon gamma - gene and protein

1.6.1 Organization of the human inüerferon gamma gene

The genomic sequence of HuIFN-7 has been described (Gray and Goeddel, 1982). The

IFN-7 gene comprises four exons and three introns spanning 33.5 kb that was later mapped to

chromosome 12 (Gray et al., 1982; Devos et al., t982; Gray and Goeddel, t982; Naylor et al.,

1983). The 1.2 kb mature message was generated by splicing of the four exons. The mature

message encodes a polypeptide of 143 amino acid residu", ptu, a 23 amino acid-long signal

peptide (Gray and Goddel, 1982).

Sequences important for gene regulation have been identif,red in the 5' untranslated region

of the IFN-7 gene. For instance, a consensus sequence TATAAATA was located 28 bp upstream
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from the 5' end of the RNA initiation site of the IFN-7 gene. This sequence is similar to the

Goldberg-Hogness box (5' TATA(A/T)A(A/T) 3') (Gannon et al. , 1979) which has been thought

to play an important role in determining the specihcity of the initiation of RNA synthesis by RNA

polymerase II (Grosschedl and Birnstiel, 1980; Wasylyk et al., 1980; Grosveld et al., 1981).

Another 5' sequence GTCACCATCT was found 89 bp upstream from the 5' end of IFN-7

mRNA and was similar to the consensus sequence GGG'/C)CAATCT @enoist et al., 1980)

thought to be responsible for modulating transcription by RNA polymerase II (Grosschedl and

Birnstiel, 1980). More detailed analysis (f{ardy et al., 1985) has revealed additional potential

regulatory sequences. A strong DNase I hypersensitive site (HS) was identified in the flrrst intron

(Hardy et al., 1985). DNase I HS has been used to localize genomic regions functionally linked

to gene regulation. The HS of the IFN-7 gene was only found in cells capable of expressing IFN-

7. However, purified genomic DNA from Jurkat cells did not show hypersensitivity in this

region, suggesting that DNA-protein interactions, and not DNA sequence alone, were responsible

for DNase I hypersensitivity.

Other evidence concerning the expression of the HuIFN-? gene suggested that post-

transcriptional regulation may play an important role (I-ebendikcr et al., 1987). It was shown that

the HuIFN-.y Eene could be superinduced by inhibitors of translation or low doses of gamma-

irradiation. The latter treatment was known to prevent activation of suppressor T cells. It was

hypothesized that the HuIFN-7 gene was normally regulated by a labile protein that prevented

the accumulation of mature IFN-1 mRNA (Iæbendiker et al., 1987).

27



1.6.2 Froduction of the human interferon garnma protein

IFN-7 is predominantly produced by T cells bearing the ïI--2 receptors and its release

is at least partialiy triggered by helper T-cell-derivúIL-2 (Sandvig et al., 1987). However, other

cells such as natural killer (|IK) cells, mononuclear blood celts (À4NC), and CDllb- celts (IFN-

7 producing cells bearing this complement receptor are likely to be T-suppressor cells which also

express the CD8 marker) are also known to produce IFN-r (Handa et al., 1983; Sandvig et al.,

1987; Young and Ortaldo, 1987). In addition, mice with severe combined immunodeficiency,

which do not express detectable T- and B-cell function, and athymic nude mice can also produce

IFN-1 (Bancroft et al., 1987; Wentworth and Toy, 1987).

The production of IFNI by T cells upon contact with antigen presenting cells is antigen

specific (McKimm-Breschkin et ai., 1982) and MHC restricted (Morris et al., 1982). In addition,

a number of stimuli are also capable of inducing IFN-1 production which include

phytohemagglutinin (PHA), concanavalin A (Con A), Epstein-Barr virus, and OKT3 antibody.

The natural HuIFN-7 exists as a dimer (Yip et al., 198i; Rinderknecht et a1., 1984) or

tetramer @estka et al., 1983). Natural HuIFN-y monomers ar_e heterogeneous in size with the

major species having 20 kD and a 25 kD in mass. The difference in the molecular mass of the

monomers is a result of different extent of glycosylation of a single polypeptide species

(Rinderknecht et aI., 1984). Smailer polypeptides also exist as a result of the loss of up to i5

amino acid residues from the C-terminus due to proteolytic cleavage either during or after the

secretion of IFN-7 (Rinderknecht et al., 1984).
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1.7 Genes induced by inærferon gainma

The binding of IFN to the cell surface receptor results in the induction of a number of

genes (Revel and Chebath, 1986), as shown by RNA synthesis in vitro in nuclei isolated from

cells exposed to IFN and hybridization of the labelled RNAs to their corresponding cDNAs.

Many of these lFN-inducible genes and their gene products have been implicated in the antiviral,

antiproliferative, and immunoregulatory functions of interferon. Based on functional studies, IFN-

inducible genes can be divided into three groups. The first group of genes are induced by both

types of IFNs: the gene that encodes the 2,5 (A), synthetase @enech et al., 1985a; Benech et al.,

1985b) and the 1-8 gene family (Friedman et al., i984). The second group of genes are

predominantly induced by Type I IFN. They include the ISG 15 and ISG 54 genes (Iarner et al.,

ß8 ; I-evy et al., 1988); Mx (Staeheli et a1., 1984; Staeheli et al., 1986); and the 6-16 genes

(Kelly et al., 1985; Porter et al., 1983). The third group of geñes are preferentialty induced by

type II IFN. They include genes of the MHC class-I antigens @ellous et al., 1982; V/allach et

al., 1982), class II (Basham and Merigan, 1983), and class III (Strunk et al., 1985); a gene

encoding the Fc receptor for IgG (Guyner et al., 1983); IP-10 and IP-30 genes (Luster et al.,

1985; Luster et al., 1988); a gene encoding the heavy chain of th9 chronic granulomatous disease

protein (Neuberger et al., 1988); and a macrophage specific g"*, r.1 (Fan et al., 1989).

Both transcriptional and post-transcriptional regulations have been shown to result in the

induction and accumulation of the lFN-inducible RNA. The transcriptional activation of these

genes aÍe, at least in part, mediated through cis-acting sequence at their 5' untranslated regions.

29



An interferon consensus sequence (ICS) was originally described by Friedman and Stark (1985)

as a homologous region among various genes induced by IFld-o. A similar interferon response

sequence (IRS) has also been found in genes induced by fFN-B and IFN-7. Genes that are

induced by both types of IFNs appear to contain similar IR.S. Indeed, a single iRS that can confer

inducibility by both IFN-a and IFN-7 has been identified (Reid et al., 1989). Cis-acting elements

other than IRS are also involved in transcriptional activations of IFN-inducible genes. In the

mouse MHC H-2K'and H-2L0, an enhancer sequence upstream from and overlapped with an IRS

was found to be required for induction by both type I and type II IFNs (Kimura et al., 1986).

Furthermore, an additional enhancer has been found to locate in the first intron of the H-2Ko gene

that potentiates the response of H-2K' to both types of IFNs (Israel, et al., 1986). The location

of lFN-responsive enhancer sequences are likely to be different in different cell types. Tsang et

al. (1988) have described the presence of a transcriptional enhancer in the first intron of the

HLA-DRa that may be responsible for its B-cell-specific expreslion and may involve cooperative

interactions between the promoter and the enhancer. IRS different from the Friedman-Stark

consensus sequence has also been described in the MHC class II genes. Basta et al (1988) have

shown by deletion analysis that a 5' upstream region between.-141 and -109 of the HLA-DRa

gene contained a critical lFN-7-responsive element that was different from the Friedman-Sta¡k

sequence. Therefore, the regulations of IFN-inducible genes titety involve multiple cis-acting

elements whose arrangements may differ in different cell types.

The kinetics of the two types of IFNs on gene expression also differ. The effect of IFN-

'), on gene expression is slow compared to that of IFN-a and IFN-É (Michel and Chebath, 1986).
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1.8

For instance, studies with HLA and ff2m gene transcription in melanoma cells showed that

transcription did not increase until 90 min after treatment with IFN-1 and reached its maximum

level after 16 h versus 4 h for IFN-a (Rosa and Fellous, 1984). Post-transcriptionalregulation

of lFN-inducible genes is not well understood. In the case of IFN-7, cyclohexamide inhibits

accumulation of 2,5-þ," synthetase and C56 mRNAs, suggesting protein synthesis or some kind

of protein factors are needed for some actions of IFN (Faltynek, et al., 1985).

Froteins induced by interferon gârnma

Interferon gamma is known to induce the synthesis of a number of cell surface proteins

including the MHC class I and class II antigens in different cell types. Expression of the MHC

class I molecules has been shown to facilitate immune recognition of tumor cells (Tanaka et al.,

1987) and may, at least in part, explain some of the antitumor effects of IFN. Surface expression

of the MHC class II molecules is also enhanced by IFN-1. These molecules are essential for

macrophages topresent antigens to T-lymphocytes. Interestingly, lipopolysaccharide (LPS), which

is known to enhance the tumoricidal activity of macrophages induced by IFN-?, has been shown

to suppress IFN-7-mediated expression of the MHC class II molecules (Steeg et al., 1982).

Recently, IFN-inducible protein factors have been i¿enti¡ø to bind specific DNA

sequences and may be involved in transcriptional activation of specific genes. These proteins have

been shown to bind some of the ICS and/or IRS previously identified. A DNA-binding factor

(IBP-l) was identif,red and was shown to induce the MHC class I antigen H-2Kb by binding to its
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Genes IBP-1
Binding

-r34 * * -156H-2Kb AGGTGcAGAÀGTGAAAcTGTGGA +

-82 -60IFN-B AaagcgAGAAGTGAAAgTGgGaA +

-65 -43HSP70 tGGctCAGAAGc¡GAAÀagccGGg

T.q. AaGatCAGAÀGTGAÀgtctgccÀ

Figure L" L ÏIomologous fnterferon Response Seguenee (IRS) .
(Adapted from Blanar et al", 1989). IRS from
dj-fferent eukaryotic genes described in the text are
shown. Number above nucleotides represent positions
relative to the transcription CAP site" The non-
coding strand of H-21* and the coding strands of IFN-
P and HSP70 are shown" Àsterisk (*) represents the
two crucial guanine residues required for IBp-1
binding. Nucleotides homologous to the H-2K'sequence
are underlined.
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interferon response sequence (IRS) at the 5'untranslated region @lanar et al., 1989). IBp-l

activity was induced in HeL¿ cells by treatment with IFN-1 and maximal levels of binding

activity were observed within 45 min following interferon treatment. The sequence recognized

by IBP-I was found to be highly homologous to IRS of interferon-p, promoter, the heat shock

protein HSP70, and the immunoglobulin kappa (e) enhancer (IGr) (Figure 1.1) (Blanar et al.,

1989). However, IBP-1 was found to bind IRS of interferon-Pr promoter but not that of the latter

two genes. The sequence specificity was also shown to be important for IBP binding. When two

guanine residues, G.,* and G-,*, of the non-coding strand were methylated, binding of IBP-I to

the sequence, 3' AGGTGCAGAAGTGAAACTGTGGA 5', was blocked, while methylation at

any of the guanine residues on the coding strand did not interfere with IBP- 1 binding. Substitution

of these two guanine residues for thymines also abolished IBP-I binding. This DNA-binding

factor was characteized by means of photoactivated DNA-protein crosslinking analysis which

showed that the estimated molecular weight of IBP-I to be 59,0m. IBP-I binding alone,

however, may not be sufficient for induction since oligonucleotide containing the H-2K'sequence

from -156 to -135 was unable to confer IFN-,y responsiven"r, à-" thymidine kinase promoter-

CAT construction. Induction of IBP-I binding activity was also blocked by treatment with

cyclohexamide (CHX), suggesting a requirement for protein synthesis. Similar or identical

inducible DNA-binding factors have also been observed by others (Keller and Maniatis, 1988;

Shirayoshi et al., 1988; Iævy et al., 1988).

Recently, Miyamoto et al. (1988) have isolated a gene that encodes a nuclear factor which

is inducible by either viruses or IFN. This nuclear factor, te¡med interferon regulatory factor
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(IRF-l), was shown to bind specifically to iFN gene regulatory elements of the MHC class I

genes. Specifically, it was shown to bind efficiently to repeated hexamer motifs (such as

AAGTGA) present in IFN genes, which function as virus-inducible enhancer elements (Fujita et

al., 1989). Interestingly, the AAGTGA core is identical to the core sequence of IBP binding sites

in H-2K'and IFN-É. However, IRF-I was found to be induced only by type I IFN while IBP was

induced by type II IFN. Therefore, other cis-acting elements or protein factors may be involved

in confe¡ring the binding specif,rcity. High level expression of IRF-I cDNA in transfected COS

cells showed that IRF-1 functioned as a positive regulatory factor that induce endogenous IFN-

a and IFN-P genes (Fujita et a1., i989). A second regulatory factor, IRF-2, has recently been

identified and was also found to be induced by virus or IFN (Harada et al., 1989). Unlike IRF-

1, IRF-2 was found to show repressor-like activify towards the repeated AAGTGA hexamers.

The two factors exhibited different afhnities for the hexamer repeats; IRF-2 exhibited

approximately 5-fold higher binding activity. Therefore, the- regulation of binding is likely

mediated through competitive binding of the two factors for the same interferon responsive

sequence. It was found that upon virus induction of the cells, the silencing effect of IRF-2 was

fully reversed by the binding of IRF- I . Therefore, it was hypothesized that IRF-2 normally bound

to the IFN genes in uninduced cells to the same sequence elements as IRF-I. Virus or IFN

induction resulted in the replacement of IRF-2 with IRF-I, *hîòh would cooperate with other

factors to promote transcription. In the case of the IFN-B gene, the H2TF-1/NF-rB-like factor

(Sen and Baltimore, 1986; Baldwin and Sha¡p, 1988; reviewed by Lenardo and Baltimore, 1989)

that bound to a decamer sequence 
^t 

-64 to -55 (GGGAAAT-ICC) (Keller and Maniatis, 1988)
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appears to play a role in inducing transcription in cooperation with IRF-I. Moreover, IRF-I may

undergo qualitative modification such as phosphorylation (Zinn et al., i98B) which renders it

more efficient in binding the hexamer motifs.

Since both IRF-1 and IRF-2 genes a¡e virus- and lFN-inducible and since both bind to the

same regulatory elements within virus-inducible IFN genes as well as lFN-inducible MHC class

I genes, the IRF-1/IRF-2 system suggests the presence of a positive feedback mechanism in IFN

induction. Further studies of this system should shed some light on the fine regulation of the

antiviral mechanism as well as the multiple effects of IFN on cellula¡ genes and cell growth.
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CT{-APTER 2 GENERAI. þ{ETHODOT.æY ANÐ MATERXÅT^S

2.1, Extraction and trurification of rHutrFN-7 and its deletion variants

The respective recombinant proteins were isolated from the transfected E. coli host

(I.2 % tryptonelZ.  % yeastextract/O.4 Vo glyceroll}.l1 M KHrPO4i0.72}d K,HPO) (Tartof

and Hobbs, 1987) containing 20 pglml of tetracycline (Sigma). Ceils were harvested by

centrifugation for 10 min at 4"C in a Sorvall GSA rotor at 5000 rpm and were washed twice with

an equal volume of TN buffer (50 mM Tris.HCl, pH 8.0/30 mM NaCl/l mM ZnCI) at 4'C. The

final cell pellet was re-suspended in 10 ml of TN buffer, frozen at -20"C, and disrupted by

passing the cells through a Carver press (Fred S. Carver Inc., New Jersey) twice at -20"C. The

cell debris was collected by centrifugation in a Sorvall HBzl rolor at 10,000 rpm for 60 min at

4"C and the supernatant was collected for immunoaffinity purification.

The HuIFN-7 and its variant polypeptides were purified by immunoaffinity column

chromatography. The affinity column was prepared by c.oupling purifred anti-HulFN-y

monoclonal antibody, MIF3052 (Alfa and Jay, 1988), to CNBr-activated Sepharose GMB

(Pharmacia) (Section 2.2). Supernatants of E. coli cell lysates were adjusted to 50 mM Tris.HCl

pH 8.0/500 mM NaCl (column buffer) and i % NP40 before applying onto the affinity column.

The column was washed with the same buffer at pH 9.0 followed by 50 mM diethylamine

hydrochloride (Sigma), pH 10. The adsorbed THuIFN-1 was then eluted with 50 mM
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Figure 2.1 SDS-PAGE analysis of THuIFN-7 purified on the monoclonal antibody MIF3052-
coupled affinity column. I¿nes: a, cell lysates of E. coli containing the expression
vector without the IFN-"¡, insert; b, P,.RJFN cell lysates; c, pooled fraction
(fractions 3 to 6) of aff,rnity-purif,red Qa6L; d, pooled fraction (fractions 3 to 6)
of affinity-purified P,.RTIFN; e and p, molecular mass standards ftilodalton); f to
o, eluted fractions 1 to 10, respectively.
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diethylamine hydrochloride, pH 11.2. Fractions (1.0 ml per fraction) were immediately

neutralized by collecting into tubes containing 0.10 ml of 2 M Tris.FICl (pH 7.5). Purified

fractions were stable at 4C for up to two months. Protein concentration was estimated using an

Amido Black (Sigma) adsorption micro-assay method according to Schaffner and Weissmann

(1973) (Section 2.7).

Purified fractions were also chatactenzed by SDS-PAGE. Typically, 1@ ul of individual

fractions or pooled fractions were precipitated with 11 ul of lW% trichloroacetic acid, incubated

at 4'C for 10 min, and centrifuged for 15 min at 12,0m x g. The pellet was washed 2 times with

5 volumes of ice-cold 80Vo acetone. The final pellet was air-dried and resuspended in 10 ut of

SDS sample buffer. The purified proteins were electrophoresed on a ISVo SDS polyacrylamide

gel and were stained with Coomassie Blue Stain (0.04Vo Coomassie Brilliant Bluel2\Vo

methanol/1}Vo TCA|7.5% acetic acid). A typical prof,rle of the purified fractions as analysed by

SDS-PAGE is shown in Figure 2.1.

To assess the effect of denaturation and renaturation on 
1le 

biological activities, 2 ml of

the affinity-purif,red THuIFN-7 poiypeptides \¡/ere added to 12 ml of 7 M guanidine hydrochloride

(Sigma), pH 7.0 and incubated at 4"C for 2 h. The samples lvere renatured by diluting with 5-

volumes of RPMI 1640 medium (Gibco) and then dialyzed in the same medium for 8 h with 3

changes of medium at 4"C. Dialyzed samples were assayed for ttoi. biotogical activities (Section

2.8) and the amount of proteins were estimated as described in Section 2.7.
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2.2 Covalent Coupling of Monoclonal Antibdy b CNBr-activated Sepharose 6ME

Protein-A purified monoclonal antibodies (10 mg) were dialyz¡Å in 0.2 M NaHCO,/O.5

M NaCl þH 8.5) for 16 hours with 3 changes of buffer. One gram of CNBr-activated Sepharose

6MB (Pharmacia) was swelled in 2@ ml of 1.0 mM HCI for 20 min and then washed with 1.0

mM HCI for 15 min on a sintered glass filter. Antibodies were mixed with Sepharose gel (5 to

10 mg antibodies per ml gel) in 5.0 ml coupling buffer (0.2 M hlaHCO3/O.5 M NaCl (pH 8.5))

in a polypropylene tube and rotated end-over-end for 16 h at 4'C. Unbound materials were

washed 3 times with coupling buffer. The remaining active groups on the Sepharose were blocked

with 1.0 M ethanolamine (pH 8.0) for 16 h at 4"C or 2 h at room temperature. Non-covalently

adsorbed proteins were washed away with 0.1 M NaOAc/O.S M NaCl (pH 4.0) and then with

0.1 M sodium borate/0.5 M NaCl (pH 8.0). The washing steps were repeated three times. The

coupled antibody-coupled sepharose gel was equilibrated with eluting buffer and then with column

buffer before use.

2.3 Plasmid Isolation @{iniprep)

A single bacterial colony was inoculated into 2 ml T broth (fartof and Hobbs, 1987)

containing 20 ug/ml tetracycline and incubated at 37'C overnight with vigorous shaking. The

overnight culture (1.5 ml) was then transferred to a microcentrifuge tube and the bacterial cells

were collected by centrifugation at 12,0@ x g for 2 min. The medium was removed by aspiration
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and the cell pellet was resuspended in 1@ ul of freshly prepared 25 mM Tris.HCl (pH 8.0)/10

mM EDTAl15 Vo sucrose/2 mg/ml lysozyme and incubated for 5 min at room temperature. The

cells were lysed by adding 2@ ui of a solution containing 0.2 N NaOH/1 % SDS. The

suspension was mixed by inverting the tube 3 to 4 times and the incubated at 4"C for 5 min. The

chromosomal DNA was precipitated by adding 150 ul of 5 M potassium acetzte (pH 5), mixed

by inversion, and incubated at 4'C for 5 min. Chromosomal DNA was then pelleted by

centrifugation at 12,000 x g for 15 min and the supernatant which contained the plasmids was

collected. DNase-free RNase A @oehringer Mannheim) was added to the supernatant in a final

concentration of 20 uglml and incubated at 37"C for 20 min. The supernatant was then extracted

with phenol/chloroform/isoamyl alcohol (48:48:4) three times and chloroform/isoamyl alcohol

@8:2) three times. Plasmid DNA was precipitated by adding 5 M sodium acetate (pH 7) to a final

concentration of 0.3 M and two volumes of absolute ethanol and ttren incubated in a dry

ice/ethanol bath for 20 min. The plasmid DNA was pelleted by centrifugation at 12,000 x g at

4"C for 15 min, washed with an equal volume of 70 % ethanol, and once again collected by

centrifugation. The pellet was then air-dried and resuspended in 30 ul of 10 mM Tris.HCl/1 mM

EDrA þH 8.0).

2.4 V/estern Immunoblot (Burnette, 198 1)

Proteins separated by SDS-PAGE was transferred electrophoretically onto nitrocellulose

membrane (Schleicher and Schuell, 8483, 0.2 um pore size) at 3ffi mA for 2 hours. Nonspecific
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binding sites on the nitrocellulose membrane was btæked with 4 % bovineserum albumin plSA)

(Sigma) in 20 mM Tris.HCl/5@ mM NaCl/0.05 To Twæn 20 CI"IBS) for 2hat37'C. Primary

antibody was then added (1:2000 for polyclonal antibody or 1:2@ for monoclonal ascites iluid)

in I % BSA/TTBS and incubated overnight at 4"C. The nitrocellulose membrane was washed

with TTBS three times (i0 min each time) at room temperature. Peroxidase-conjugated secondary

antibody was added (1:1000) in 1 % BSA/TTBS and incubated for I h at room temperature. The

membrane was once again washed three times with TTBS. The blot was then developed in 100

ml TBS, 60 mg of 4-chloro-1-napthol (BioRad) that was dissolved in 20 ml of ice-cold methanol,

and 60 ul of hydrogen peroxide.

Transfonnation of competent E. coli host L8392

A single colony of L8392 from YT' agar plate was 
-inoculated 

into 2 ml of 2x YT

mediumt and allowed to grow ovemight at 37"C on a rotary-shaker. The overnight culture was

then diluted (1:100) with 2x YT medium and was allowed to grow with vigorous aeration until

logarithmic phase (OD* : 0.3 to 0.4). Cells were chilled on ice and were collected by

centrifugation at 4000 rpm using a Sorvall SS34 rotor for 10 
_min 

at 4'C. The cell pellet was

resuspended in equal volume of ice-cold ST buffer (ST buffer : 25 mM Tris.HCl pH7.5/ß

mM NaCl) and collected by centrifugation as before. The cell pellet was then resuspended by

swirling in ll2 volume of ice-cold CaST buffer (CaST buffer = 50 mM CaCl, in ST buffer) and

incubated on ice for 20 min. Cells \ryere once again collected by centrifugation and the pellet
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v/as resuspended in 1/10 volume of ice-cold CaST buffer. The cells so treated are competent to

take up exogenous DNA. One to five microliters of plasmid DNA (1-5 ng) was added to 1(Ð ul

of CaST and 0.3 ml competent cells. The cells were incubated on ice for 40 min and then heat-

shocked at 42'C for 2 min. Four hundred microliters of S.O.C. medium' was added to the cells

and incubated at 37"C in a shaker-bath at 150-200 rpm for I h. The cells were diluted S-fold with

2xYT medium and 250 ul was spreaded onto 2x YT agar plates containing 20 ug/ml of

tetracycline. The plates were incubated overnight at 37"C.

I YT agar: 7.5 g of Bacto-agar per 500 mI of YT medium
2 W medium @er liter): 8.0 g of Bacø-tr¡ptone, 5.0 g of Bacto.yeast extract, and 5.0 g of NaCl dissolved in double{istilled water.
3 S.O.C. medium (Hanahan, 1983):

REAGENT CONCENTRATION AMOUNT PET lOO MI

Bacto-tryptone 2% 2.0C
Yeast Extrâct 0.5j6 0.5 g

NaCl l0 rrlM 1.0 mt of 1.0 M NaCl
KCI 2.5 nlM 0.25 rrrt of 1.0 M KCI

MgCl2, MgSOa 20 mM (10 mM each) 1.0 r¡rl of 2.0 M Mg Stock
Glucose 20 mM 1.0 nrl of 2.0 M Glucose

Distilled water up to 100 ml
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2.6 Cloning of DNA inûo M13mp8 vecfior for sitedirected rnutagenesis a¡d/on dideoxy DNA

sequencing - general characteristics of the vector

A range of cloning vehicles were constructed using the single-stranded DNA

bacteriophageMl3(Messingetal., 1977;GronenbornandMessing,IgTS;Messingetal., 1981;

Messing and Vieira, 1982; Norrander et al., 1983). These vectors have several special features

that make them particularly suitable for sequencing DNA of varying sizes: (i) they contain

multiple cloning site (MCS) polylinkers of some of the most common restriction enzymes thereby

allowing rapid cloning of DNA that have the same enzyme sites; (ii) part of the E. coli B-

galactosidase (É-gal) gene has been genetically engineered into the MCS. The lac region therefore

serves as a marker system for distinguishing wild type phage (blue plaque formers) from

recombinant phage (white plaque formers) when grown on lac' E. coli in the presence of the B-

gal inducer IPTG (isopropylthio-B-D-galactoside) and the chromogen X-gal (5-Bromo-4-chloro-

3-indolyl-B-galactopyranoside); (iii) pairs of vectors of opposite orientations are available,

allowing cloning and sequencing from either orientation of the DNA of interest; (iv) since M13

is a ssDNA bacteriophage, the ssDNA phage genome containing the gene of interest can be

rapidly isolated and sequenced by the dideoxy chain terminatio_n method (Sanger et al., 1977);

(v) a number of sequencing primers flanking the MCS .".orr*"r.ial1y available.
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2.7 Ðideoxy ÐNA Sequencing

The following procedures for sequencing ssDNA are essentially the same as that described

by Sanger et aL. (1977) and Biggin et al. (1983) with modifications according to the protocol

recommended by BioRad.

2.1.1 Frqaration of single-stranded phage DNA

A single plaque was inoculated into 2 ml culture of logarithmic growing E. coli strain

JM103 and was allowed to grow for 6.5 h at 37"C on a rotary-shaker. Cells were pelleted in a

microcentrifuge for 10 min and the supernatant was collected. The phages were precipitated by

the addition of 200 ul of 20% PEG|Z.5 M NaCl to the supernatånt and were incubated for 15 min

at room temperature. The phages were then collected by centrilugation in a microcentrifuge for

5 min and the pellets were resuspended in 150 ul of 20mM Tris.HCl(pH 7.5)10.1 mM

EDTA/1OmM NaCl (TES buffer). The suspension was extracted with phenol/chloroform/isoamyl

alcohol (50:50:2) 3 times and chloroform/isoamyl alcohol (50:2) 3 times. The frnal liquid phase

was adjusted with 5 M NaOAc to 0.3 M and the phage DNA was precipitated with 2 volumes

of absolute alcohol for 30 min in an ethanol/dry ice bath. The precipitate was washed 2 times

with ice-cold 80% ethanol. The final pellet, which contained the purified single-stranded phage

DNA, air-dried, and resuspended in 20 ul of TES buffer. The amount of ssDNA was measured

using a Shimadzu UV-160 spectrophotometer.
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2.7.2 .Annealing and Frimer Extension

Single-stranded M13mp8 phage DNA containing the insert of interest was mixed with the

sequencing primer. Typically, 1 ug of ssDNA template was annealed with I ng of primer. The

primer is usually between 15 to 20 bases long and at least 30 bases downstream of the site to

be sequenced. The annealing reaction was adjusted with 1.5 ul of 10x Klenow rea.ction buffer

(100 mM Tris.HCl, pH 8.0/ 1@ mM MgCl,,l 3@ mM NaCl) and distitled water to a finat

volume of 10.0 ul. The reaction mix was then incubated at 68"C for 5 min, briefly centrifuged,

and cooled at room temperature for 30 min. Five microliters of [a-'sS]dATP (500 Cilmmol)

(NEl'Ð and 5 units of Klenow enzyme was added to and mixed with the template/primer mix

before aliquoting 3 ul each into 4 tubes labelled G, A, T, and C. Each of the four tubes contained

a predetermined ratios of deoxynucleotides and dideoxynucleotides (see below). The tubes were

incubated at37"C for 20 min and then I ul of chase solution (0.5 M dATP) was added into each

tube. The reactions were further incubated at37'C for 15 min, The reactions were stopped by

adding 5 ul of stop buffer (0.1 % xylene cyanol, 0.1 Vo bromophenol blue, 10 mM EDTA, 95

% deionizeÅ formamide).

The components of the deoxynucleotides and dideoxynucleotide mixes were the same as

those recommended by BioRad:
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2.7.3 Electrophoresis of Sequencing Gel
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Typically, sequencing reactions were resolved on a 6 % sequencing gel (see Appendix 1

for detail components) using a BioRad Sequencing cetl (Sequi-Gen*, 2l x 40IPC Assembly) in

Tris-borate buffer (Appendix 1). In addition, wedged-shaped spacers (0.2-0.4 m thick) were used

to generate a gel gradient. Sharkstooth comb (24 wells) was used which allowed better alignment

of the sequence ladders. The gel was pre-n¡n for 15 to 20 min at a constant power of 60 watts

until the gel temperature reached between 50'and 55'C. The sequencing reaction was then heated

at 95'C for 3 min before 1 to 2ul of each sample were loaded in¡o in¿ivi¿ual wells. The samples

were electrophoresed for 1.5 to 2 h at a constant power of 60 watts. The gel was fixed with 10

% methanolll0 % acetic acid for 15 min, dried under vacuum, and exposed to Kodak XAR film

for at least 16 h.
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10L.Ct Frotein Estimation (Schaffner and Weissmann, 1973)

A standard curve for calibrating protein concentration of an unknown sample was prepared

by mixing the following:

water

(ul )
270
265
260
255
250
245
240
220

Bovl.ne Serun Albunln (Bså)

0"1 ngr/al(uI)

5
L0
15
20
25
30
50

The unknown sample was added into a separate tube and adjusted to 270 ul with double-disti[ed

water. Thirty microliters of i.0 M Tris.HCVl % SDS (pH 7.5) and 60 ul of 60% trichloroaceric

acid (ICA) were added into each tube and were mixed by vortexing. Two milliliter of 10% TCA

was added into each tube and mixed before being poured onto moistened GSWP filter (MiiliporÐ.

The precipitåted proteins were filtered onto the membranes by vacuum suction. Each of the tubes

was rinsed twice with 1.0 ml of 6 % TCA and poured onto filters. The filters were stained in 0.1

% AmidoBlack (Sigma) in methanoi/acetic acid/water (45:10:45, v/v) for 3 min and rinsed in

distilled water for 1 min. Filters were then destained with methanol/acetic acidlwater (90:2:8,

v/v) three times or until background on the blank filters were clear. The filters were rinsed in

distilled water, and then air-dried. The adsorbed dye was eluted from the filters with 1.5 ml of

25 mM NaOH/0.05 mM EDTA|Í}% ethanol and incubated at room temperature for 20 min.

Optical absorbance of eluant was measured at 630 nm using a Shimadzu UV-160 dual beam

spectrophotometer.
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2.9 Eiological Assays

2-9.I In Vifr'o Antivfual Assay

The human lung carcinoma cell líne 4549 was used to assay for the antiviral activities of

the various IFN preparations. Cells were seeded in individual wells of 96-well tissue culture

plates (Corning, New York) at a concentration of 4 x 100 cells/wetl and were allowed to attach

at 37"C for 4 h in 5Vo COr. The cells were then pretreated for 16 h with diluted IFN preparations

(range from 1: I to 1: 10s, depending on the activities of preparations) before being serially diluted

1:1 in each row (i2 wells) of wells. One hundred microliters of encephalomyocarditis virus

(EMCV) was inoculated into each well at a multiplicity of infection (MOÐ of 10 and the cells

were further incubated for 24 h. The supernatants were removed and the cells were fixed and

stained with 0.25% crystzl víoletl2} mM Tris.HCl pH 7.510.9 Vo NaCll2}% merhanol. The

extent of EMCV infection was determined by spectrophotometric estimation of viral cytopathic

effect (CPE): the absorbance of the amount of dye uptake is proportional to the number of viable

cells and inversely proportional to the amount of CPE. The abso.rbance at 590 nm was determined

using an EIA Reader EL308 (Biotek Instrument). The average aborbance of untreated cells that

were infected with EMCV was used as the calibration for lffl% CPE. The end-point was defined

as the reciprocal of the highest serial dilution that produced 50% CPE relative ro 100% CPE

control. A laboratory IFN-7 standa¡d calibrated against the NIH standard (Gg23-901-530) was

included in each assay for the conversion into international units.
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2.9.2 In Vitro Antiproliferative Assay

The human glioblastoma cell line T98G was used to assay for the antiproliferative

activities of the various IFN preparations. Cells were seeded in individual wells of 96-well tissue

culture plates (Corning, New York) at a concentration of 4 x lff cells/well and were allowed fo

attach at 37"C for 4 h in 5Vo COr. Diluted IFN preparations were serially diluted into each well

and the cells were allowed to grow for 72 h. The antiproliferative activity of the IFN preparation

was determined as a percent of normal growth. The absorbance at 590 nm of cells not treated

with IFN and stained with crystal violet (same concentration as the antiviral assay) served as a

standa¡d for normal growth. For cells treated with IFN, the absorbance was indirectly

proportional to the percent of growth inhibition relative to that of normal growth. The end point

was defined as the reciprocai of the highest serial dilution that inhibited 50Vo cell growth.
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(1)
(2)

(3)
(4)

(s)
(6)

1_05 l_1_0 1_t_5
DLNVaRKÀIHELIaVMoc

AGAT CTGAÀTGT CCAÀ,CG CAA,AGCÀÀTACATGA.A,CT CATC CAAGTGATGTÀÄG C
ÀCTTACAGGTTGCGTTT CGTTATGTACTTGAGTAGGTTCACTACATT

105 110
DLNVARKAIHoc

AGATCTGAATGT C CAÄCG CAAAGCAATACAITA.A,G C
A,CTTACAGGTTGCGTTTCGTTÀTGTA.A,TT

A

l_05
DLNVaoc

AGAT CTGAÀTGT C CAÀTA.AGC
ACTTACAGGTTÀTT

Sequences of synthetic oligonucleotides for replacing the BgIII/SstII fragment of
the THuIFN-7. Fragments I and 2, 3 and 4, and 5 and 6 are complementary
strands. The single amino acid code is used. The restriction enzyme sites are
denoted by a @glII) and f (SstII).

Figure 2.2
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z.LA Purification of Synthetic ûligonucleotides

A total of 6 synthetic deoxyoligonucleotides ranging from 53 to 14 nucleotides were

synthesized (Figure 2.2). To separate the fulllength products from the truncated by-products,

synthetic oligonucleotides of 53, 47, and 35 nucleotides in length were separated on a 12 Vo

polyacrylamide-urea sequencing gel (Section2.7 .3) while those of 29,20, and 14 nucleotides in

length were sepffated on an 18 To polyacrylamide-urea sequencing gel. Typically, 5.0 OD- units

(1 ODr6o unit is equivalent to approximately 40 ug/ml of single-stranded DNA) were loaded onto

a 1.5 mm thick gel and electrophoresed at22 mA, for 2 hours. Oligonucleotides were visualized

under ultraviolet light shadowing on a flourescent background of a thin layer chromatography

(TLC) plate. The uppermost bands from each track, which represented the full-length

oligonucleotide, were excised from the gel. The excised gel pieces briefly washed once with 1.0

ml of sterile double-distilled water to rinse out the excess urea, separately pulverized in

polypropylene tubes, and resuspended in 1.0 ml of autoclaved 10 mM Tris.HCl/l mM EDTA

þH 8.0). The gel suspensions were incubated at37"C with shaking for 16 h. The supernatants,

which contained the oligonucleotides that had diffused from the polyacrylamide gel, were

collected.

Supernatants containing the respective oligonucleotides were loaded onto 1.5 ml DEAE-

Sephacel (Pharmacia) columns had been washed with 3 bed volumes of 10 mM Tris.HCl/1 mM

EDTA/1 M NaCl (pH 8.0) and equilibrated with 3 column volumes of 10 mM Tris.HCl/l mM

EDTA (pH 8.0). The columns were washed with 1.5 bed volumes of 10 mM Tris.HCl/l mM
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EDTA/5O mM NaCl (pH 8.0). The bound oligonucleotides were then elured with 0.5 ml 10mM

Tris.HCl/l mM EDTA/I M NaCl. Five microliters of each sample was used for optical density

(ODr.r) estimation.

2.11 Cloning of synthetic oligonucleotide fragments

z.lrJ Fhosphorylation and Annealing of synthetic oligonucleotídes

Synthetic oligonucleotides (48 pmol) were individually phosphorylated by adding 5 ul of

10x kinase buffer, 5 units of T4 DNA kinase (10 units/ul) (5-molar excess over 5' end of the

oligonucleotides), 1 ul of 150 mM of ATP, and adjusted ro 50 ul with double-distilled water. The

reaction was incubated at 37'C for 30 min. Phosphorylated oligonucleotides were extracted with

phenol/chloroform/isoamyl alcohol (48:48:4, v/v) 3 rimes and then extracted with

chloroform/isoamyl alcohol (48:2, v/v) 3 times. The liquid nhale of each sample was collected,

adjusted to a final concentration of 0.3 M NaCl, and precipitated with 2 volumes of absolute

ethanol. The samples were then frozen in an acetone/dry ice bath for 15 min to facilitate

precipitation. The samples werecentrifuged at 10,@ rpm for 30-min, air-dried, and resuspended

in 10 mM Tris.HCl/l mM EDTA (pH 8.0). The sampl", *o. further precipirated twice to

remove the excess ATP.

Equimolar (0.0065 pmol) of the ssDNA fragments were mixed as follow: fragment 1 and

fragment 2, fragment 3 and fragment 4, and fragment 5 and fragment 6. Each set of fragments
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Figure 2.3

bp
1353-

1078 -

472 -

603 -

310-
281t271 -

234-

194-

Restriction endonuclease analysis of deletion variants. Plasmids containing the
inserts of various length were digested with Hindltr and separated in a r.5 %
agarose gel containing 1 ug/ml of ethidium bromide. [¿nes: m, molecular size
markers (óX174 DNA digested with Haeltr); a, pP,oR,IFNi b, pDel-l1'l1. c, pDel-
111;d, pDel-106. Theinsertsof plasmidswere, respectively,440,428,4l0,and
395 base pairs.
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were adjusted to 13.0 ul with 1.5 ul of 10x ligase buffer, and 4 ng of BgIII/sstII linearized,

dephosphorylated vector DNA. The samples v/ere heated to 68"C for t h and then slow-cooled

to 4"C. One microliter of 15mM ATP and 2.4 units of T4 DNA ligase were added to a hnal

volume of 15 ul. Ligation was carried out at 1l'C for 16 h. Ligated DNA were directly used to

transform competent E. coli host LE392.

Transformation of E. coli was carried out as described in the Section 2.5. Five

independent transformants of each variant were inoculated into 2.0 ml LB broth and \À/ere grown

at 37"C for 16 h on a rotary-shaker. Plasmid DNA were isolated from these transformants as

described in Section 2.3 and were characterized by restriction digestion with HindIII and

electrophoresis on 1.8% agarouse gels (Figure 2.3).

2.12 Subcloning of deletion variants Del-l17, Del-ll1, and Del-lM into Ml3rnp8 vectors for

sequence analyses

In order to confirm the nucleotide sequences of the deletion variants, the coding sequences

of these variants were subcloned into the M13mp8 vector (see Section 2.6 for general

characteristics of the M13 cloning vectors). Purified plasmid DNA (0.5 ug) of Det-l 17, DeI-

111, and Del-106 were digested by adjusting to 20 ul with 2.0 ul of rn" BRL REact2* buffer (50

mM Tris.HCl pH 8.0/10 mM MgCl,/50 mM NaCl), double-distilled water, and 10 units (10

units/ul) of HindIII and PstI. The reactions were incubated at 37"C for 2 h. The digested DNA

were extracted with phenol/chloroform/isoamyl alcohol (48:48:4, vlv) 3 times,
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chloroform/isoamyl alcohol (48:2, v/v) 3 times, and then precipitated in a final concentration of

0.3 M sodium acetate (pH 7.0) and2 volumes of absolute ethanol at-20"C for 30 min. The

DNAs were pelleted in a microcentrifuge for 15 min at 4'C, washed once with 70% ethanol, and

the pellets were dried in vacuo.

The M13mp8 vector (2 ug) was digested by adjusting to a final volumeof 20 ul with

REact2" buffer, water, and 10 units of HindIII (10 units/ul). The reaction was incubated at37"C

fot 2h. The reaction was then adjusted to 3@ ul by adding2T ul of double-distilled water, 3

ul of 5 M sodium acetate (pH 7.0), and 250 ul of absolute ethanol. The digested vector DNA was

precipitated at -20"C for 30 min and pelleted in a microcentrifuge for 15 mino at 4.C. To

dephosphorylate the 5'-phosphate group of the vector, the dried DNA pellet was resuspended in

44 ul of water, 5 ul of iOx CIP buffer (0.5 M Tris.HCl pH 9.0/10 mM MgClr/lmM ZnCl,ll}

mM spermidine), and2.5 units of calf intestine phosphatase (CIP)(2.5 units/ul). The reaction was

incubated at 37"C for 30 min. Another 2.5 units of CIP was a¿¿ø and was further incubated

for 30 min. The reaction was adjusted with 40 ul of water, 10 ul of lOx STE (1@ mM Tris.HCt

pH8.0/1M NaCl/10 mM EDTA), and 5 ul of 10% SDS. The reaction was inactivated by heating

to 68'C for 10 min and then extracted by phenot/chloroform extraction, precipitated, and dried

as before.

M13mp8 vector was ligated with deletion variants with a vector to insert ratio of 5:1.

Deletion variants (0.02 pmol) were mixed with 0.1 pmol of dephosphorlyated M13mp8 vector,

5x ligase buffer, 1 unit of T4 DNA ligase (l unilul), and adjusted to 20 ul with water. Ligation

was carried out at 12.5"C overnight. Each ligation reaction was diluted 1:5 before using for
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Figure 2.4 Analysis of deletion variants subcloned into M13mp8 vector. Single-stranded
DNA from phages containing (1,{) M13mp8 vector, vector with insertion of (a and
b) Del-l17, (c,d, and e) Del-111, and (f,g, and h) Del-106, were separated on a
0.8% agatose gel by electrophoresis.
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transforming competent E. coli JM103 (Section 2.18.4).

Independent colorless plaques generated from ligation between Ml3mp8 and the deletion variants

were isolated: 2 plaques from Del-l l7 and 3 of each from Del-l11 and Del-10.6. The ssDNA was prepared

as described in Section 2.6.1 and electrophoresed on 1.5% aguosegels, stained with ethidiumbromide

and visualized under UV light (Figure 2.4)r.

2.13 Purification of deletion variant polypeptides Ð€l-117" Ðel-l11, ad Del-16

Deletion variant polypeptides were extracted and purified essentially as described for that of

parental fullJength molecule (Section 2.1). Fractions collected were tested for biological activities as well

as analysed by SDS-PAGE figure 2.5). However, due to their lack of accumulation inside the E. coli

cells, attempts to purify these polypeptides were unsuccessful.

Figure 2.4 is the same as Figure 3.9 (Chapter 3).
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Figure 2.5 SDS-PAGE analysis of deletion varizurt Del-117 purified on MlF3052-coupled
affinity column. Fractions collected were precipitated and electrophoresed on a
15% SDS polyacrylamide gel. Total proteins were stained with Coomassie blue.
I-anes: m, molecular mass standa¡ds (kDa); a, lysates of cells harboring the
expression vector without the IFN insert; b, lysates of cells harboring the plasmid
pP'.R,IFN; c, iysates of cells harboring the plasmid pDel-l77; d to i, affinity-
purifred Del-117 fractions 1 to 6.
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2.14 In vitro Transcription-Translation

In vitro transcription-translation experiments were performed to evaluate the efficiency

of expression of deletion variants Del-l 17 , Del-Ll 1, and Det-106. A bacterial cell-free coupled

transcription-translation system kit was purchased from Amersham (Arlington Height, IL). This

commercial kit was based on the system as described by De Vries and Zubay (1967) and

modified by Ztbay (1973) and Collins (1979).

Equal amount (0.6 ug) of plasmids containing the various deletion variant coding

sequences under the control of a T, promoter and a ribosome binding site (Jay et al., 1984) were

used in the in vitro transcription-translation system. A positive plasmid control which contained

the full-length HuIFN-y coding sequence and a negative control which consisted of the expression

vector without the IFN-"y insert were included. The amount of DNA and the reaction reagents

used in the entire experiment were 1.14 of those recommended byìhe manufacturer. The following

reagents supplied in the kit were added to the DNA template: 1,9 ul Supplement Solution, 0.75

ul of Amino Acid Mix Minus Methionine, 0.5 ul of L-[35S]-labelled methionine, and 1.25 ul of

S-30 extract. The mixture was then adjusted to a final volume o17.5 ul with Dilution Buffer and

incubated at37"C for 60 min. Methionine Chase Solution was added (1.25 ul) and then incubated

at 37"C for 5 min. The reaction was terminated by cooling at OC. The sample was diluted l:1

with SDS sample buffer and boiled for 2 min before analyzed by SDS-PAGE. These polypeptides

were then resolved on a 15 % SDS polyacrylamide gel and visualized by fluorography. 'oC-

labelled molecular weight standards were purchased from Bethesda Research l-aboratory.
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2.15 Sit€direct€d mutagenesis (Zoller and Smith, 1983)

The principle of site-directed mutagenesis is schematically shown in Figure 2.6.

Complementary synthetic oligonucleotide with one nucleotide mismatch is annealed with ssDNA

template to the site of mutation and is extended by DNA polymerase. The circular heteroduplex

is then ligated. Semiconservative replication of the closed circular heteroduplex will generate,

theoretically, 50% of mut¿nt and parental molecules. However, in practice, the low eff,rciency

of primer extension will greatly reduce the percentage of mutant molecules generated. These

molecules will be used to transform the E. coli strain JMl03 made competent according to the

procedure described in Section 2.18.4. The plaques are screened according the procedures

described in Section 2.L8.5 using '?labelled synthetic oligonucleotide and the desired mutation

could then be confirmed by DNA sequencing (Section 2.7).

2-16 Subcloning of TIIuIFN-I into M13mp8 repliætive form @F)

Site-directed mutagenesis was cårried out in the M13 bacteriophage system as described

by Zoller and Smith (1983). The entire 440-base pair THuIFN-7 coding sequence was excised

from the expression vectorpP,.R,IFN at the two flanking HinAru sites (Figure 2.7).TherHuIFN-

1 coding sequence was cloned into the multiple cloning site (MCS) of the linearized Ml3mp8

vector (Messing, 1983). Successful insertions into the MCS were identifîed by appearance of

colorless plaques due to intemrption of the p-galactosidase gene within the MCS. Annealing of
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Subcloning of HuIFN-7 into Ml3mp8 vector. The Ml3mp8 cloning vector and
the expression vector that contains the HuIFN-1 coding sequence (pP,oRrIFN) are
cleaved with HindIII. Due to the flanking HindIII sites of the HuIFN-1 coding
sequence, the HindIII fragment subsequently cloned into the M13mp8 cloning
vector could be in two opposing orientations (the direction of the transcription is
denoted by an arrow). H: HindIII site. MCS: multiple cloning site.

Figure 2.7
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Hindlll-linearized M13mp8 RF vector and HuIFN-1 fragment was canied out with a vector to

insert molar ratio of 1:3, incubated at 56"C for 15 min, and then slow-cooled to 4.C. Annealed

fragments were adjusted to 15 ul with I ul of lmM AT? and 1.2 units of T4 DNA ligase.

Ligation was ca¡ried out overnight at 10"C. The reaction mix was then adjusted with 5 M NaCl

to 0'3 M, and was precipitated by the addition of 2.5 volumes absolute ethanol and incubated in

an ethanol/dry ice bath for 30 min. Ligated DNA was pelleted in a microfuge for 15 min and the

pellet was washed with 70% ethanol, centrifuged, lyophilized, and resuspended in TE buffer.

Transformation was carried out as described in Section 2.lB.S.

2.I7 Screening for orientation of inserts

Successful subcloning was indicated by the appearance colorless plaques as a result of

disruption of the p-galactosidase gene at the multiple cloning site. n total of 9 colorless plaques

and 1 blue plaque were selected and separately inoculated into-2-ml cultures of logarithmically

growing (OD*:6.3 to 0.4) E. coli host JM103 and were allowed to grow for 6.5 h at 37.C on

a rotary-shaker. Cultures (1.5 ml) were then dispensed into 1.5 rnl Eppendorf tubes and pelleted

in a microfuge for 10 min. The cell pellets were saved for the isolation of intracellular RF. The

supernatant, which contained the packaged single-strande.d M13;;age, was used for the isolation

of single-stranded DNA (ssDNA) as well as for quick screening by direct gel electrophoresis

(DIGE). The single-stranded phage DNA was isolated by adding 20 ul of supernatant to an

Eppendorf tube that contained 1 . 0 ul of 2Vo SDS and 3 .0 ul of get loading buffer. Ten microliters
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Figure 2.8 screening of M13mp8/IFN subclones and 'Figure-8' Analysis. samples were
prepared as described in the text and electrophoresed on a 0.7 Vo aguose le\
I-anes: a, M13mp8 vector; b to f, respectively, clones 4,6,9,11, and 13 which
contained the HuIFN-7 inserts; g to l, respectively, M13mp8 vector, clones 4, 6,
8, 11, and 13 hybridized with clone4. 'Figure-8'structures exhibited as slower
migrating bands (arrow head) in lanes j and l, representing hybridization of clone
4 with clones 8 and 13.
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Figure 2.9 Schematic of the 'Figure-B' structure. Clones 4 and 8 represent two independent
M13mp8 subclones that contain the HuIFN-7 inserts that are of opposing
orientations. As shown in Figure 2.7, since the inserts are cloned into the unique
HindIIIsiteof theMl3mpSvector, theinsertscouldbeineitherorientations. Since
the M13 phage only package the plus-strand of the replicative form DNA, clones
4 and 8 thus contain ssDNA that are complementary to each other. Single-stranded
DNA extracted from these phages would hybridize under the conditions described
in the text. Thick arrows represent the direction of the ssDNA of the IFN coding
sequence.
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of the samples were separated by electrophoresis on a0.7% agarose gel containing 1.0 ug/ml

ethidium bromide and the ssDl.{A were visualized by short UV light. As shown in Figure 2.8,

clones that contained the IFN inserts (lanes b to f¡ exhibited slower migration on the agarose gel

due to their increase in size compared to the M13 vector alone Qane a). The presence of mixed

populations were also evident in clone l1 (lane e).

Since the HuIFN-7 fragment was flanked by two HindIII sites, it could be inserted in

either orientation into the Hindlll-lineanzeÀ M13mp8 vector, the 'figure-8' analysis (Messing,

i983) was performed in order to identify the orientations of the 5 clones that were selected. The

analysis was based on the fact that M13 phage only package its positive ssDNA. An arbitrarily

chosen reference phage was then used to screen phages that contained single-stranded inserts of

the opposite orientation. Fhages whose ssDNA of the same inserts but in opposite orientation

relative to that of the M13 sequence would hybridize via the inserted sequence with the reference

phage insert that carries the complementary strand of the inse.t. The heteroduplex thus formed

resembles the figure '8' as a result of the hybridization between the inserts whereas the rest of

the circular M13 DNA remains single-stranded (Figure2.9). On the orher hand, if the ssDNA

insert of the reference phage were of the same orientation as that of the tested phage, no

annealing would occur.

The formation of the 'ltgure-8' structure was then analyzúby gel electrophoresis (Figure

2.8). Due to the increase in size of the 'fîgure-8' structure compared to the non-hybridizing

single-stranded circular DNA, a slower migrating band would be expected. Twenty microliters

of the culture supernatant of a reference phage (clone 4) was mixed with 20 ul of supernatants
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Figure 2.10 Restriction endonuclease analysis of M13mp8/IFN subclones. Intracellular RF's
were isolated from the positive clones as described in the text and digested with
HindIII. The DNA were electrophoresed on a 1 .5Vo aflarose gel and stained with
1 ug/mi ethidium bromide. [¿nes: a, clone 4; b, clone 6; c, clone 8; d, clone 11;
e, clone 13; f, M13mp8 vector without the IFN insert. Molecular size standards
in base pairs were óX174 DNA digested with HaeIII.
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of the tested phages. Two microliters of 2% SDS and 6 ul of gel loading buffer were added into

each reaction. Hybridization was carried out at 67'C for t h and the reactions were analyzed in

a0.7 % agarose gel. As shown in Figure 2.8, the presence of a slower migrating band in addition

to the parental band is indicative that clones 8 and 13 Qanes h and i, respectively) are of opposite

orientation relative to the reference phage (clone 4). The presenc€ of the parental band was likely

due to incomplete hybridization. On the other hand, no hybridization was observed between clone

4 and the control phage that had no insert (lane g).

In addition to the 'figure-8' analysis, which was used to screen and to group phages that

contained inserts of opposite orientations, restriction enzyme analysis of the intracellular RF was

also performed in order to identify the exact orientation of the inserts. Intracellular RF were

isolated essentially the same as described in Section 2.3. Suprcoiled RF's were digested with

HindIII (Figure 2.I0) or EcoRI and KpnI (Figures 2.11 and 2.12). Resrricrion digestion of rhe

F{F with HindIII re-generated the full-length THuIFN-7 inserr (aa0 bp) (Figure 2.l},lanes a ro

e), while double digestion of clone 4 and clone 8 with EcoRI/KpnI yietded the diagnostic

fragments (Figure 2.12) rhat were either 124bp or 383 bp in length (Figure 2.l2,lanes a and

b, respectively). Clone 4, whose S'-end was adjacent to the EcoRI site of the multiple cloning

site (Figure 2.71), was used for site-directed mutagenesis throughout this srudy.
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M13mp8/lFN

\

Figure 2.11 Schematic of restriction endonuclease digestions for distinguishing the orientations
of Ml3mp8/IFN clones. The two orientations could be distinguished by the
diagnostic fragments of either l24bp or 383 bp generated by double-digestions of
the intracellular RF's with EcoRI and KpnI.
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383 bP

Figure2.l2 Polyacryiamide gel electrophoresis of EcoRI/KpnI digestion of Ml3mp8/IFN
clones. Clone 4 (lane a) and clone 8 (lane b) were digested with EcoRI and KpnI,
electrophoresed in a 5 % polyacrylamide gel (1.5 mm thick), and stained in I
ug/ml ethidium bromide. The positions of the 124-bp and the 383-bp fragmenrs
a¡e indicated on the right. Molecular size standards Qane m) were óI^174 DNA
digested with HaeIII (from top to bottom): 1353 bp, 1078 bp, 872bp,603 bp, 310
bp,281bp,277bp,234bp, 194 bp, 118 bp, and 72bp.



2.18.1. Design of Oligonucleotide Prñes

Synthetic oligonucleotides were designed to enable efficient site-directed mutagenesis and

to allow highly specific screening of single-site mutants. The effective use of synthetic

oligonucleotide for these purposes depend on a number of factors (Wallace and Miyada, 1987).

Three of the major factors will be considered here: (i) the G*C content, (ii) length of the

oligonucleotides, and (iii) the position of the mismatch.

DNA-DNA hybridization depends on the pairing of individual nucleotide bases on two

complementary strands through hydrogen bonding. Oligonucleotides hybridizetocomplementary

sequences with a high degree of specificity (Wallace et al., 1979; V/allace et al., 1981). It has

been shown that the G+C content of an oligonucleotide is important in duplex stability (Suggs

et a1., 1981). When the dissociation of an oligonucleotide-DNA duplex is determined as a

function of temperature with the G+C content taken into account, an empirical relationship

(Wallace Rule) can be derived (Wallace et al., 1979):

J - 2'C(numberof A * Tresidues) * 4'C(numberof G + C residues)

where T- is the melting temperature at which 50 % of the duplex is dissociated. This relationship

is only valid for duplexes that a¡e ll-23 bases long in 1.0 M Na* (6x SSC) (Wallace et a1.,

1979). The T- of short oligonucleotides with one mismatch is 7-9"C lower than that of the

perfect-matched duplex. Therefore, oligonucleotides of such lengths could be used to distinguish
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a single mismatch from the perfect-matched duplex by adjusting the temperature of hybridization

and the temperature of washing.

The hybridization kinetics is governed by the length of the oligonucleotide probe: the

Ionger the sequence, the lower the temperature is required for hybridization. However,

hybridization at low temperature would increase the chances of non-specific hybridization. The

length of the probe also determines the temperature required for screening mutants that have one

nucleotide mismatch. I-ong probes may allow more eff,rcient hybridization but may not be able

to distinguish single-nucleotide mismatches. Short oligonucleotide probes that a¡e of 15 to 20

nucleotides in length are usually suitable for such purposes.

The position of the mismatch is also important for efhcient mutagenesis. The single-

nucleotide mismatch should be at the middle of the oligonucleotide for two main reason. First,

the 5' end of the oligonucleotide forms a perfect duplex with the template so that repairing does

not cause the displacement of the oligonucleotide by the Klenow fragment of E. coli DNA

polymerase I. Second, the 3' end of the oligonucleotide forms asufficiently stable duplex with

the template so as to prevent exonucleolytic degradation by the Klenow fragment.

2.78.2 oligonucleotides used to direct murâgenesis of Aspo', Gln*, and Gln*.

Based on the criteria described in Section 2.18.1, oligonucleotides were designed to direct

mutagenesis at residues 41 , 46, and 48. Four oligonucleotides were designed to specifically

substitute Aspo' for Ala, Aspo' for Asn, Gln* for Iæu, and Glnd for [æu:
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Clone Synt,het,íe T_("C)
Names Oligonueleotides

D41A 5¡ TTTACGGGCACTCTCC A ¡ 50

D41N 5¡ ÀTTTTACGGTTACTCTCCTCT 3' 58

Q46L 5¡ TTGGCTCAGCATTÀT 3s 42

Q48L 5' GÀCAÀTTAGGCTCTG 3¡ 44

(The single-nucleotide mismatch is underì-ined)

T- w'ít,h one
mísmat,ch ("C)

43

35

37

To increase the eff,rciency as well as the stability of annealing of the oligonucleotide with

the single-stranded template, the oligonucleotides were designed so that the single-nucleotide

mismatch was in the middle of the strand.

The T- of these oligonucleotides with one mismatch shown above indicated that in order

to facilitate eff,rcient annealing, the hybridi zatsontemperature should be maintained below 18.C

(low stringency hybridization). Thus, hybridization of the s_sDNA template with all of the

oligonucleotides, except that of D41N which is described in Appendix 2, was c¿nied out at

12.5"C.

To screen for the desired mutants, the same oligonucleotides were used. Since the T- of

a short heteroduplex with one mismatch is betweenT-9"C lower than that of the perfect-matched

duplex, the hybridization temperatures were adjusted to the T-'s that would allow 50%
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hybridization between the oligonucleotide and the mutant (high stringency hybridization). As a

result, the eff,rciency of hybridization between the oligonucleotide and the mismatched-parental

molecule would be substantially reduced at these temperatures. This method thus allows the

differentiation between the mutants and the parental molecules. Any nonspecific hybrid ization

could either be washed away at the hybridi zation temperatures or by increasing the temperatures

of the washing steps 1-2"C above the hybridization temperatures. Thus, the screening of D41A

was performed at 42"C and washed at 45"C whereas both Q46L and Q48L were hybridized and

washed at 37"C.
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Ftgwe 2.73 a, Schematic of M13 ssDNA template titration. The THuIFN-7 coding sequence
(thick arrow) was subcloned into the multiple cloning site of the M13mp8 vector.
The M13 l5-base universal primer downstream of the IFN insert was used for
enzymatic extension. The direction of the extension is indicated (thin arrows). The
distance between the primer and the EcoRI site is approximately 500 bases. b,
Electrophoresis analysis of template titration. The reaction samples were resolved
on a 4% sequencing gel. The amount of ssDNA template used for titration were:
lane a, 0.18 ug and lane b, 0.6 ug. The lower band of each lane represents the
EcoRllinea¡ized d sDNA resulted from primer-extension.
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2.L8.3 Mt3mp8/FN templare Ðl{A titration

The ratio of M13 ssDNA template to synthetic primers is one of the critical factors in

ensuring efficient primer-extensions. Template titration was therefore performed in order to

determine the optimal template/primer ratio. Two different concentrations of single-stranded

Ml3mp8/IFN template DNA, 0.6 ug and 0.18 ug, were used while the amount of primer was

kept constant. The DNA templates were adjusted to 12.5 ul with 1.0 ul of 10x HIN buffer (0.5

M Tris.HCl, pH 7.510.1 M MgCl,l0.05 M DTT) and 20 pmol of the l5-base universal primer

(5' CCCAGTCACGACGTI3') (Pharmacia) loc¿ted at 17 bp downstream of the 3'-HindIII site

of the multiple cloning site (Figure 2.13a). Hybridization was carried out sequentially at 6g.C for

10 min' 42"C for 10 min, and 25'C for 60 min. The hybridized primers were enzymatically

extended by adding into the hybridization mix 1.0 ul each of 0.1 M DTT, 1.0 mM TTp, 1.0 mM

dATP, 1.0 mM dGTP, and 2.0 ul of [ar?]dcTp (4m0 cilmmol, 10 mci/ml), 1.0 unit DNA

polymerase (Klenow fragment) (1.67 unitsiul), and incubated a:25'C for 30 min. The reactions

were then supplemented with 7.0 ul of chase mix (2.0 mM of each of the four dNTp) and further

incubated for 20 min at 25'C. Reactions were inactivated by heating to 68'C for 10 min. In order

to determine the length of the extension, both of the extended templates were digested with 40

units of EcoRI at 3T"Cfor 2 h and separated on a 4% urea-peCE. The gel was covered with

food wrap and exposed to XAR-2 (Kodak) film. Successful extension of the template was

indicated by the presence of the EcoRl-digested fragment. As shown in Figure 2.13, increasing

amount of the EcoRI fragment was seen in the reaction where 0.6 ug of template was used. As
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evident from the autoradiograph, the amounts of template that were used had not reached

saturation, indicating that the amount of template could be increased further. Therefore, in the

primer-extension experiments described below, between 0.8 to 1.0 ug of ûemplate was used.

Accordingly, theprimer to template ratio of 1:33 was used in theprimerextension experiment

as described in Section 2.18.4.

2. 18. 4 Frimer-extension

The principle of site-directed mutagenesis is illustrated schematically in Figure 2.6. Four

synthetic primers were designed to direct mutagenesis at Aspor, Gh*, and Gln*:

Amino Ãcid
Changes

.A,sp4l- to A1a4t_

Asp41- to Asn41

G1n46 to Leu46

Gl-n48 to Leu4B

CLone
3{ames

D41A

D4 lN

Q46L

Q48L

Synthet,ic
Oligonucleot,ides

5I TTTACGGGCÀCTCTCC A I

5I ATTTTACGGTTACTCTCCTCT 3 '

5¡ TTGGCTC.A,GCATTAT 3¡

5t GACAA,TTAGGCTCTG 3¡

3üucleotide
Changes

TtoG

CtoT

TtoA

TtoÀ

The primers were radiolabelled at the 5' end with [1-3?]ATP using polynucleotide kinase

as described in Section 2.ll.L Twenty picomoles of each primer were mixed with 3.0 ul of 10x

HIN buffer, 0.84 ug of DNA template (0.36 pmol), and adjusted to 20 ul with srerile double-
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distilled water. To serve as a control, a parallel reaction was carried out except that the primer

was omitted. The Ml3mp8/IFN single-stranded DNA template was allowed to hybridize with the

respective primers sequentially at 68'C for 10 min, 42"C for 10 min, and 20"C for 60 min.

Enzymic extension was carried out by adding 1.5 ul of each of the 10 mM dNTp (finat

concentration : 0.5 mM), 3.0 ui of 10 mM ATP (final concentration : 1.0 mM), and 5 units

of DNA polymerase (Klenow fragment). The reactions were incubated at20"C for 5 h before an

additional 5 units of Klenow fragment was added. One unit of T4 DNA ligase was then added

and the reactions were incubated at 12.5"C overnight. An additional one unit of T4 DNA ligase

was added the next day and incubated for 2 to 3 h. The primer-extended DNAs were used

directly for transformation as described in Section 2.18.5.

Variant D41N was constructed using an Amersham mutagenesis kit based on the method

of Eckstein and coworkers (Iaylor et al., 1985a; Taylor et al., 1985b; Nakamaye and Eckstein,

1986). The detailed merhodology has been described in eppenãix 2.

2.18.5 Transformation of primer-extended DNA inûo bacterial (JMl03) host

A single colony of JM103 from minimal agar plate was inoculated into 2 ml 2x yT

medium and allowed to grow overnight at 37"Con a rotary-strater. The overnight culture was

then diluted 1 in 1@ with 2x YT medium and was allowed to grow with vigorous aeration until

logarithmic phase (OD* : 0.3 to 0.4). Cells were chilled on ice and were collected by

centrifugation at 4000 rpm in a SS34 rotor for 10 min at 4"C. The cell pellet was resuspended
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&*

Figure 2.14 Screening of single-site variants by colony hybridization. a) plaques of
Ml3mp8/IFN-r variants (> 1000) were generated. The three dominant black dots
are India ink markers used to identify the orientation of the nitrocellulose filters.
b, plaques in (a) were transfened onto nitrocellulose, hybridized with the
appropriate 3?-labelled oligonucleotide probe, and exposed to X-ray film. The
labelled oligonucleotide probe would only hybridize with the mutants but not with
the parental moiecules which had one mismatch relative to the probe.
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in equal volume of ice-cold ST buffer (ST buffer : 25 mM Tris.HCl pII7.5/10 mM NaCl) and

once again collected by centrifugation as before. The cell petlet was then resuspended by swirling

in Ll2 volume of ice-cold CaST buffer (CaST buffer : 50 mM CaCl, in ST buffer) and incubated

on ice for 20 min. Cells were once again collected by centrifugation and the pellet resuspended

in 1/10 volume of ice-cold CaST buffer. The cells thus treated had become competent to take up

exogenous DNA. Five to ten microliters of primer-extended DNA (0.14.2 ug) was added to 1@

ul of CaST and 0.3 ml competent cells. The cells were incubated on ice for 40 min and then heat-

shocked at 42"C for 2 min. The cells were diluted lO-fold and were added 10 ul l@ mM IpTG,

50 ul 2% XgaJ,0.2 ml log phase JM103, and 3 ml soft agar (45"C) before pouring onro pre-

warmed 2x YT agar plates. The soft agar was allowed to air-dry at room temperature and the

plates were incubated overnight at 37'C. Plaques appeared the next day (Figure 2.14a) were

screened by colony hybridization.

2-18.6 Screening for singlesite variants

Variants D414, Q46L, and Q48L were initially screened-by colony hybridization. plaques

were transferred onto 0.22um nitrocellulose membrane by plaque-lifting and were atlowed to air-

dried. Cells that were transferred were lysed with 0.5 M NaOH/1.5 M NaCl for 5 min and then

neutralized with 0.5 M Tris.HCl (pH 7.5)/1.5 M NaCl for 5 min. The membranes were further

treated with 3x SSC (lx SSC : 0.15 M Nacl,0.015 M sodium cirrare (pH 7.0)) for5 min

before oven-baked for 3 h at 80"C. The membranes were then prehybridized in 6x SSC/1¡x
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Denhardt solution (lx Denhardt's solution : 0.02% Ficoll, 0.02vo polyvinylpyrrolidone, and

0.02% bovine serum albumin dissolved in water) lor 2hat 68'C. The pre-hybridization solution

was completely drained and the membranes were hybridized in 6x SSC/1Ox Denhardt solution

in the presence of the [7-3?]ATP-labelled probes (1 x 100 cpm in 5 ml). Oligonucleotides used

for mutagenesis (15- and i6-mer) were used as probes for hybridization. Hybridization was

carried out overnight at 42"c lor variant D41A and at 37"c for variants Q46L and Q4gL. The

nitrocellulose membranes were then washed five times with 6x SSC at hybridization temperatures

and were air-dried. Positive clones were identified by exposing the dried filter to XAR (Kodak)

film with an enhancing screen @upont) at -70'c (Figure 2.14b).

Two individual positive clones from each variant were subjected to another round of re-

plaquing and re-hybridization under the conditions described above. Two individual positive

clones from the second round of hybridization were again isolated. Single-stranded phage DNA

from these clones were prepared and the single nucleotide mutations were confirmed by DNA

sequencing (see Results of Chapters 4 and 5).

Va¡iant D41N clones were screened directly by dideoxy chain termination DNA

sequencing. Of the four individual plaques being screened, two were found to have the desired

single-nucleotide mutation (see Results of Chapter 4).
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2.19 construction of single-siûe variant using *le .Eckstein' method

The low efficiency of generating single-site mutants by the conventional site-directed

mutagenesis described in Section 2.15 is due to several reasons intrinsic to the mutagenesis

system. Firstly, the heteroduplex dsDNA closed circular DNA produced by primer-extension

contain a mixed population of single-stranded non-mutant template DNA that has remained

uncopied and partia-lly replicated dsDNA. Secondly, following transformation and DNA synthesis

in vivo, segregation of the two strands of the heteroduplex molecules occurs resulting in a mixed

population of mutant and non-mutant phages. Although there should, in theory, be equal number

of mutants and wild-types plaques, the percentage of mutants is always substantially lower. This

is due to the fact that the methyl-directed mismatch repair system in E. coli favors the repair of

non-methylated DNA. Newly synthesized DNA strands which have not yet been methylated are

preferentially repaired at the position of a mismatch, thus prevênting a mutation. Similarly, the

mutant strands generated in vitro are not methylated and are reparred by the cell. Thirdly, since

the mutant oligonucleotide is susceptible to digestion by 5'-3' exonucleases present in some

preparations of DNA polymerase I 'Klenow' fragment, digestion beyond the position of the single

base mismatch before the oligonucleotide is enzymatically extended and ligated would give rise

to wild-type molecule.

The 'Eckstein' method of site-directed mutagenesis circumvents some of the problems

described above by enriching the primer-extended dsDNA by simple filtration and enzymatic

removal of the wild-rype strand. A schematic of this method is shown in Figure 2.15a. Mutant
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oligonucleotide was annealed with the template and then extended with dNTp except that dCTp

was replaced by the analogue dCTPaS which contained a sulfur atom instead of an oxygen on

the a-phosphate of dCTP (phosphorothioate) (Figure 2.15b). The completely exrended DNA was

subsequently ligated while any remaining ssDNA template was removed by f,rltration. This step

minimizes the percentage false positives resulting from unmutated ssDNA template. The repaired

circular dsDNA was digested with the restriction endonuclease NciI which recognizes the

sequence: CC(C/G)GG. Since the mutant strand was synthesized using the dCTpaS analogue

all the NciI sites on this strand would be'protected'(faylor et al., 1985; Nakamaye and

Eckstein, 1986), whereas the non-mutant (non-phosphorothioate) strand would be nicked by

NciI. The nicked DNA was then digested with the enzyme exonuclease III which recognizes free

3'-ends and degrades dsDNA in a 3' to 5' direction. Thus, only the nicked non-mutant strand of

the heterduplex is attacked by this enzyme. The DN^A was then re-polymeri zed to generate

double-stranded closed circular DNA in the form of homoduplèx mutant molecules.

The experimental procedures for the Eckstein method has been outlined in detait in the

handbook supplied with the mutagenesis kit (Appendix 2). The procedures for the construction

of single-site variant D41N were carried out exactly as descrihed in the handbook.
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3.1

CF{,APTER.3 STR.UCT'URE-F'{JNCT'TTN STUÐMS OF TT{E

ANAT.YSIS

F{unFN-7 tsY ÐELE'ITON

lnhoduction

One of the most intriguing questions concerning the proprties of cytokines is their

pleiotropic activities on a variety of cells. Aithough IFN--y was first identified by its antiviral

effect in vitro (Wheelock, 1965; Wheeiock and Toy, Ig73), a number of immunoregulatory

functions have been attributed to the activities of IFN-7 @estka et a1., 1987). Since IFN-1 was

initially purified from mitogen-stimuiated cultured lymphocytes, some of these activities have

been due to contamination by other cytokines including the tumor necrosis factors (tNF) (Old,

1985; Beutler and Cerami, 1986; Aggarwal et al., 1985; Trinchieri et al, 1986). However, with

the advent of recombinant DNA technology, a homogeneous sôurce of cloned IFN-' expressed

in E. coli is now available for structural and functional studies. The THuIFN-1 has been shown

to exhibit many of the biologicat activities that were previously identified @estka et al., lggT).

Despite these major advances, the structure/function relations_hips of HuIFN-7 remain poorly

understood. It is still not known if binding of HuIFN-7 to the cell surface receptor is suff,rcient

to initiate signal transduction or if an additional effector site on the HuIFN-7 molecule is

required. Furthermore, neither the receptor binding site nor the effector site has been identified.

Therefore, in order to dissect the various modes of action of the HuIFN-7, it is imperative to

identify its functional site(s). The strategies utilized in the present study involve the design and
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3.2

construction of THuIFN-y variant molecules that either have various deletions or variant

molecules that contain specif,rc amino acid modif,rcations. These approaches should facilitate the

delineation of the functional and/or receptor binding domains of HuIFN_7.

Studies of deletion variants

The study of genetically mutated molecules has been one of the most powerful methods

for understanding the molecular biology and normal functions of a macromolecule. However,

naturally mutated molecules a¡e difficult to isolate. In vivo mutagenesis, either using chemical

carcinogen or ultraviolet light, has provided alternative ways for generating genetic mutants in

spite of the nonspecific nature of these methods. V/ith the advent of molecular cloning, it is now

possible to engineer specif,rc mutations into any coding sequencÆ and to produce the mutated gene

products in sufhcient quantities for functional analyses.

Since the bioactivity of a particular protein requires the proper folding of its tertiary

structure which, in turn, is dictated by the information contained within its primary sequence

(Anfinsen, 1973), it is therefore possible to study the functions of a macromolecule by altering

specific regions or amino acid residues in the primary sequence. However, aside from the

technical difficulties in the production of recombinant proteinr,ã"r" is the formidable problem

of choosing' among the astronomical number of possible combinations of mutations, target amino

acid residues that may be informative. Therefore, in order to study the structure-function

relationships of a particular protein, it is imperative to devise practical strategies that would limit
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the search for its functional site(s). One of the approaches is to conduct deletion analyses which

would exclude sequences that are not involved in the functions of the protein.

Although the oDNA of HuIFN-y has been cloned (Gray et al., 1982; Devos et al., Igg2)

and the recombinant HuIFN-7 polypeptide has been successfully expressed in vitro (Jay et aI.,

1984b), information is scarce regarding the relationships between its primary sequence and its

functions' The objective of the present study was to determine the maximum amount of sequence

that may be deleted from the C-terminus without losing the functional activity. Thus the

functional sites may be localized to the retained sequences and the deleted amino acid sequences

may be excluded from further search for the location of the active sites. A series of carboxy-

terminus deletion variant molecules were constructed and the resulting truncated polypeptides

were tested for their biological activities. Three different approaches were employed to generate

these variants. They were (i) isolation of proteolytic product, (ü) frameshift mutation, and (iii)

restriction fragment replacement.

Maûerials and Methods

Experimentation undertaken in the entire study made use of the THuIFN-7 coding

sequence that had been chemically synthesized by Jay et al (1984Ð. Deletion variant Del-12g was

extracted and purified essentially as described for THuIFN-"¡, in Section 2.1 except that I mM of

ZnCl, was omitted in the extraction procedures. Western immunoblot analysis was carried out

as described in Section 2.2.

3.3
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3.3.1 Extraction and purification of Det-lZE

The procedures for extraction and purification of Del-128 were essentially the same as

those used for isolation of the full-length THuIFN-7 except that I mM ZnCl, was omitted. The

purified fractions were pooled and 100 ul of affinity-purified sample was precipitated in a final

concentration of I0 % (vlv) trichloroacetic acid tfCA). The precipitated protein was pelleted

by centrifugation at 10,000 rpm, washed with 10 volumes of ice-cold LNVo acetone, air-dried,

and resuspended in 9 ul of water and 3 ul of 4x SDS sample buffer. The sample was boiled for

two minutes before loading onto a 15% SDS polyacrylamide gel and separated by electrophoresis.

The proteins were detected by staining the gel with Coomassie Blue (Section 2.1) (Figure 3.1).

3.3.2 Susceptibility of the rI{uIFN1 ro OmpT

A 300 ml-overnight culture of P,.RTIFN was divided intotwo 150 ml portions and thecells

were collected by centrifugation at 5@0 rpm in a Sorvall GSA rotor at 4'C. The pellets were

washed with an equal volume of 50 mM Tris.HCl (pH 8.0)i30 mM NaCl and once again

collected by centrifugation. The pellets were resuspended separately in 6 mt of (i) 50 mM

Tris.HCl (pH 8.0)/30 mM NaCl and (iÐ 50 mM Tris.HCl (pH AO)¡¡O mM NaCl/l mM ZnCt,.

Thirty microliters were taken from each of the cell suspension, mixed with 10 ul of 4x SDS

sample buffer, boiled for 2 min, and were used as controls for cells directly lysed with SDS

sample buffer. The resuspended pellets were sonicated 4 times for 30 sec at 0"C. The cell debris
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Figure 3.1

w

SDS-PAGE analysis of immunoaffinity purified Det-128 and Del-122. I-anes: a,
PI.R3IFN cell lysate; b, purified Del-128; c, Der-122 cell lysate; d, purified Del-
r22; m, molecula¡ weight markers (from top to bottom) were phosphorylase b
(97,400),bovineserumalbumin (66,2m), ovalbumin (45,m0), ca¡bonicanhydrase
(31,000), soybean trypsin inhibiror (21,500), and lysozyme (14,4@).
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were removed by centrifugation at 10,000 rpm at 4'C for 30 min in a Sorvall SS34 rotor and the

supernatânts were collected.

The time course experiment was carried out by incubating i2 ul of each of the two

supernatants for 0, 5, 10, 20, and 50 min at37"C. At each time point, the incubation was stopped

by the addition of 4 ul of 4x SDS sample buffer and the samples were boiled for 2 min. Each

sample was diluted i:10 before loading 5 ul onto aISVr SDS polyacrylamide gel. A control

consisting of total cell protein directly lysed with SDS sample buffer was diluted 1:50 before

loading 4 ul onto the gel. A negative control was similarly prepared from cells which carried the

expression vector without the THuIFN-7 insert. The separated proteins were then blotted onto

nitrocellulose electrophoreticaily as described in Section 2.2. The proteins were detected using

a rabbit polyclonal serum against denatured THuIFN-7 that was diluted 1:10¡6 and the secondary

antibody was a peroxidase-conjugated goat anti-rabbit antibody (Nordic Immunology) that was

diluted 1:2000. Molecula¡ weight markers were biotinytãted standards diluted I:4 as

recommended by the manufacturer (BioRad).

3.3.3 construction of deletion variant Del-rzz by frameshift mutation*

Since the deletion of the C-terminal 15 amino acid residues of THuIFN-7 did not affect

the biological activities, variants which had more extensive deletions upstream from residu e l2g

were constructed to further exclude sequences that are not invoived in conferring the biological

activites of HuIFN-7.
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Figure 3.2 Construction of pDel-122by frameshift mutation. pJP,4R'-IFN is linearized with
SstII and the two-nucleotide overhang is removed by Sl nuclease. Subsequent re-
circula¡ization by blunt-end ligation ¡esults in a reading frameshift which brings
in an in-frame translational termination signal (IAA) at position 724. The single-
letter code for amino acids is used. Tc', tetracycline resistance gene.
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Construction of the deletion variant Del-I2Z which had deletion further upstream from

amino acid residue 128 was achieved by specific gene modif,rcations. Variant Del-I21was derived

from frameshift mutation at the unique SstII restriction enzyme site which was incorporated into

the coding sequence of THuIFN-7 during chemical synthesis (Jay et al., 1984b). The construction

of deletion variant Del-122 is shown schematically in Figure 3.2. Theparental plasmid encoding

the THuIFN-1 coding sequence was lineari zeÀ, atthe unique SstII site between amino acid residues

I22 and 124. The two-nucleotide 5' overhang generated was removed by S1 nuclease and the

blunt ends were subsequently ligated to generate a molecule which had two base pairs deleted

from the Sst II site. The deietion of these nucleotides caused a frameshift of the coding sequence

starting at amino acid residu e I23, resulted in the replacement of alanine by glycine which was

immediately followed by an in-frame termination codon (TAA). This modified plasmid was used

to transform the E. coli strain LE392 made competent according to the procedures described in

Section 2.5. This deletion variant, referred to as Del-122, ploducei a truncate.d polypeptide

which lacked the C-terminal 21 amino acid residues. This deletion represented I4.7Vo of the

THuIFN-7 molecule. The mutation was conf,rrmed by DNA sequencing as described in Section

2.7 . The insert was sequenced in its entirety to ensure that no secondary mutation was introduced.

Deletion variant Del-122 was designed and constructed by Dr. Ernest Jay.
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3.3.4 Ðenahrration and Renaturation of rHuFN-ry and Del-x22 with 6 &{ Guanidine

hydræhloride (GuHCl)

In order to determine the effects of chaotrophic agent on the biological activities of

THuIFN-1, aff,rnity-purif,red THuIFN-I and Del-122 were treated with 6 M GuHCl. All

procedures were carried out at 4'C. One milliliter of the purif,red samples were added into 6.0

ml of 7 M GuHCI and incubated for 4 h. Denatured samples were renatured by diluting with 5

volumes of RPMI 1640 medium to 1.0 M with respect to GuHCl, dialyzedextensively in RpMI

1640 medium (Gibco), and aliquots were assayed for biological activities. To determine the

activities of the renatured samples upon re-purification by aff,rnity chromotography, the renatured

samples were dialyzeÁ in 50 mM Tris.HCl (pH 8.0)/30 mM NaCl before purifying by affinify

chromatography as described in Section 2.1.

3.3.5 construction of deletion variants Ðel-lrr, Det-111, and Del-lM by reshiction

fragment replacement

In order to exclude primary sequences upstream from residues 122 that are not required

for conferring the biological activities of the HuIFN-7, variantÑere constructed which had 26,

32, and 37 amino acid residues deleted from the C-terminus. Synthetic oligonucleotides were

designed to replace the 60-bp BgIII/SsIII fragment that spanned residues 102 and 123 (Figure

3.3). These modified fragments were similar to the parental BgIII/SsIII fragment except that they
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b.

105 r10 î15 140D L ÀI VE R KA I H Ë L I EVWA € L SP Â
AGÂÏCTGAÅTGTCCÂÁCGCA.AAGCÂ,ATACATGA,qCTEATEEAÁGTGATGGETGÅ.ECTCTEGEEEGE

. AC T T ACAGGT T GCG T T T EG T TAT G TAE T T GAGTAGGT T EAE TAEEG.&ET T GAEAGEGGGA ' *'-"-"---r

105 t10 115DLþdVERKÂÍHËL¡EVW&
( 1 ) AcATeTGÅ.ATGTCCAACGeAÂAceAATAeATGAÅeTeATCeA.AcTeAreraaee
( a ) . AcTTÅcAGcTTGccTT TcGTTATGTAcTTG.qGTAGcI feaefaeÀîï--a - "'--" 'r

105 î10DLWV6RKA¡HK(3) AGATETGA.ATGTEEAAEGEAAAGEA,qTAEÂTTÂÅGE
(ó ) ACTTÂCÅGGTÎGEGTTTEGTTATGTÅ.ÂTTA1

1050LMV6Oc
ÅGAT E Ï GAAT GT ECA.ê¡TÅAGE

ACTÏACÂGGTÏATTAf

Figure 3.3 Nucleotide sequences of synthetic oligonucleotides used for fragment replacement.
Cohesive ends are generated following annealing of the single-stranded
oligonucleotides. The three sets of oligonucleotides are flanked by Bgl II (5' end)
and Sst II (3' end). Fragments used to replace the unmodified Bgl II/Sst II
fragment (a) are shown in (b): fragments I and2 generate pDel-l17, fragments
3 and 4 generate pDel-lll, and fragments 5 and 6 generate pDel-106. Single-
letter code for amino acids is used. The restriction enzyme sites are denoted ¿

@glII) and I (Ssttl).
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Figure 3.4 Construction of pDel-117, pDel-lll, and pDel-106 by restriction fragment
replacement. The BgIII/SsIII fragment of the THuIFN-7 coding sequence is
replaced with homologous double-stranded synthetic DNA fragments that have
various deletions at the 3' ends and immediately followed by an in-frame
translation termination signal (a). The BgIII and SstII sites are conserved in these
fragments.
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were truncated at the C-terminus. In addition, an in-frame termination codon CIAA) was installed

at the 3' end of the sense strand of each set of fragment. The strategy for the construction of

these variants is schematically shown in Figure 3.4. When these variants were subsequently

expressed in E. coli, truncated polypeptides were produced which lacked the C-terminal26,32,

and.37 amino acid residues.

Results

3.4-1

3.4

Isolation and Characterization of Del-X2B

It was observed that truncated polypeptides were generated during the course of extraction

and purification of the full-length THuIFN-7 molecule (M, : 16,9@). Kung et al. (1987) have

isolated a 15 kD polypeptide which was a proteolytic product Îrom the N-terminus of the full-

length THuIFN-7. The proteolytic cleavage site was shown to be located between Lys'o and Arg,æ

at the C-terminus (Kung et al., Lg87). Subsequent analyses showed that the proteolytic cleavage

was associated with the outer membrane of E. coli (Sugimura-and Higashi, 1988) and that the

membrane-associated protease OmpT was responsible for the proteolytic activity (Sugimura and

Nishihara, 1988; Grodberg and Dunn, 1938). This protearr, ho*"u.r, could be inhibite.d by

divalent cations such as Cu** or Zn*. (Sugimura and Nishihara, 1988). In addition, three other

proteolytic products, which had M.'s of 16,5@, 16,W, and 15,4@, \ryere also observed in cell

extracts prepared in the absence of ZnClr.In the present study, a 15 kD truncated form of the
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Figure 3.5 'Western immunoblot analysis of proteolytic digestion of THuIFN-r. Soluble
fraction of the sonicated cell extract of l,.RrInN *ur incubated in the presence
þanel A) or absence þanel B) of 1 mMZnClrfor different time intervals at3:,"C.
Lanes: m, biotinylated molecular weight markers (from top to bottom: rabbit
muscle phosphorlyase b, 97,400; bovine serum arbumin, aa,zw; hen egg white
ovalbumin , 42,699 bovine ca¡bonic anhydrase, 31 ,000; soybean trypsin iiñi¡itor,
21,500; hen egg white rysozyme, i+,+00¡; a, rysate from certs containing the
expresssion vector without IFN-r insert; b, p,oRrIFN lysate control; c to g,
PT.R3IFN X-pressed supernatant incubated at 37"c in the þr"r"n." (panel A) or
absence @anel B) of I mM zncrrfor 0, 5, 10, 20, and 5ó min, respectively.
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THUIFN-7, designated Del-128, was also isolated. Since the purpose of the present study is to

define the maximum amount of sequences that may be excluded, only the 15 kD polypeptide was

purified and tested for biological activities.

Time course experiments were can'ied out to assess the susceptiblity of the THuIFN-7 to

the membrane-associated protease OmpT. Supernatants from cells disrupted by sonication either

in the presence or in the absence of 1 mM of ZnClrwere incubated at 37"C for 0, 5, 10, 20, and

50 min. The THuIFN-y related polypeptides were analysed by Western immunoblot. As shown

in Figure 3.5, in the presence of ZnCl, at zero time, the THuIFN-7 related polypeptides

comprised approximately 70% of the full-length species and 30% of the 16.5 kD species in the

presence of 1 mM of ZnCl, @anel A, lane c), whereas almost all of the full-length molecules

were converted into the 16.5 kD and 15 kD species in a ratio of l:2 when ZnClrwas omitted

(Panel B, lane c). As the incubation time progressed, the 16.5 kD became more prominent in the

absence of ZnClr, approachin g 55Vo of the total THuIFN-7 protein @anel B, lanes d and e) white

the ratio of the full-length to the 16.5 kD species remained unchanged in the presence of ZnCl,

@anel A, lanes d and e). Furthermore, whereas more than 40Vo ofthe protein were converted

to the 15 kD species in the absence of ZnClr(Panel B, lanes f_and g), only less than5% of the

THUIFN-7 was cleaved in the presence of the cation inhibitor in 20 and 50 min at 37"C @anel

A, lanes f and g). The protease ompT was only released after disruption of the cell since direct

lysis of the cell pellets yielded essentially the full-length THuIFN-7 (Figure 3.5, lane b of panels

A and B). Variant Del-128 was, therefore, not produced as a result of intracellular degradation.

The 16.5 kD potypeptide was equivalent to the deletion of 4 amino acid residues. Based
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r22 ]-23 r24 L25 ].26 I27 1,28 r29 130 131- L32 1_33 134 1-35 136 t37
Pro Ala Ala Lys Thr Gly Lys Arg Lys Arg ser Grn Met Leu phe Àrg

AA

138 139 r.40 141 L42 143
GIy Arg Àrg Ala Ser Gln

Figure 3.6 Amino acid sequence of the C-terminus of the HuIFN-7. Proteolytic cleavage sites
of OmpT are indicated by arrowheads.
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on the sensitivity to ZnClr, the cleavage site of this truncated product is likely to be between

Arg'" and Arg'' (Figure 3.6), in accordance with the results reported by Sugimura and Higashi

(1988). The presence of 1 mM ZnClr, however, did not completely inhibit the proteolytic

cleavage at the Arg'30-Arg'* site. The fact that the 16.5 kD polypeptide was generated at time

zero was also in agreement with the results of Sugimura and Higashi (1988) that the peptide bond

between Arg-Arg seemed to be more susceptible to ompT than that of Lys-Arg.

Deletion variant Del-128 was purihed as described in Section 2.1and was found to have

biological activities comparable to those of the full-length molecule flable 3.1). Therefore, the

C-terminal 15 amino acid residues are not involved in the biological activities of HuIFN-7. The

results on these data witl be discussed in detail in section 3.5.

3.4.2 Characterization of variant ÐrJl-tz} potSpeptide

Deletion variant Del-122 polypeptide \ilas extracted and purified according to the

procedures as described in section 2.1 andanalyzrÅ by sDS-FAGE. As shown in Figure 3.1

(lane d), the 14.4 kD variant Del-122 polypeptide was purified to homogeneity as estimated by

SDS-PAGE analysis. The immunological identity of this polypeptide was confirmed by its

positive reaction in a'Western immunoblot anatysis using a potyctonat antiserum against denatured

THuIFN-7 as the detecting agent (Figure3.7). The apparent molecular weight of the truncated

polypeptide Del-122 (lane c) was estimated to be 14,400, in accordance with the calculated

molecular weight of 14,300 for a truncated THuIFN-7 molecule that had deletion of 20 amino
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Figure 3.7 'Western 
immunoblot analysis of the THuIFN-7 and C-terminal deletion variant

polypeptides. cells harbouring the plasmids prp,oR, (a), pJp,oRr-IFN (b), pDer-
122 (c), pDel-l17 (d), pDel-lll (e), and pDer-106 (Ð were rysed and were
separately resolved on a 15% SDS polyacrylamide gel. Totai proteins were blotted
electrophoretically onto nitrocellulose and then piobed with a rabbit polyclonat
antiserum against purihed THuIFN-1. The pre-stained molecular weight markers
(m) were (from top to bottom): phosphorylase b (130,000), bovine serum albumin
(75'000), ovalbumin (50,000), carbonic anhydrase (39,m), soybean trypsin
inhibiror (27,AW), lysozyme (17,000).
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97.4 -
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42.7-
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Figure 3.8 Western immunoblot analysis of DeI-122. Deletion variants Del-128 andDel-122
were derected wirh MAbs MIF3061 (panel A) and MIF3037 (panel B). I:nes: a,
lysates of cells harboring the expression vector without the IFN-1 insef; b, lysates
of cells harboring theplasmid pp,oR,IFN that contained the full-length f¡¡-, gene;
c, lysates of cells containing the ptasmid pDer-L2Z; d, supernatant of disrupted
cells containing pP,oRrIFN in the absence of 1 mn¿ ZnCl2; e, supernatanì of
disrupted ceils containing pDel- 122 inthe absence of 1 mM znclr; m, biotinyiated
molecular weight standards (kDal).

\'
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acid residues from its C-terminus.

To determine whether the Del-122 plypptide still contained one of the neutralizing

epitopes as def,rned by Alfa and Jay (1988), western immunoblot analysis was carried out using

two monoclonal antibodies (MAb) as primary detecting antibodies: a neutralizing MAb MIF3061

and a non-neutralizing MAb MIF3037 (Figure 3.8). Both of these MAbs were able to detect rhe

full-length molecule (Panels A and B, lane b). 'ùVhile MIF3061 was able to recognize Del-l2g

(Panel A, lower band of lane d) and Del-122 (Panel A, lanes c and e), MIF3037 was not able to

detect these two deletion variant polypeptides @anel B, lane c to e). It is also of interest to note

that both MAbs were able to recognize the truncated IFN-1 polypeptide that was generated by

OmpT cleavage between Arg"o and Arg'{ @anels A, upper band of lane d; panel B, lane d). In

addition, the dimeric form of IFN-r could also be detected by MIF3037 (panel B, upper band

of lane b).

3.4.3 Characterization of ÐNA inserts in deletion variants by reshiction enzyme

digestion and ÐNA sequencing

Restriction enzyme digestion was performed on representative plasmids encoding the

deletion va¡iants Del-117, Del-111, and Del-106 which corresponded, respectively, to deletions

of 26, 32, and 37 amino acids from the C-terminus (Figure 3.9). Since all of the variants were

flanked by HindIII sites, the inserts were excised with HindIII and separated by electrophoresis

on a 1 .5% agarose gei. The sizes of the DNA inserts of pDel-l 17, pDel-ll1, and pDel-106 were
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Figure 3.9 Restriction endonuclease analysis of deletion va¡iants. Ptasmids containing the
inserts of various length were digested with Hind m and separated in a l-.5 %
agaror gel containing 1 ug/ml of ethidium bromide. I¿nes: m, molecula¡ size
markers (óx174 digested with Hae lrr); a, pp,oRnIFN; b, pDer-l !7; c,pDel-111;
d, pDel-106. The inserts of plasmids were, respectively, 440, 4zg, 410, and 395
base pairs.
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428,410, and 395 base pairs (bp), respectively, as expected.

To confirm the nucleotide sequences of deletion variants Del-117, Del-111, and Del-106,

coding sequences of the respective plasmids were subcloned into Ml3mp8 vector. A total of g

independent plaques (two of Del-l 17 and three of each of Del-l11 and Del-106) were screened

for insertion into M13mp8 vector and their ssDNA were analysed on a0.8vo agarose gel (Figure

3' 10)' Single-stranded DNA isolated from each of the plaques (lanes a to h), except those of the

two plaques from Del-106 (lanes g and h), had slower migration rate compared to the Ml3mpg

vector control Qanes M), an indication of increased sizes due to insertion of the respective

HuIFN-7 DNA inserts.

The ssDNA were sequenced by the dideoxynucleotide chain termination method (Section

2'3)' Since the sequencing primer used was located at the 3'-end of the insert, the sequence

ladders shown in Figure 3.11 represent nucleotide sequences 5' to 3' from the top of the gel to

the bottom. Only sequences at the two junctions (BglII and-Sstll) into which the modified

synthetic oligonucleotides were inserted are shown in Figure 3.11.
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Figure 3.10 Analysis of deletion variants subcloned into M13mp8 vector. Single-stranded
DNA from phages containing (lvÐ Mi3mp8 vector, vector with insertion of (a and
b) Del-lt7, (c,d, and e) Del-l1i, and (f,g, and h) Del-106, were separated on a
0.8% agatose gel by electrophoresis.
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3"4-4 characeerization of deletion va¡ia¡rt ptyprytides of Þet-lzz, Del-ltrT, Del-l x T.,

and Ðel-106

One hundred microlite¡s of overnight cultures of the deletion variants Del-l22,Del-117,

Del-l11, and Del-106 werepelleted by centrifugation, solubilized in 40 ul of lx SDS sample

buffer, and resolved on a 15 % SDS polyacrylamide gel. Total proteins v/ere blotted

electrophoretically onto nitrocellulose membranes and were detected with a polyclonal rabbit

antiserum against denatured THuIFN-7 (Figure 3.7). The immunological identities of the variants

were confirmed by their positive immunoblot reactions. The apparent molecular weights of the

variant polypeptides \ryere 14,300, 13,6m, lz,gw, and r2,2w, which corresponded,

respectively, to 20,26,32, and 37 amino acid residues deleted from the parental molecule. in

order to oblain bands of similar intensity in the Western immunoblot, the amounts of variant

polypeptides from clones Del-117, Del-111, and Del-106 werè loaded onto the gel at Sg-fold

that of the full-length molecule. Based on the relative amounts of proteins loaded on the gel and

the band intensity, the intensity of the variant polypeptide bands were about 2-fold,less than that

of P,.R,IFN. The amount of these variant polypeptides accuryulated in the E. coli cells were

estimated to be approximately l@-fold less than that of the full-length molecule.
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3.4-5 fn vitro tr'anscription-translation of detretion variants

In order to evaluate whether the lack of accumulation of the variant polypeptides was due

to their inefficient expression or due to rapid degradation inside the E. coli cell, an in vitro

transcription-translation experiment was carried out as described in Section 2.14.

As shown in Figure 3.12, equal amounts (0.6 ug) of plasmid DNA that contained the

coding sequences of the deletion variants were used to direct the synthesis of the respective

polypeptides. The 3sS-methionine labelled polypeptide products were resolved by SDS-pAGE and

visualized by fluorography. The expression plasmid pP,oR, was shown to direct the synthesis of

3 polypeptide bands Qane a). Each of the plasmid carrying an IFN-1 insert directed the synthesis

of an additional polypeptide with apparent molecular weights as expected of the specific variant

molecules Qanes b to f). The amount of each of the variant polypeptide synthesized was

comparable to that of the parental moiecule from an equivalent amount of plasmid DNA Qane b).

Thus, the low levels of in vivo accumulation of Del-I17, Del-l11, and Del-106 polypeptides

were likely due to the instability of these molecules in the bacterial cell rather than the deficiency

of expression.
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Figure 3' 12 In vitro Transcription. Translation Analysis of plasmid DNA.. Equivalent amounts(0'6 ug) of pJP,oR, (a), pJP,oR -rrw Ol, poeì -D2 (c),pDeI- ili fa,l,pDet-111 (e),and pDel-106 (Ð were used. to dir;; tr," syoilr.sis of the respective THuIFN-7-related polypeptides in a prokaryotic DNA-ãirected translationlroy (Amersham)as described in section z.-t!. rheru*ptr"*er" resolved by sDS-polyacrylamidegel electrophoresis ona 15% gel and ttre "s-methioninelabelled polypeptides weredetected by fluorograpt y. 3i ''c-tabeilJ fror"in molecular weight srandards (m)were (from rop ro boüom): Irtyosin (H_chain) 
!2p,ooo), pñph;rylase b (g7 ,400),bovine serum arbumin (6g,000), ovalbumin í+à,oool, *booiË -hydrase (2g,000),B-lactoglobulin ( I g,400), lysozyme f l +, :Oò1.
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3.4.6 Determination of the biological activities of deletion variants

Affinity-purified Del-128 and Del-122 were assayed for the antiviral as well as

antiproliferative activities essentially as described in Section 2.9. As shown in Table 3.1, the

antiviral specihc activities of variant Det-128 and Del-122 were, respectivel y,2.3 x l0' units/mg

and 1.03 x 10'units/mg, comparable to that of the full{ength THuIFN-7 molecule which had an

antiviral specific activity of 2.25 x 10'. Similarly, the specific antiproliferative activities of Del-

128 and Del-122 wete 2.3 x 100 unitsimg and 3.@ x lff units/mg, respectively. These values

were within 2- to 3-fold of the specific activities of the full-length molecule which had an

antiproliferative specific activity of 1 x 100 units/mg. These results therefore indicate that

deletions of up to 21 amino acid residues from the C-terminus of the HuIFN-7 did not affect

either the antiviral or antiproliferative activities.

Attempts to purify variants Det-117, Del-l11, and Del-i06 have not been successful due

to the lack of adequate accumulation of these polypeptides inside the E. coli cell. Therefore, the

relative activities of these variants were evaluated using clarified supernatant from the Sg-fold

concentrated culture. As shown in Table 3.1, no activity could be detected from any of these

variants. Since the antiviral assay has a limit of detection of 50 IU/ml (or 5 units per 16g ul,

which is equivalent to 1 unit in the second or third well if the sample were serially diluted I in

2), these variants must be at least 1000-foid less active than the parental molecule to have

undectable activity.
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Table 3.1 Antivirai and Antiproliferative Activities of HuIFN-? and c-terminal
Deletion Variants

Extent of Deletion Spcific ^Activity (U/mg)'
Clone

Tested Residues % Molecule Antiviral Antiproliferative

pJP,oR, Vector'

HuIFN-7

Del-128

Del-122

Del-117

Del-111

Del-106

0

15

2t

26

32

37

0

10.5

14.7

18.2

22.4

2s.9

< N.D.

2.25 x L0'

2.30 x L0'

1.03 x l0'

< N.D.

< N.D.

< N.D.

< N.D.

1.@ x 106

2.30 x 100

3.@ x lff

< N.D.

< N.D.

< N.D.

b,

Expression vector without HuIFN-7 insert; N.D., activity not detectable at an assay

sensitivity of 50 unilml supernatant prepared f¡om 5O-fold concentrated X-press disupted

culture.

The variation of each of the values was wíthin Z-fold.

111



3.4.7 Determination of biologlcat activities of denatured/renatured rHuffiNn and variant

Del-I-22

To evaluate the possible effect of the C-terminus of HuIFN-' upon treatment with

chaotrophic agent and its ability to renature in vitro, purified HuIFN-7 and Del-12 2 werct¡eated

with 6 M guanidine hydrochloride (GuHCl). The proteins were renatured by dilution to I M
with respect to GuHCI with RPMI 1640 medium, and then dialyzed against the same medir:,,.

before being tested for their antiviral activities. As shown in Table 3.2, the denaturation and

subsequent renaturation of HuIFN-7 resulted in lO-fold reduction in the antiviral spçific activity

while similar treatment of Del-r22 resulted in more than 25-fold reduction in specihc activity.

These results indicate that the highly hydrophilic c-terminus may play a positive role in the in

vitro renaturation of the THuIFN-7 molecule and that the loss of the C-terminus may affect the

eff,rciency of Del-I22 to renature in vitro. However, upon re-purification by immunoaffinity

chromatography using monoclonal antibody MIF3052, the specif,rc activities of both renatured

preparations were comparable to the originat levels of the respective molecules, indicating that

MIF3052 was able to discriminate between the functional moleçules and molecules that were not

properly folded in the in vitro renaturation process.
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Table 3'2 Effect of the C-terminus on the refolding of denatured FtruIFN-7 and Del-l¿Zin vitro.

Antiviral Specific Activity'
(Units/mg)

Affiniry
Nativet Renatured" Chromatography

Re-Purified d

HUIFN-y

Del-122

(3.1 r 1.1)x107 " (Z.t x 2.3)x 106 r (t.g r0.9)x lQ? *

(7.3 * 2.5)x t0ó h (7.5 r 1.6)x tOat (5.9 * 1.7)x tQ6 i

a' Results a¡e the means t SD of 3 separate experiments þurifications) assayed in triplicate and
statistical analysis was carríed out using the student's t-test.

b, Affinity-purified native rHuIFNl.
c, Aff,rnity-purif,ied THuIFN-I, obtained in b, was treated with 6.0 M guanidine hydrochloride and

subsequently renatured by 6-fold dilution in RPMI1640 medium and then dialyzed in the same
medium.

d, THuIFN-7, obtained in c, was re-purifred by affrnity chromatography using monoclonal antibody
MrF3052.

e/h, elf, Significant difference at p < .025.

h/i, Significant difference at p < .01.

fli, Significant difference at p < .001.

e/9, hlj, No significant difference.
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3.5 Ðircussion

3.5.r tsiological Activíties of Deletion Variants

several reports @urton et al., 1985; czarniecki et al., 19g5; Arakawa et al., 1gg6; de

laMaza et al., 1987; Garotta et al. , 1987; ræinikki et al., 1987; Seelig et al., lggg; Arakawa et

al', 1989) have shown that deletions of as few as 11 amino acid residues from the C-terminus of

HuIFN-7 resulted in significant reduction in its biological activities, suggesting the involvement

of these amino acid residues in either receptor binding (Arakawa et al., lgsg) or in maintaining

the tertiary structure of the molecule (de ta Maza et al., lgBT).In contrast, several studies

(Honda et al., 1983; Rose et al., 1983; Kung et al., 1986; Kitano et al., 19gg) have shown that

THuIFN-1 molecule that lacked the C-terminal 15 amino acids retained full biologicat activities.

In addition, Rinderknecht et al. (1985) have previously shown that the natural HuIFN-,y was

processed posttranslationally at the C-terminus and that molecu]e1 that tacked the C-terminat 15

amino acid residues were found to be fully active. Therefore, in order to establish the minimal

structural requirement for the biological functions of the HuIFNl, a series of C-terminal deletion

variants were either isolated as proteolytic product or constructed by means of specific gene

modifications.

Deletion variant Del-128 was isolated as a 15 kD proteolytic product of the full-length

THuIFN-7. This truncated polypeptide was generated during the extraction of the THuIFN-7 from

the E' coli cell. The proteolytic activify was subsequently shown to be assoicated with the E. coli
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membrane-bound protease OmpT (Sugimura and Nishihara, 1988; Grodberg and Dunn, 19gg).

OmpT was shown to be an endopeptidase that had serine protease-like activity and had unique

substrate specif,rcity for paired basic residues (Sugimura and Nishihara, 19gg). It was shown that

truncated molecules of the THuIFN-7 were generated during extraction from the E. coli cell and

that three pairs of basic residues at the C-terminus were susceptible to the protease ompT

(Sugimura and Higashi, 1988). The peptide bond between Arg''/Arg'' was more susceptible to

ompT than those of Arg''/Lys'' and Lys'o/Arg'' (Sugimura and Higashi, 19gg). Results from

the time course experiment shown in Figure 3.5 supported this conclusion. It was also confirmed

that ZnCl, was an inhibitor of OmpT. However, the 16.5 kD polyæptide was detected, even in

the presence of ZnCIr, when the cells were disrupted by sonication and at time zero of incubation

(Panel A, lanes c), indicating that Arg"n/Arg'* was highly susceptible to ompT cleavage. The

15 kD polypeptide, on the other hand, was only detectable after incubation at 37"C for 20 min

or longer (lanes f and g). In the absence of ZnClr, however, the full-length molecule was rapidly

cleaved to generate both the 16.5 kD and 15 kD polypeptides (Figure 3.5, lanes c to g).

Therefore, based on the apparent molecular weight of the 15 kD polypeptide, 15 residues were

deleted in this molecule. The inhibitory effects of ZnClron the proteolytic activity confirmed

previous findings that the full-length THuIFN-7 was cleaved by the membrane-associated protease

ompT. Since ompT was shown to have a specificity for paired basic residues, it was concluded

that Del-128 was generated by cleavage at Lysræ/Arg'' resulting in the deletion of 15 residues

from the C-terminus. This variant was purified to homogeneity (Figure 3.1) and the

immunological identity of this variant was also confirmed by \ffestern immunoblot analysis
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(Figure 3.5). The purified Del-128 polypeptide was tested for its biologicat activities and the

specif,rc activities of Del-i28 were found to be comparable to those of the full-length rr{uIFN-

7 $able 3.1). Therefore, in contrast to results reported by several groups @urton et al., 19g5;

Czarniecki et al., 1985; Arakawa et a1., 1986; de laMaza et al., I9B7; Garotta et al., l9g7;

Iæinikki et a1., 1987; Seelig et al., i988; Arakawa et a1., i9B9), the deletion of 15 amino acid

residues from the C-terminus of HuIFN-7 did not affect its biological activities, indicating that

the functional site(s) of HuIFN-y must be located within the N-terminal l2g amino acids.

In order to further define the primary sequences of the HuIFN-7 that confer its biological

activities, variant molecules which had more extensive deletions at the C-terminus were

constructed. By means of specific gene modif,rcations, truncated molecules were constructed

which lacked the C-terminal 2I, 26, 32, and 37 residues, respectively. These variants were

expressed in E. coli and their immunological identities were confirmed in Western immunoblot

analysis using a rabbit polyclonal antiserum against THuIFN-7 (Figure 3.7, lanes c to Ð. Based

on their apparent molecular weights, the molecula¡ sizes of the respective variant polypeptides

wereinaccordancewiththecalculatedmolecularweightof 14.3kD, 13.6 l<D,l2.gkD,andIZ.Z

kD, as expected of truncated THuIFN-7 molecules which had, repectively, 20, 26, 32, and 37

residues deleted from the C-termius. It was also found that the level of accumulation of variant

polypeptides Del-l17, Del-l 11, and Del-106 in the E. coli cetts was substantially lower than the

full-length molecule. While the accumulation of Del-|2}was within 3- to s-fold lower compared

to that of the full-length molecule, the amount of Del-l17, Del-l 11, and Del-106 found in the

bacterial cell was only at least 5O-fold lower than that of the fult-length molecule. The respective
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variant polypeptides were not discernable in the SDS-FAGE pattem of the whole cell protein

and were only detectable in westem immunoblot (Figure 3.7).

The biological activities of these variants are shown in Table 3. 1. Affinity-purified Del-

122 were found to have specific activities were comparable to that of the parental full-length

molecule. The antiviral specific activity of Del-122 was 1.03 x l0'units/mg, or approximately

2- to 3-fold lower than that of the fult-length THuIFN-7 which was 2.25 x l0' units/mg.

Similarly, the antiproliferative activity of Del-122 was 3.0 x lff units/mg, which was also 3-

fold lower than that of the THuIFN-7 which was 10.0 x lff units/mg. Further deletions, however,

resulted in the reduction of activities to undetectable level. Due to the lack of accumulation of

Del-l17, Del-l 1 1, and Del-106, purification of these latter polypeptides has been unsuccessful.

Thus, the relative activities of therse variants were determined by using clarified cell supernatants

prepared from the 50-fold concentrated culture disrupted by sonication (Table 3.1). Accurate

estimation of the specific activities of these variants, however, must await the purihcation of the

variant polypeptides. It is possible that C-terminal deletions beyond residue I2Z may have

rendered these molecules unstable in the condition (pH 11.2j required for elution from the

immunocomplexes. However, based on the sensitivity of the antiviral activify assay, which was

50 units/ml culture supernatant, and the relative concentrations of these va¡iants in the cell lysates

which was less than 1 Vo of thatof the full-length molecule as estimated by western immunoblot

analysis, the three variant polypeptides Del-117, Del-111, and Del-106 must have specific

activities, if any, at least 1000-fold iower than those of the full-length molecule to be undetectable

in the antivirat activity assay. Thus, the modified HuIFN-1 molecules appeared to have lost their
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structural integrity and have become unstable or have lost their functional site(s) upon C-terminal

deletions in excess of 21 amino acid residues. However, whether these latter deletions represented

primary sequences that comprised the receptor binding site and/or the effector site could not be

ascerlained due to lack of the respective purif,red polypeptides. Nevertheless, the present study

has definitively shown that the functional site(s) of HuIFN-7 must be located within the N-

terminal r22 amino acid residues since variant Del-122 is fully active and therefore must contain

the functional site(s). In corroboration with the present conclusion which showed that the C-

terminal 21 residues are not involved in conferring the biologicat activities of HuIFN-7, it was

also found that neither Del-128 nor Del-122 were recognized by the monoclonal antibody

MIF3037 (Figure 3' 8). The fact that MIF3037 is non-neutralizing and immunoblot positive (Alfa

and Jay, 1987) suggest that MIF3037 binds to a contiguous epitope at the C-terminus of the

HuIFN-1 polypeptide that is not involved in conferring its functions and that rhe binding of this

MAb to the c-terminus does not interfere with the functions or the HuIFN-7 molecule. In

addition, since both Del-128 and Del-122 could be detected by th: neutralizing MAb3061, rhese

two deletion variants must still contain the functional site(s).

On the other hand, variants which had deletions of more than 21 residues and which

lacked detectable biological activities may have resulted from deletions of sequences that

constituted either the receptor binding site or the effecto, **. However, neither of these

possiblities can be addressed due to the lack of purif,red materials. Nevertheless, the fact that both

Del-128 and Dei-122 retatn almost full activities indicates that both the receptor binding site and

the effector site for signal transduction must be within the N-term inal 122 amino acid residues.
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3.5.2 [ntracellular stabilities of deletion variants

Although the intracellutar stabitity of variant polypeptid e Del-l2} was found to have

decreased by about 2-fold, as reflected by its slightdecrease in accumulation @igure 3.1, lane

c), its specific activities were not affected. However, further deletions of 26 to 37 amino acid

residues from the C-terminus of HuIFN-7 in Del-l 17 , Del-Il1, and Del-106, resulted not only

in the loss of biological activities (table 3.1) but also in reduction in the accumulation of these

variant polypeptides.

In order to examine if the reduced accumulation of the variant polypeptides was due to

inefficient expression of the modified coding sequences, the respective polypeptides were

expressed in an in vitro transcription-translation system. The in vitro cell-free coupled

transcription-translation system has several important features as a meâns to verify the gene

products of interest. Firstly, since the cell free extracts containall the essential components for

transcription and translation, any coding sequence that contains a prokaryotic promoter and a

ribosome binding site can be readily t¡anslated and charac tenzld. Secondly, since radioactive

amino acids fsS-methionine) are incorporated into the synthesized polypeptides, only small

amounts of plasmid DNA is needed (less than 0.5 ug) to direct the synthesis of sufficient

polypeptides for easy detection and analysis. Furthermor", in.orporation of radioactive label into

protein is far more efficient than is possible using in vivo methods @ougan and Sherra tt, 1977;

Sancar et al., 1981). Thirdly, due to the short incubation time (30 min), plypeptides synthesized

in vitro would not be affected by degradation processes that commonly occur in vivo (takura et
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aJ., 1977; Talmadge and Gilbert, 1982; Goff and Goldberg, 1985; Kitano er al., lgg7). Finally,

the in vitro system may be used to indirectly confirm the effectiveness of the vector designed for

high level expression of cloned genes.

Using the same amount of plasmid DNA, the level of in vitro production of the variant

polypeptides (Figure 3.I2,lane c to f) were found to be comparable to the parental full_length

molecule (Figure 3.72, lane b), suggesting that the efficiency of expression of each of the

modif,ied HuIFN-7 coding sequences was not different from that of the full-length parental

sequence' Therefore, the lack of accumulation of these polypeptides in the bacterial cell are likely

due to degradation in vivo. It is conceivable that the reduction in protein accumulation was due

to deletions of the carboxy-terminal residues, thereby rendering the variant proteins more

susceptible to proteolytic degradation inside the bacterial cell. Indeed, the problem of degradation

of foreign proteins expressed in E. coli is well known (Itakura et al., 1977; Talmadge and

Gilbert, 1982; Goff and Goldberg, 1985; Kitano et al.,Ig87). Genetically engineered mutant

proteins of the bacteriophageP22 Arc repressor has been show¡to display structural instability

and failed to accumulate to high steady-state levels in the bacterial cell due to rapid proteolysis

(Vershon, et al., 1986; Bowie and Sauer, 19g9a).

It is possible that the deletions introduced in these variants had prevente.d the proper

folding of these molecules. This question may be addressed byãnducting kinetic studies or by

directly measuring the protein folded state using physical chemical methods such as 2-dimensional

nuciear magnetic resonance (2-D NMR) and circula¡ dichroism (cD) spectral analysis. This,

however, is not the objective of the present study. Nevertheless, the important conclusion is that
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deletions further upstream from residu e 122

E. coli cell.

resulted in the loss of structural stability inside the

3.5.3 Role of carboxy-terminus of rÞ{uIFf{1 in refolding in vih.o

Proteins overexpressed in E. coli often result in the formation of insoluble aggregates as

inclusion bodies due to extensive intra- and intermolecular interactions (reviewed by Mitraki and

King, 1989). Many of these intermediates are products of off-pathway folding. This is because

protein folding pathways involve multiple steps and misfolded intermediates may accumulate due

to changes in the intracellular environment, resulting in the failure in continuing the proper

folding pathway that leads to maturation of the native polypeptide. In order to maximize recovery

of the overexpressed proteins, it is a common practice to solubilize proteins from the inclusion

bodies by chaotrophic agents and then renature the unfolded proteins in vitro. Chaotrophic agents

such as urea or guanidine hydrochtoride are the most commonly used agents to solubilize

polypeptides by denaturing the molecule to reduce intermolecular complexing. The denatured

polypeptides are usually purified by a number of chromatography steps before being renatured

which, in many cases' simply require rapid removal or dilution of the chaotrophic agent in the

sample' While such in vitro denaturation-renaturation procedure has been successful in extracting

and purifying a number of proteins expressed in E. coli, a small percentage of these polypeptides

couid not be properly refolded by means of denaturation-renaturation in vitro. Furthermore, the

efhciency of re-folding proteins to their functional forms not only depends on the peptide
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sequences but also on environmental factors such as temperature (Mizukami et at., l9g6; Schein

and Noteborn, 1988; Takagi, et al., 1988) and pH (Creighton 1984) as well as prorein factors

such as the molecular chaperones (Randall et al., 1987; Collier et aI., 19gg; Hemmingsem et al.,

1988; Rorhman, 1939).

Recombinant deletion variants prepared by the denaturation-renaturation procedures were

shown to have drastic reductions in their biological activities @urton et al., 1gg5; czarniecki et

al'' 1985; Arakawa et al., 1986; de laMazaet al., l9B7; Garott¿ et al., r9g7; Leinikki et aI.,

1987; Seelig et ai. , 1988). whereas these studies showed that deletion of as few as I I amino acid

residues from the c-terminus of HuIFN-l resulted in 1@- to 1000-fold reduction in the biological

activities, results from the present study demonstrated that up to 2l amino acid residues of

HUIFN-1 may be deleted from the C-terminus without any significant effect on its biological

functions.

The deletion variants anaJyzeÀin the present study, however, were extracted and purified

in their native forms without any ûeatment with chaotrophic agents. It is conceivable that

deletions of as few as 11 amino acid residues from the C-terminus of HuIFN-7 could have

prevented the correct re-folding of the polypeptide in vitro. To test this possibility, affinity-

purified THuIFN-1 and Del-122 were subjected to denaturation-renaturation as described in

Section 3-4.7. As shown in Table 3.2, denaturation-renutur"tion resulted in 10- and 25-fold

reduction in the antiviral specific activity for rHuIFNl and Del-122,respectively. when these

renatured molecules were re-purified by affrnity chromatography using a neutralizing monoclonal

antibody, the antiviral specific activities were found to be comparable to those of the untreated
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molecules. These results suggested that denaturation-renaturation may have generated inactive

molecules due to improper re-folding or off-pathway folding and that the re-purification

procedure must have atlowed selection of the functional molecules. Thus, the speciflc activities

of a biologically active protein could be greatly affected by extraction and purification procedures

specifically designed for that particular protein. In the present study, both the HuIFN-7 and the

variants were maintained in their native forms throughout the extraction and purification

procedures' This would minimize the chance of inadvertently introducing inactive molecules in

and lowering the specifîc activities of the preparations.

Therefore, although the C-terminal 15 residues of HuIFN-7 âre not involved in conferring

its biological activities, they may facilitate the proper re-folding of the HuIFN-7 molecule in

vitro' It is not cleat, however, if the effect of the C-terminus on the potential for re-folding in

vitro explains the failure of several groups to detect biological active HuIFN-7 variant molecules

upon removal of 11 to 18 residues from the C-terminus. This observation illustrates that caution

must be exercised in the interpretation of negative results in th=is type of study. Thus, it would

not be appropriate to infer a direct involvement of residues 106 to 122 @el-106, Del-l11, and

Del-l17) in the biological activity of HuIFN-7 based on the results presented.
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4.1

CHAPTER.4 ST'RUCTURE-F'{JNCTTON STTrÐïFS OF A CO}üSERVEÐ 6-TTJRÞ{ IN TTffi

F{uIF}{-7 tsY Sffi'E-DRECTED &6UTAGE}üESIS

Inhoduction

Deletion analyses described in Chapter 3 have defined sequences that could be excluded

for further search of the functional site(s) of the HuIFN-7. However, since functional site(s) of

protein molecules often involve only a few critical amino acids, it is imperative that individual

amino acid residues be systematically modified and analysed in order to identify these crucial

residues. The technique of site-directed mutagenesis has allowed rapid and precise alteration of

specific single amino acids and has proved to be a powerful tool in analyzing the importance of

individual amino acids in the functional sites of proteins (Znller and Smith, 19g3). However,

since the combinations of mutations that could possibly be introduced would be astronomical,

empirical criteria must be developed as guidelines for selecting potentially important regions for

study. In the present study of the structure/function relationships of the HuIFN-7, the potential

regions and residues for modifications were selected based on the empirical guidelines developed

upon analyses of the extent. of homologous amino acid residues, the local structural

hydrophilicity, and conserved secondary structures.
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4.2 Analysis of evolutionarity conservd regions

Comparison of amino acid sequences derived from cDNAs of IFNs-7 of different

vertebrate species revealed regions of sequence homology (Figure 4.1) (pestka, 19g6). It is
generally accepted that regions of homology in functionally related proteins represent

evolutionarily conserved regions and may play important structural or functional roles. Although

IFNs-7 are known to have strict species specif,rcity, the spectrum of activities induced by this

cytokine is very similar in the respective species (Pestka et al., 1987). It is possible that the

species specificity of IFNs-7 is a result of evolutionary divergence in the receptor binding site

while the effector site(s) is well conserved among the IFNs-7 from various vertebrate species.

As shown in Figure 4.1, the sequences that spanned residues 39 and 60 contained the longest

consecutive stretch of conserved residues in all of the IFNs-7 from the four animal species being

compared: 10 out of 22 tesidues (45.5 vo) areperfectly conserved and 6 out of 22 residues (27.3

%) are conserved substitutions that are of the same polarity. This gives a very high degree of

overall homology of over 70 %.Interestingly, part of this conserved region also overlaps with

one of the most hydrophitic peaks (residues 36 to 46) as predicted in the Section 4.3. The fact

that such an exposed region has. been so well conserved suggests that there are cerüain important

structural or functional features within this region that are or.r"ru* during evolution.
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residues represent hydrophilic regions. Relative degree of hydrophiticity is
represented as (+).
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Analysis of hydrophiliciry

One of the important parameters used for studying the conformation of a protein is the

van der Waals' interactions of the amino acid side chains of a protein with the surrounding water

molecules (I-evitt, I976). However, the full mathematical treatment of protein-water interactions

is extremely complex (I-ee and Richards, lgTl) due to the fact that different amino acid side

chains have very diffe¡ent affinities for water and that water molecules carry a large dipole

moment, are in continual thermal motion, and tend to favor spcific orientations around the

protein due to hydrogen bonds. Therefore, it is usually assumed that the interaction energy of a

side chain with water is proportional to the amount of water in contact with the group (Lævitt,

1971). Based on these considerations, each type of side chain has been assigned a solvent

interaction energy estimated from solubitities of amino acids in water and ethanol (Nozaki and

Tanford, I97l). By combining and modifying these solvent interaction energy values

(hydrophilicity values) from a number of studies (Nozaki and Tanford , lgTl; chou and Fasman,

1974; Levitt, 1976), Hopp and V/oods (1981) have successfully predicred rhe antigenic

determinants of 17 different proteins based on these values. A computer program based on the

methods and hydrophilicity values developed by Hopp and Woods (1981) were used in the

present study to predict the overall hydrophilicity of the HuIFNlr.

Since the hydrpohilicity of a particular residue is influenced by its adjacent residues, the

hydrophilicity values for amino acids are repetitively averaged over the length of the polypeptide

chain, generating a set of local hydrophilicity values. An averaging group length of six amino

4.3
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acids has been shown by Hopp and woods (1981) to give the best prediction value compared to

group lengths ranging from 2 to 10 residues. The hydrophiticity profile of HuIFN-7 shown in

Figure 4.2 reptesented values that were averaged over six amino acids for each repetition. As

shown in Figure 4.2, a number of hydrophilic regions on the HuIFN-7 were predicted. Among

these hydrophilic peaks, three of the most hydrophilic regions were located between residues 36

to 46,84 to 96, and L24 to 133. The hydrophilic peak between residues 36 and 46 was also

found to reside in a conserved region as analysed in Section 4.1. The occurrence of such a

conserved segment on the surface of the HuIFN-7 molecule suggests that these residues are more

likely to be involved in intermolecular interactions. These residues were then further anatyzed

for the types of secondary structures they were likely to adopt.

4.4 Analysis of secondary sh-uctures

Although the information that dictates the specif,rc foldÍ conformation of a protein is

contained in the amino acid sequence, it is yet impractical to predict tertiary conformations based

on the primary sequence. The number of theoretically possíble conformations of a 100 amino acid

long polypeptide is estimated to.be 3'@ (Creighton, 1984), an astronomical number that could not

be easily computed. Therefore, empiricat rules have Ueen ¿evetoped to restrict the possible

number of predicted conformations based on the database of crystal structures of a number of

different proteins.
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Figure 4.3 Secondary structure prediction of THuIFN-"y. Algorithm based on that of Chou and
Fasman (1978) was developed by Glorioso and Black (1984). The single-letrer code
for amino acids is used. Secondary structures are represented graphically as:lff
(a-helix), A^ÂÂ (B-sheet), -r-L- (p-rurn), and (randorn 

"óit¡. 
sóondary

strucfures of residues 1 to i40 are shown. Residues 14i to 143 are not shown due
to possible false strucfures.
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one of the approaches used to study protein structures is the prediction of secondary

structures' since almost 90% of the residues in most proteins are involved in the three secondary

structures: alpha-helix (a-helix) (30%), beta-sheet (F-sheeg e0%), or beta-turn (B-turns) (32%)

(Creighton, 1984), it may be feasible to learn how to pack them together to generate the folded

conformation if the secondary structure elements could be predicted accurately. A number of

prediction schemes based on such empirical observations have been proposed (Lim, 1974; Chou

and Fasman, 1978; Argos et al., 1978). one of these schemes is that of Chou and Fasman

(1978), which classifies the amino acids as favoring, breaking, or being indifferent to each type

of conformation. However, since a-helices, B-sheets, and p-turns a¡e determined not by

individual residues but by a number of adjacent residues in the sequence, consecutive stretches

of residues v/ere computed repetitively along the length of the polypeptide so that the probability

of several sequential residues tend to prefer that particular structure can be calculated. Computer

programs based on such prediction schemes have been developed over the years. A computer

program developed by Black and Glorioso (1985) based on the algorithm of Chou and Fasman

Ogls) was employed in the present study for the prediction of secondary structures of the

THUIFN-7.

The overall secondary structures of the HuIFN-7 in 2-dimensional forms are shown in

Figure 4'3' Analysis of a number of secondary structures ,*.rrø a conserved and highly

exposed region between residues 39 and 43. Further comparison of secondary structures of IFNs-

7 from various vertebrate species between residues 30 to 50 revealed a p-turn structure (residues

39 to 43) that is conserved among the four animal species (Figure 4.4). Since É-furns and large
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loop structures have been shown to represent a significant fraction of globular protein surfaces,

they are also known to play an important role in determining the conformation and specifrcity of

enzyme active sites as well as antibody-combining sites @ose et al., l9g5; Kuntz, l97z). The

conserved 0-turn structure that spans residues 39 and 43 in the HuIFN-7 molecule may represent

a region on the protein surface that has been conserved for its structural and/or functional roles.

As a first step, mutagenesis experiments were designed to disrupt this conserved p-turn structure

in order to determine its roles. Although it is possible to delete this region entirely, such an

approach may affect the tertiary structure of the molecule. Therefore, singie amino acid

substitutions were designed to disrupt the local6-turn without altering the adjacent sequences and

secondary structures.

Choice of amino acid residues for modifications

The conserved B-turn structure (residues 39 to 43) is made up of 5 polar amino acids,

namely Glu", Ser*, Aspo', AÍEo', and Lys€. One of the most hydrophilic (Figure 4.5a) and most

conserved residues is Aspa'. This residue is conserved in human, bovine, and mouse IFNs_7. A

conserved substitution of Asn at position 41 is present in the rat IFNI (Figure 4.4). Therefore,

this residue would serve as a starting point for the present rut g"n"ris study. The choice of

amino acids for replacement was selected based on the following rationale: (i) since the objective

was to disrupt the local É-turn which was comprised of polar residues, Aspo, should, at the first

instance, be replaced with a nonpolar residue; (ii) since bulþ side chains such as those of phe

4.5
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and Trp may significantly affect the local volume due to steric hindrance, nonpolar amino acids

that have similar side chains to that of Asp should be selected in order to minimize the steric

effect' Anaiyses of side chains from all the nonpolar amino acids showed that alanine (Ala) had

the most simila¡ side chain compared to that of Asp:

coo-
I

"H3FJ-e -H
I

EH,

Atæmümø

{Âlø}

ÂsBømøtø
@sp)

The possible effects of this substitution on the local secondary structures were then

simulated using the secondary structure prediction program described in Section 4.4. The

replacement of Aspo' with Ala was shown to completely disrupt the B-turn that spanned residues

39 and 43 while extending the a-helix between residues 35 and 44 (Figure 4.6). The local

hydrophilicity value (mean of values between Glu3o and I*) was also reduced by approximately

0'78 unit (Figure 4.5b). Therefore, the replacement of Aspo' with AIa should generate useful

information regarding the significance of this É-turn.

I

cH.
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4.6 Materials and Methds

The substitution of Aspo' for Ala was achieved by site-directed mutagenesis described in

Section 2.15. The det¿iled methodology for the construction of this variant, designated D4lA,

has been described in Section 2.18. The mutation of Aspo' was achieved by the substitution of an

adenosine (A) for cytocine (c) which altered the codon GAC to GCC:

D4l_À

FI

The primer-extended DNA were used to transform competent E. coli strain JM103 and

the transformants were screened by colony hybridization as described in section 2.Ig.6. single-

stranded DNA were isolated from the positive t¡ansformants (Section 2.7.1)and the nucleotide

substitutions were confirmed by DNA sequencing (Section 4.7.1) using the dideoxynucleotide

chain termination method (Section 2.7). A l5-base primer that spanned residues 62 and 66 (3,

CTACTAGTCTCGTAG 5') was used for sequencing. Intracellular RF's were prepared (Section

2'3) from the transformants that had been confirmed by DNA sequencing. The mutated regions

were then retrieved by excising the RF's with the restriction enzymes KpnI and AsuII and were

subcloned into the expression vector P,oR, similarly linearized by the same enzymes. A schematic

38
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of the subcloning procedure is shown in Figure 4.7. Both the expression vector and the restriction

enzyme fragments were sepa-rated on a l% agarose gel (Figure 5.5). The corresponding bands

were excised from the gel and the DNA were eluted by electrophoresis into dialysis tubing.

Eluted DNA were extracted with phenoUchloroform/isoamyl alcohol (49:49:2) 3 rimes,

chloroform/isoamyl alcohol @8:2) 3 times, and precipitated with a final concentration of 0.3 M

sodium acetate (pH 7.0) and two volumes of absolute ethanol at -20"C. The purified KpnI/AsuII

fragment were ligated with the linearized vector in a ratio of 1:5 (fragment:vector). Ligation

condition were as described in Section 2.12. The ligation reaction was directly used to transform

the E. coli strain LF392 that had been made competent according to the procedures described in

Section 2.5. Transformants were randomly selected, separately grown in 2 ml T broth, lysed in

sDS sample buffer, and charactenznd by sDS-pAGE (section 4.7.2).
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Figure 4.7 Subcloning of single-site variants into the expression vector p,oRr. THuIFN-I
coding sequence in the M13mp8 vector and the expression vectoi p,.R, were
linearized by the restriction endonucleases KpnI and Asutr. The fragments were
separated on a lvo agarosr-, gel, electroeluted, and purified. The-KpnvAsutr
fragment containing the mutation (v) was subcloned into the purified eipression
lolgl linearized by the same enzymes. The resurting prasmid, pp,.Rrx çxi o+ta,
D41N, Q46L, or e48L) contained the modifiø rrru-7 sequence that had the
specific single-base substitution.
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4-7 R.esults

4.7.1 Xdentification of single-site variant D4l^e

The method of colony hybridization was utilized to screen for variant D41A. As

described in Section 2.18.6, this method allowed rapid screening of a large number of clones and

reduced the number of clones that had to be analysed by DNA sequencing. After two rounds of

colony hybridization, two independent positive clones were picked and sequenced to conf,rrm the

desired nucleotide change.

To determine the nucleotide sequence of the variant clones, ssDNA were prepared and

sequenced using the dideoxynucleotide chain termination method as described in Section 2.7. A

l5-base primer that spanned residues 62 and,66 (3'CTACTAGTCTCGTAG 5') was used to

sequence the two mutants. Since the antisense strand was sequenced, the nucleotide change of T

to G shown in Figure 4.8 represents the desired alteration of A to C on the complementary sense

strand:

Clone

D4 1À

Nucleotide Change

T-+G

Codon change

GAC --+ GCC sense strand
CTG -+ CGG antisense strand

Only one clone was sequenced in its entirety to ensure no unwanted mutation was introduced. The

mutated region of this clone was then subcloned into the expression vector F,oRr, and expressed
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in the E. gali strain LE39Z as described in Section 4.6.

4-7 -2 characterization of single-site variant D4r,a prypptide

Single-site va¡iant polypeptide D41A was expressed in the E. coli strain L8392. Cell

lysates from 10 independent clones were prepared and electrophoresed on a 15 % SDS

polyacrylamide gel. Total proteins were detected by silver stain. As shown in Figure 4.9, a 17

kD polypeptide was detected in the parental clone (lane b) whereas none of the D41A clones

produced a polypeptide of similar size (lanes h to q), either due to their failure of expression or

due to their lack of accumulation. Therefore, Western immunoblot analysis was carried out in

order to ascertain the expression of the variant polypeptide (Figure 4.10, lanes h to q). These

immunoblot resuits showed that low level of D41A were in fact expressed and could be detected

by the rabbit polyclonal serum against purified THuIFN-7. Based on the intensity of the parental

17 kÐ band and that of the D414, it was estimated that the amoìnt of this variant polypeptide

was at least SO-fold less that of the parental molecule.

To determine whether D41A could be recognizeÅ by-two of the immunoblot positive

Mab's, the polypeptide was detected in a western immunoblot analysis using the neutralizing

Mab MIF3061 and a non-neutralizing Mab MIF3037 (Figure+. t ¡ n-"ls A and B, respectivety).

A parallel analysis using the rabbit polyclonal antiserum was served as a positive control (panel

C)' Results presented in Figure 4.11 showed that whereas both the polyclonal serum and

MIF3037 could recognize the parental (Panels A and C, lanes a) as well as the D41A polypeptide
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Figure 4.9 SDS-PAGE analysis of singre-site variants e46L, e4gl, and D4rA. Independent
clones of bacterial cells harboring the expression vector without the IFN insert(lane a), with the unmodihed IFN insert (ane b), with the e46L substitution (lanes
c to e), with the Q48L substitution (lanes f to h), and witlìthe D4lA substirution(lanes i to r) were lysed and electropho¡esed ona l5vo sDS polyacrylamide gel.
The total proteins were stained witlr silver. The molecular mass standards (lanesM) were in kilodaltons.
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Figure 4.10 V/estern immunoblot analysis of single-sitevarialts e46L, e4BL, and D4lA. Cell
Iysates were prepared and electrophoresed as described in Figure 4.9 except that
1/10 of the samples were loaded. Total proteins were blottJelectropho."ir"tty
on to nitrocellulose membrane and probed with a rabbit polyclonat sen¡m against
purified IFN-r. Lysates of cells containing the expression vector without t¡e m¡+
insert Qane a), with the unmodified IFN insert (lane b), with the e46L substitution
(lanes c to e), with the Q48L substitution oanes f and g), and with the D41A
substitution (lanes h to q) are shown. The molecular mass itao¿.ds (lane M) were
pre-stained markers (in kilodalton).
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(Panels A and C, lanes d), MIF3061 could no longer recognize D4lA (panel B, lane d),

suggesting that an epitope normally recognized by this neutralizing Mab was abolished by the

substitution of Aspo' for Ala. on the other hand, all of these three antibody preparations could

rccognize the parental molecule Qanes a of Panels A, B, and C) as well as variant e46L (lanes

b of Panels A, B, and C) and variant Q48L (lanes c of Panels A, B, and C). (fhe latter two

variants will be discussed in detail in Chapter 5). The high molecular weight bands observed in

lanes containing D41A were due to nonspecif,rc reaction due to the amount of D4lA cell lysates

loaded, which was 50-fold more than that of the other clones.

4-7 -3 Ðeûermination of antiviral activity of variant D4lA

Variant D41A was extracted and purif,red accordiing to the procedures essentially as those

described for the parental molecule (Section 2.1). The purified fractions were pooled and assayed

for antiviral activity as described in Section 2.9. Theprotein concentration of the pooled fraction

was estimated according to the method of Schaffner and Weissmann (Section 2.8). It was noticed

that the amount of purified D41A polypeptide was substantidly less than that of the parental

molecule. The specific activity was determined based on the amount of purif,red protein used in

the assay. As shown in Table 4.1, the specific antiviral activity Jooto was 2.55 x lOu units/mg

or approximately i0-fold less than that of the parental molecule. Taking into account the

variations of the antiviral assay which is within Z-fold, the lO-fold difference in the antiviral

specific activity between the parental molecule and D41A represents a significant reduction in
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specif,rc activity of the latter molecule.

Construction of single-siæ variant eilþ{

The mutagenesis study described above demonstrated that the replacement of Aspo, with

Ala resulted in lO-fold reduction in specific antiviral activity. Although the objective of the

substitution of Aspo' for Ala was to disrupt the local B-turn, it remained pssible that the reduced

activity in variant D41A was a result of the absence of the intrinsic properties of the amino acid

Asp, either due to the contribution of its negative charge to the local ionic environment or its

hydrophilic nature which might affect the surrounding surfaces. In order to investigate these

possibilities, mutagenesis experiments were designed to replace Aspo' without disturbing the local

B-turn.

The amino acid asparagine (Asn) was the used to replace Aspo' for the following reasons:

(i) Asn has a similar side-chain volume as Asp (117.7 Å and 111:1 Ä, respectively) (creighton,

1984) and is not likely to affect the interactions with its neighboring residues due to steric

hindrance; (ii) based on secondary structure prediction shown in Figure 4.6, the substitution of

Aspo' for Asn would maintain the conserved B-turn; (iii) although both are polar residues, Asp

is substantially more hydrophilic than Asn (hydrophilicity vatues of 3.0 and 0.2, respectively)

(Hopp and woods, 1981). The local hydrophilicity profile of this substitution is shown in Figure

4'12' Therefore, any alteration induced by this substitution would be limited to the hydrophilicity

effect and/or the abrogation of the negative charge on Aspo'.

4.8
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Figure 4' 12 Comparison of hydrophilicity prof,iles of unmodified HuIFN-? and single-site
va¡iant D41N. Algorithm based on that of Hopp and Woods (1981) *u, ur.ã. Only
regions between residues 30 and 60 are shown. Arrows denote Asp and Asn in thã
unmodified molecule and variant D41N, respectively. The hydrophilicity values
were averaged over 6 amino acids. Residues with positiu" uulu., are hydrophilic
while those with negative values are hydrophobic. ñegions on the dotted line with
represents neutral a¡ea. The single-letter code for amino acid is used.
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4.9 Â,faterials and &lethds

varia¡t D4lN was constructed by the method of Eckstein as described in section 2.19.

synthetic oligonucleotide primer with one mismatch was synthesized and the sequence is shown

below:

D4 1N

38 39 40 41 42 43 44Glu cl-u Ser Asp Arg Lys Ile5I AÀG^A,GGAGÀGTGÁCCéTAAÀATA 
3I

3C T C T C C T C T C A T T G G C A T T T T 5I
AÃC
Asn

Due to the high efhciency of this mutagenesis method, the transformants were directly screened

by DNA sequencing using the dideoxynucleotide chain termination method (Section 2.7). of the

four transforma¡ts that were sequenced, two were found to contain the desired single-base

substitution (Section 4.10.1). Subcloning and expression of this variant was essentially the same

as described in Section 4.6.
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4.10 Results

4. 10. 1 xleûennination of sinste nucleotide substitutions

Single-stranded DNA from va¡iant clones were prepared according to the method

described in Section 2.7.1- A synthetic primer located downstream from the mutation site was

synthesized (Section 4.7.1) for sequencing regions where single-nucleotide substitution was

introduced. Sequencing reactions were carried out as described in Section 2.7. The single-

nucleotide substitutions are shown in Figure 4.13. Since the sequencing primer complementary

to the sense strand were used, the nucleotide change shown in Figure 4.13 represents that on the

antisense strand. The desired change of variant D41N was confirmed as follows:

Clone

D4].N

Nucleot,ide Change

C-rT
Codon ehange

GAC --+ AAC sense strand
CTG -+ TTG antisense strand

4.10.2 Characterization of the variânt Þ$lN polypptide

Single-site variant D4lN was subcloned into the expression vector p,oR, and expressed in

E. coli as described in Section 4.6. A total of 4 clones were lysed in SDS sample buffer and

analysed by SDS-PAGE. As shown in Figure 4.t4, all of the clones Qanes a to d) expressed the

variant polypeptide in concentration that was comparable to that of the parental molecule (lane
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Figure 4.14 SDS-PAGE analysis of single-site variant D41N. Independent clones of bacterial
cells harboring the expression vector without the lFN_,).insert (lanes f and g), with
the unmodified IFN-7 insert (lane e), and with the D41N substitution (lanes a to
d) were lysed and electrophoresed on a 15% SDS poiyacrylamide gel. The total
proteins were stained with Coomassie Blue. The molecular mass standards (lane
m) were in kilodaltons.
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Figure 4' 15 'Western 
immunoblot analysis of single-site variants D41N. Cell lysates were

prepared and electrophoresed as described in Figure 4.14 except that l/10 of the
samples were loaded- Totat proteins were biotted etectrophoretically on to
nitrocellulose membrane and probed with a rabbit polyclonal r"*r againsipurif,red
IFN-7. Lysates of cells containing the expression vector without the IFN insert
(lanes f and g), with the unmodified IFÑ insert (ane e), and with the D41N
substitution (lanes a to d) are shown. The molecular mass standa¡ds (lane m) were
biotinylated markers (in kitodalton).
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Figure 4' 16 'western 
immunoblot analysis of single-site variants D41A and D41N. cell lysates

were prepared and electrophoresed as described in Figure 4.15. The potypeptiOes
were probed with a neut¡alizing monoclonal antibody naff:OOt @anel Ã¡ *o unon-neutralizing monoclonal antibody MIF3037 (panãt B). ranes: a, lysates frorn
cells ha¡boring the expresseion vectors without the IFN-7 insert; b, the unmodifiedIFNI polypeptide; c, variant D41A porypeptide; d, variant D+lNprypeptide;m,
biotinlyated molecular weight markérs.- 
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e)' The apparent molecular weight of 17,@ was also in agreement with the calculated molecular

weight of 16,9@. The negative controls were clones which contained the expression vector

without the IFN-7 insert (lanes f and g). In a palallel expriment, these clones were analysed by

v/estern immunoblot (Figure 4. 15). All of the D41N polypeptides could be detected by the rabbit

polyclonal antiserum against the purified THuIFN-7 (anes a to d) and the intensity of the protein

bands were comparable to that of the parental molecule Qane e). Therefore, the variant D4lN

polypeptide appeared to have similar stabilíty as the parental molecule. These variant polypeptides

were further characterized with two immunoblot positive Mab, MIF3037 and MIF3061 (Figure

4'16)' Both MIF3037 @anel A) and MIF3061 @anel B) were able ro ræ6gize the D41N

polypeptide (lanes d).

4.10.3 Determination of antivi¡al activity of variant ÞÍlN

Variant D41N was extracted and purified as described in Section 2.1 andpurif1ed protein

was assayed for its antiviral activity according to the procedure described in Section 2.9. The

specif,rc antiviral activity of the D4lN was 1 .02 x l0' units/mg, comparable to the activity of the

parental molecule which was 2.30 x 10' units/mg (Iable 4.1). Since the variation of the antiviral

assay is within 2-fold, the specific activity of the parental iolecule and variant D41N is

approximately the same.
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Table 4' 1 .antivirat Spific Activities of Single-Siûe Variants D4xA and Ð4lF{

Clones

Antiviral Specific Activity
(units/mg)'

PT4R3IFN

D41A

D41N

2.30 x I0'

2.55 x 10u

1..02 x IO7

a' The variation of each of the varues was within 2-ford.
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4"11 Ðiscussion

4-11-1 Role of, a conserved É-turn in the biological activiry of HurFÞd_ry

The purpose of the present study was to dehne the importance of individual amino acid

residues that may be involved in the structure and/or functions of HuIFN-1. Comparison of

primary sequences of IFNs-7 from four vertebrate species revealed several highly conserved

regions (Figure 4.1). Based on hydrophilicity analysis, the conserved residues between positions

36 to 46 were located in a highly hydrophilic region (Figure 4.2). secondary structure analyses

based on the algorithm of chou and Fasman @lack and Glorioso, 1985) predicted that residues

that spanned 39 and 43 constituted a É-turn structure. More importantly, this p-turn was shown

to be highly conserved in all of the four vertebrate species being compared, despite their

differences in primary sequences (Figure 4.4). The fact that a surface-exposed structure was so

well conserved suggested that it may play a key role in the structure and/orfunctions of IFN-7.

In order to study the significance of this conserved B-turn, single-site variants were

constructed to either disrupt this structure or maintain the p-tutn while altering the local charge.

The construction of these variants was achieved by site-directed mutagenesis. Two single-site

va¡iants were constructed by replacing the most hydrophilicìmino acid in this region, the

negatively-charged Aspo', with (Ð a hydrophobic amino acid (Ala) which resulted in the disruption

of the local 6-turn structure and (ii) an uncharged amino acid (Asn) which abolished the negative

charge without disrupting the locar secondary conformation.
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The rationale for choosing the hydrophilic region between residues 39 to 43 was based

on the assumption that the conserved hydrophilic domain would likely be located on the protein

surface and be involved in intermolecular interactions, either with the receptor or with the

effector molecule(s). By substituting Aspo' for a hydrophobic amino acid alanine (variant D41A),

the local hydrophiticity of this region was predicted to decrease by 0.7g hydrophilic unit (Figure

4'5)' on the other hand, the effect of this substitution on the local secondary structure was more

drastic: the highly conserved É-turn between residues 39 to 43 was disrupted (Figure 4.6b).

The specific antiviral activity of variant D41A was found to beat least l0-fold less than

that of the parental molecule (Table 4.1), indicating that the conserved B-turn is important for

conferring the antiviral activity of the HuIFN-7 molecule. However, the fact that the activity was

not completely abolished suggested that other functional domains must exist to confer the full

biological activities. Since it has previously been demonstrated that the HuIFN-7 molecule had

two distinct functional epitopes, E, and Er, (AIfa and Jay, l98B), it is possible that the disruption

of the 6-turn had only affected one of the epitopes. Preliminary experiment supported this notion.

while the D41A polypeptide could be recognizetby both the polyclonal antiserum against

purified HuIFN-1 (Figure 4.11, Panel C, lane d) and a Mab I,{IF3037 that recognized the C-

terminus of the THuIFN-7 (Figure 4.11, Panel A, lane d), it could only react very weakly with

a neutralizing antibody MIF3061 (Figure 4. 11, Panel B, lane a¡ since MIF3061 belongs to the

group of Mabs that neutralize the E, epitope (Alfa and Jay, 1988), the conserved B-turn may

constitute part of the E, epitope. Immunoblot analysis of other Mabs that neutral ize E, would

conf,trm the finding that D41A had lost this functional epitope. It is not clear, however, whether
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this epitope represents the receptor binding site or the effector site. Nevertherless, the fact that

this region was conserved among the four vertebrate species suggested that it was not likely to

be involved in receptor binding since IFNs-^y Ne known to be species specific (pestka et al.,

1987)' Therefore, it is tempting to speculate that the conserved É-turn constitutes part of the

effector site(s). It is possible that effector binding requires cooperative binding of both epitopes

E' and F- and that the disruption of E, would only partially affect the binding capability.

In order to determine whether the loss of activity of D41A was due to the disruption of

the p-turn or the direct involvement of the negatively charged-Aspo,, this residue was replaced

with Asn' Since both Asp and Asn have similar side-chain volume (Creighton, l9g4), the

substitution of Aspo' for Asn would not be expected to induce any signihcant changes in locat

secondary structures. Indeed, secondary structure prediction showed that the local B-turn was

preserved (Figure 4.6c).Hydrophilicity analysis indicated that the local hydrophilicity would

decrease by 0.55 hydrophilicity units as a result of this substitution @igure 4.lz).

The D4iN polypeptide was expressed in E. coli, purihed, and assayed for antiviral

activity' As shown in Table 4.1, the specific antiviral activity of variant D4lN was found to be

comparable to that of the parental molecule. Therefore, it is likely that the whole É-turn structure,

rather than individual residues or the local hydrophilic environment of this region, that

contributes to the full activity of the HuIFN-7 molecule.

other studies (Fish et al., 1988) have shown that disruption of a B-turn between residues

24 to 26 by replacing Asnã with Gln also resulted in a l0-fold reduction in antiviral activity and

a S-fold reduction in antiproliferative activity (Table 4.2). Receptor binding experiments showed
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that the affinity of this variant was not affected. These results were interpreted as showing the

involvement of the B-turn in effector functions (Fish et at., lgg8). It is interesting to note,

however, that this É-turn is only conserved in human and bovine IFN-7, and only partially

conserved in rat IFN-7 @igure 4.17).R.esidue 25 in the murine IFN-7 is in fact located in the

middle of a É-sheet (Figure 4.17d). Therefore, it appears that this B-turn is unique only in human

and bovine IFN-7. Furthermore, no conserved substitution was constructed to support the

argument that the reduction of activities was due to the disuption of the B-turn. For instance, the

replacement Asnã with Asp which would preserve the É-turn without altering neigboring

structure' Instead, a double mutant was constructed (Fish et al., lgsg). This second variant had

a substitution of Asnæ for Lys in addition to Glnã. Although this mutation showed a further 20-

fold and lO-fold reduction in antiviral and antiproliferative activities, respectively, the results

from studies of this latter variant were not informative since the activities of Lyso alone was not

shown' It is not clea¡ whether this second mutation had an additive effect on the Asn'variant.

In addition, all of these mutants were extracted by the denaturation/renaturation procedures

described by Arakawa et aI (1985). As already discussed in chapter 3, the process of

denaturation and renaturation could introduce inactive molecul-es into the preparation due to the

formation of off-pathway intermediates (Mitraki and King, lggg) and may result in the

underestimation of the specific activities of a biological active rnolecute. It is not clear whether

the reduction in activities in the two mutants reported by Fish et al. (lggg) resulted from the

denaturation/renaturation procedures.
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Table4'Z Antiviral spific Activities of recombinant HuffiNn Analogues (Fish et al.,
1988).

Clones

Antiviral Specific Activity

(units/mg)

IFN-7

N2sQ

N2sQ/N75K

1.5-2.2 x 10'

3.0 x 100

7.0 x 1ff
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4.11.2 Role of the conserved p-turn in the shbitíty of the F{utrFNn

It is interesting to note that production of the D41A variant polypeptide was also reduced

by at least 5O-fold, suggesting that the É-turn conformation may be important for the structural

stability of the molecule. Since amino acid substitutions that affect stability do not generally occur

at residues that are solvent-exposed or mobile in the folded protein (Alber et al., l9g7; Alber et

al', i988), the fact that variant D41A significantly lost both its srability and acrivity further

suggested that the conserved B-turn plays a key role in the structure/function of HuIFN-7

molecule' This is corroborated by the evidence that variant D41N had a similar stability as the

parental molecule. r-oss of stability due to disruption of a p-turn structure has also been

demonstrated in other proteins such as the hemoglobins (Fermi and perutz, 19gl). B-turns are

usually found on protein surfaces and have been considered to play an important role in protein

folding pathways (Lewis et al., 1971; Zimmerman and Scheraga, 1977). The formation of É-

turns is believed to signif,rcantly restrict the conformational space available to the folding

polypeptide chain. By facilitating the positioning of distant parts of the polypeptide into close

proximity, B-turns areimportantinpromoting medium- and long:rangeintramolecularinteractions

which result in further stabilization of structure (wright et al., l98B). other evidence showing

the importance of É-turns in protein folding came from the studyãtemperature-sensitive mutants

of the bacteriophageP22 tailspike protein (Yu and Kng, 1938). It was found that single-site

mutations that affect protein folding and assembly at restrictive temperature constituted regions

which had a high probability of forming É-turns or areas of high solvent accessiblity. Therefore,

t63



different stages in the protein folding pathways may be guided by a few specific amino acid

residues.

Therefore, the significance of the two mutations described in the present study was of
several fold' First, the variant polypeptide D41A failed to accumulate to the same level as the

parental molecule in the E. coli cell. Therefore, the substitution of Aspo' for Ala was deleterious

to the structural stability of the HuIFN-7, demonstrating the imprtance of the conserved É-turn

in maintaining the overall structural stability. Second, the substitution of Aspo, for Asn resulted

in the elimination of a local negative chargg as well as the reduction in the local hydrophilicity

without altering the secondary structure. since this variant was found to retain its activity, the

negative charge of Aspo' was not directly involved in the formation of the functional site(s). The

full activity of the HuIFN-7 molecule thus requires an intact É-turn. Third, the specific antiviral

activity of variant D41A was reduced by at least lO-fold which could not be accounted for by the

lack of protein accumulation alone. Therefore, the conserved B-turn structure may represent part

of a functional epitope. Fourth, a neutralizing monoclonal antibody MIF3061, which was

immunoblot positive against the parental molecule, failed to detect or bound very weakly to the

variant polypeptide D4rA, whereas both polypeptides could be {etected by a polyclonal antiserum

against THuIFN-7, suggesting that an epitope that was normally recognized by this neutralizing

monoclonal antibody was no longer present in the D41A varianJ. while increasing the amount

of the other variant proteins loaded onto the gel resulted in an increase in sensitivity,

corresponding increase was not observed with the D41A polypeptide. Thus, the weak reactivity

is unlikely due to the low affinity of MIF3061. Furthermore, increasing the amount of proteins
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also reduced the signal-to-noise ratio in all cases.
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5.1

CHAPTER 5 STNGI-E-STTE V^ARTANTS WTTT{ ENT{,âÌ{CEÐ ACTTWTTES

Intrduction

Interferon gamma molecules from different animal species are known to exhibit strict

species specif,icity @estka et al., 1987). However, these molecules are able to induce the same

spectrum of biological responses in the respective animal species @estka et al. , IggT), suggesting

that they elicit the various biological respons€s through similar signat transduction pathways via

their respective receptors. Therefore, it is possible that the receptor binding domain has diverged

during evolution while certain essential functional domains on these IFN-? molecules have been

conserved in various vertebrate species. Criteria used to locate these domains have been described

in Sections 4.2, 4.3, and 4.4. Based on these criteria, a conserved B-turn between residues 39

to 43 was identified and two single-site variants were constructed in order to specihcalty study

this conserved secondary structure. The construction and the biological activities of these two

variants have been described in chapter 4. since the disruption oi this B-turn did not completely

abolish the activities, other functional domains must exist in order to confer the full biological

activity of the HuIFN-y. These domains are tikely to be located not only in regions of the

molecule with high degree of sequence homology but alsoìegions that have homologous

secondary structures. Comparison of theprimary sequences of IFN-7 from four vertebrate species

revealed a highly conserved region adjacent to the É-turn between residues 43 to 57. Out of these

15 residues, 10 were lW% conserved while the other 5 were conserved substitutions (Figure
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comparison of primary sequence of IFNs-7, ILs-4, and GM-csF. a, human IFN_1 b, bovine IFN-7; 
_c, 

murine IFN-f; d, rat FN_r; e, murine II__4; f, humanIL-4; g, murine GM-CSF. The single amino acid code is used. Conserved residues
are boxed. Gaps are introduced in order to allow alignment of sequences.The
number of residues are according to the sequence of-the IFNs-7. Trends of aparticular type of residue occurring in the same position are denoted as: p, porar
residues; n, non-polar residues; *, basic residuôs.
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Figure 5'2 comparison of hydrophilicity profiles of unmodif,ied THuIFN-7 and single-site
variants. The algorithm of Hopp and woods (1981) is used: (a) unmodified
HuIFN-7, þ) Q46L, and (c) Q48L. Arrows indicate the amino acid substiturions
at positions 46 and 48. Hydrophilicity values a¡e calculated by averaging over 6amino acids. only varues of residues 31 to 59 are shown.
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5.1). In addition to the s€quence conservation, these residues were also predictsd eo fonn a 6-

sheet (Figure 5.3). .Analysis of the hydrophilicity of of theæ residues indicated that they were

læ¿ted in a hydrophobic region (Figure 5.2). AJthough these residues are not likely to be surface-

exposed, they could ptentially have stabilization effects on the neighboring stn¡ctures such as

the conserved p-turn. It has been shown that the inæmal core of a protein is consisted primarily

of hydrophobic side chains and that the shielding of these residles from solvent (hydrophobic

effect) is thought to be one of the main sources of stabilizarion ,nrrgy (Kauzmann, 1959;

Tanford, 1980; Alber, 1989). Aiternatively, the hydrophobic region may be læated on rhe

exterior of the protein as part of a É-ba¡rel which, in conjunction with the conserved p-rurn, may

provide the molecula¡ surface for protein-protein interactions. Although this hydrophobic region

may or may not be part of the internal core, it nonetheless provides a starting pint in an attempt

to locate the strucfural and/or functional domains of the HuIFNl molecule.

Construction of Singte-site Varients W6L and @8tr-o

5.2.X Choice of arnins æild for zubstitutims

:
Out of the 15 conserved residues between psitions 43 to 57, two residues, namely Gln6

and Gln*, were chosen as the targets for amino acid substitution. These two residues were chosen

based on the fact that since they were adjacent to the conserved d-turn and were highly plar,

they may have significant influence on the expsed É-turn v/ith respt to its role in

5.2
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u The design and construction of variants Q46L and e4gl- were done in collaboration
wirh Dr. Gilberr Jay.
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intermolecular interactions. It was rationalized that by replacing Gln* and Gln* with a

hydrophobic residue, it may be possible to reduce the exposed surface for intermolecular

interactions. The hydrophobic residue leucine (I-eu) seemed to be the best choice for the

replacement of G1n6 and Gln* because of their similar side-chain volumes (Gln : l2g.l4Å, Leu

: 113' 17 A) compared to other hydrophobic residues (Creighton, 1984). secondary structure

prediction based on the algorithm of Chou and Fasman (1978) also showed that the substitutions

of these two residues by Leu did not cause any structural changes (Figure 5.3). These

considerations were aimed at minimizing steric hindrance effects that might have occurred if an

aromatic, bulþ residue such as tryptophan were used to replace the two glutamines.

5.2.2 Materials and Methds

The two single-site variants were constructed by site-directed mutagenesis utilizing the

Ml3 system as described in Section 2.15. The subcloning of the THuIFN-7 coding sequence into

the M13mp8 vector has been described in Section 2.16. Two synthetic oligonucleotides were

separately used as primers to generate the two independent muþtions by replacing Gln* and Gln*

with Leu:
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c

G

G

c
G

G

c

.4,

T

A,

3!

5f
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Lys
AA

44
Ile
ÀT

TA

45
Met
AT

TÃ,

46
Gln
cÄ
GAcr
Leu

47
Ser
AG

TC

48 49
GLn lle
C.A.A,ATT

G T T T 5¡

3r

Q48L

45 46 47 48 49 50 51_Met Gln Ser GIn Ile Val_ Ser5r À T c c A G A G C C À A A T T G T C T C C 3,
3I G T C T C G G ^A, T T A À C A G 5IcFa

Leu

The primer-extended DNA were used to transform E. ggli strain rM103 which had been

made competent according to the procedures described in section 2. 18.5. The transformants were

screened by colony hybridization as described in Section 2.18.6. Single-stranded DNA were

isolated from the positive transformants (section 2.7.1) and the nucleotide substiruûons were

confrrmed by DNA sequencing using the dideoxynucleotide chain termination method (Section

2'7). 
^ 

ls-baseprimerthatspannedresidues 62and66(3' CTAçTAGTCTCGTAG5')wasused

for sequencing.

Intraceliula¡ RF's were prepared (Section 2.3) fromtt" t unrrormants that had been

confirmed by DNA sequencing. The mutated regions were then retrieved by cutting these RF,s

with the restriction enzymes KpnI and AsuII and were subcloned into the expression vector p,oR,

similarly linea¡ized by the same enzymes. A schematic of the subcloning procedure is shown in
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Figure 5.4

Kpn LzÂsu!l
þn l.zÂeu ll

I+ h___l * f__]

Subcloning of single-site variant into expression vector. The M13mpg vector that
caried the IFN-7 was excised with the restriction endonucleåses KpnI and AsuIL
This 200-bp fragment which contained the single-nucleotide substitution (denoted
¿5 v) was used to replace the unmodif,red IFN-7 coding sequence carried by the
expression vector. The resulting plasmid, pp,oR3x çx:b+te, D41N, e46i, or
Q48L) conüained an modified IFN-y sequence that has a single-nucteotide
substitution.

)
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Figure 5.5 Restriction endonuclease digestion of the unmodified IFN-7 sequence and themodified sequence. plasmids which contained (a) the unmodified ún_y r"qu.n"",P,.R3IFN, the modif,red sequences (b) e46L, (c) e4gl, and (d) D41A wereai^qe¡tø with KpnI and AsuII, and erectrophoresed àn " r% agarose ger. The4300-bp band from (Ð and the 200-bp band from (b),(c), and (d) were separarelypurified. Molecular size standards wère (MJ À nñe'ágestø with HindIII and(M) óX174 DNA digesred with HaeIII.
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Figure 5'4' Both the expression vector and the restriction enzyme fragments were separated on

a l% agarcse gel (Figure 5.5). The con-esponding bands were excised from the gel and the DNA

were eluted by electrophoresis into dialysis tubing. Eluted DNA were extracted with

phenol/chloroform/isoamyl alcohol (49:49:2)3 times, chloroform/isoamyl alcohol @g:2)3 rimes,

and precipitated with a final concentration of 0.3 M sodium aætate (pH 7.0) and npo volumes

of absolute ethanol at -20'c. The purified KpnI/AsuII fragment were separately ligated with the

linearized vector in a ratio of 1:5 (fragment:vector). Ligation conditions were as described in

section 2'16' Each ligation reaction was separately used to transform the competent E. coli strain

LF,392' The transformants from each ligation were randomly selected and grown in 2 ml T broth.

The bacterial cells were collected by centrifugation in a microcentrifuge, lysed in SDS sample

buffer, and separated on a SDS poryacryramide ger (section 5.3.2).

Results

5-3-1 Ident'rfication of singre-site variants e46t and e4gl

The mutants generated were screened by two rounds of colony hybridization using the trvo

respective mutant oligonucleotides. The conditions for colony r,yu;oir"tion has been described

in section 2'18'6' Two final positive clones were selected and ssDNA were prepared for

sequencing. The desired nucleotide changes were confirmed as shown in Figure 5.6. Since the

sequencing primer was complementary to the coding strand, the two nucleotide changes shown

5.3
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were those on the antisense strand:

Clone

Q4 6L

Q4BL

NueLeotide Change

T--oA

T--oA

eÕdon Change

CAG -+ CTG sense strand
GTC -+ GAC antisense strand
CAå, -+ CTA sense strand
GTT -+ GÃ,T antisense strand

5.3.2 Characûerizarion of e46L and @gI- plyptides

Single-site va¡iant polypeptides Q46L and Q48L were expressed in the E. coli strain

LE392' cell lysates from 8 independent clones of each variant were prepared and separated by

SDS-PAGE' Total proteins were detected by silver stain. As shown in Figure 5.7, allof these

clones produced a polypeptide which had an M, of 17 kD (Q46L, lanes c to j; Q4gL, lanes k ro

r) comparable to the parental molecule (lane b). This polypeptide band was absent in cell lysates

from cells which contained only the expression vector without the IFN-? insert (lane a). The

immunological identities of these polypeptides were confirmed by v/estern immunoblot analysis

(Figure 5'8)' The 17 kD band of all the clones (Q46L, lanes c to j; e4BL, lanes k ro r) could be

detected by the rabbit polyclonal antiserum against purified THuIFN-7 and their molecular sizes

were indistinguishable from that of the parental molecule (ane b). This protein band was absent

in cell lysates prepared from cells which contained the expressior*.to, without the IFN-7 insert

(lane a).

To determine whether the two variant polypeptides could be detected by a neutratizing

monoclonal antibody MIF3061 and a non-neutralizing monoclonal antibody MIF3037, a Western
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Figure 5.6 DNA sequence analysis of single-site variants e46L and e4gl. The single_
nucleotide substitutions of variants (a) e46L and O) e4gl- were anaiysi bydideoxynucleotide chain termination sequencing. The subìtitutions in each set of
sequence ladders (T * A) are denoted by an arrowhead.
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SDS-PAGE analysis of single-site variants Q46L and e48L. Independent clonesof bacterial celis harboring the expression vector withoit the IFN insert (lane a),with the unmodified IFN-7 insertllane b), with the e46L substitution (lanes c toj), with the Q48L substitution (lanes k to r) were lysed and electrophoresed on a15% sDS polyacrylamide gel. Total proteins were stained with silver. Themolecular mass standards (lanes M) were in kilodaltons.
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Figure 5.8 v/estern immunoblot analysis of single-site variants Q46L and Q4gL. cell lysateswere prepared and electrophoresed as described in Figure 5.7 eìcept that 1i10 ofthe samples were loaded. Total proteins were bloued electrophoreticaily on tonitrocellulose membraneand probed with a rabbitpoly.ronJ serum againstpurif,redIFN-7' Lysates of cells containing the expression vector without the IFN insert(lane a), with the unmodified IFñ-7 insert Qane b), with the e46L substitution(lanes c to j), with the Q48L substitution (lanes k to q) are shown. The molecularmass standards (rane M) were pre-stained markers iritilo¿¿ton.
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blot analysis was performed by transfen'ing the total proteins of the two clones onto nitrocellulose

and then detected with the two monoclonal antibodies. .As shown in Figure 4.11, both variant

polypeptides (Panels A and B, lanes b and c) as well as the parental molecule (Fanel A and B,

lane a) could be ræ,ogtzed by these antibodies. As a control, all of these polypeptides could be

detected by the rabbit polyclonal serum against purif,red THuIFN-7. Therefore, the neutralizing

epitope(s) rcnognizeÀ by MIF3061 was retained in both variants e46Land e4gl.

5'3'3 Detennination of the biological activities of single-site variants e46I- and @gI-

Variants Q46L and Q48L were extracted and purified essentially the same as that for the

parental molecule (Section 2.1). The purified fractions were pooled and were assayed for their

antiviral activities (Section 2.9). The specif,rc antiviral activity of both e46L and eagl were 5.g

x 10' units/mg or approximately 30-fold higher than that of the parental molecule (table 5.1).

Taking into account the variation of the antiviral assay which is within 2-fold, the 36-fold

difference in specif,rc activity between the parental molecule and the single-site variants is

stati sticall y significant.
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T'able 5' 1 Antivirat Specific Activities of Single-Site Variants ç46I- and @g{.

Clones
Antiviral Specific Activity

(units/mg)"

P,.R3IFN

Q46L

Q48L

230 x lA'

5.80 x lff

5.80 x 10'

a, The variation of each of the varues was within 2-ford.
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5.4 Ðiscussion

5.4.1 Enhanced activities of single_siûe vana¡ts

Two va¡iants, Q46L and Q48L, were constructed to study two highly conserved Gln

residues and their influence on the conserved B-turn between residues 39 to 43. The two

hydrophilic residues selected, Gln* and Gln*, were predicted to form part of a B-sheet adjacent

to the conserved É-turn that appeared to play a key role in the biological activities of HuIFN-7.

These two amino acids were individually substituted with Iæu. Analysis of the predicted

secondary structures indicated that these two substitutions induced minimal structural change

(Figures 5.3b and 5.3c).

Independent clones that produced the two variant polpeptides were successfully expressed

in E' coli and the whole cell lysates were analysed by SDS-PAGE. It was observed that both of

these polypeptides had comparable stability and yield as the parental molecule (Figure 5.7).

western blot analysis also showed that their immunological identities were indistinguishable from

the parental molecule @igure 5.8). when the biological activities of these variants were tested,

both were found to have 3O-fold increase in antiviral specific activity (Table 5.1). such a

significant increase in the antiviral specihc activities *", un*ted since it was originally

rationalized that the replacement of Gln6 and Gln* with the hydrophobic Leu would reduce the

exposed surface and would therefore reduce the efficiency of intermolecular interactions. It is
possible that the two substitutions have instead strengthened the interactions between the HuIFN-
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7 molecule and the effector molecule. Altematively, the substitutions may have improved the

receptor binding affinity of the two variants. However, the latter possibilify was deemed unlikely

because Gln* and Gln* were located in a highly conserve.d region, whereas IFN-7,s are known

to be species-specific. It is conceivable that IFNl's from different animal species have become

evolutionarily diverged such that their receptor binding domains have become species specific.

The evidence of such divergence may then be reflected in the divergence of their primary

sequences' on the other hand, since IFNs-7 induce the same spectrum of biological activities in

the respective animal species, the effector binding domains may have been conserved. Therefore,

the results of these two substitution have reinforced the notion that these evolutionarily conserved

residues play an important structural/functional role.

5'4'2 Sequence and Structural Characüeristics of the R.egion between R.esidues M tÐ s7

comparison of the homologous amino acids revealed 
_a 

highly conserved region that

spanned residues 43 and 57, adjacent to the conserved É-turn. out of these 15 residues, l0 were

l00vo conserved while the other 5 were conserved substitutions @igure 5.1). Anatysis of the

hydrophilicity of these residues.showed that they were located in a hydrophobic region (Figure

5'2)' Such a conserved hydrophobic segment is reminiscent of * ,nrr.n" core of proteins first

recognized in the hemoglobins @erutz et al., 1965). In addition, based on the algorithm of Chou

and Fasman (1978), this region was predicted to form a B-sheet (Figure 5.3). since É-sheers are

generally found in the interior of proteins (creighton, 1984), this further supports the notion that
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these residues are buried. There is evidence to suggest that the internal core of a protein play a

key role in determining the protein's structure. First, the core is composed primarily of

hydrophobic side chains and the shielding of these residues from solvent (hydrophobic effect) is

thought to be one of the main sources of stabilizationenergy (Kauzamnn , I959;Tanford, 19g0;

Alber, 1989). Second, crystallographic studies have shown that core side-chains are very closely

packed, occupying almost all available interior space with no steric overlaps (chothia, 1975;

Richards, 1977)- A particular protein structure might therefore require a specific set of core

residues which can maintain these properties (Lim and Sauer, 19g9). Indeed, it has been

suggested by Ponder and Richards (1987) and experimentally demonstrated by Lim and Sauer

(1989) that by focusing on core residues, it may be possible to predict the structure that a protein

sequence will adopt.

It is interesting to note that the hydrophobic region was conserved not only among IFNs-

7 from different vertebrate species, but also conserved with murine interleukin-4 (MuIL-4) and,

to a lesser extent, granulocyte-macrophage colony-stimulating factor (GM-csF) (Noma et aI.,

1986; Lee et al., 1986). A more detailed comparison of these residues revealed striking homology

between a stretch of homologous amino acids spanning positions 4g and 57 (Figure 5.1). with

the exception of a highly conserved basic residue (Lysss or Arg55), these residues were almost

exclusively hydrophobic. In addition to the sequence rromotog¡ these residues were predicted

to have structural homology such that they all form B-sheets (Figure 5.9, a to d). Interestingly,

the substitutions introduced in variants Q46L and Q48L have not only extended the hydrophobic

region buf also added two hydrophobic residues, I-æu* and Iæu*, onto the same side of the É-
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Figure 5'9 Comparison_of secondary structures of IFNs-7 from various vertebrate species. The
algorithm of Chou and Fasman (1978) was used to calculate secondary structures
between residues 44 and 60 of (a) human IFN-?, (b) bovine FN_7, (c) murine
IFN-7, (d) rat IFN-7, (e) variant Q46L, and (Ð varianr e48L. Singie aáino acid
codes a¡e used. secondary structures ¿ue represented asr MAA fr-sneet¡;ffi(c-helix (random coil). The hydrophobic residues are circled. The
conserved basic residues at position 55 is denoted +.
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sheet (Figure 5.9, e and f). Therefore, the increase in specific activities observed in variants

Q46L and Q48L may have been strengthened the hydrophobie interactions involved in protein-

protein interactions' This is in contrast to the originat assumption that the rwo substitutions may

reduce the hydrophilic surface for intermolecula¡ interactions.

The importance of the hydrophobic region between residues 43 to 57 was also

demonst¡ated by Fish et al. (198s) who showed that the substitution of Meto5 by Thr reduced both

the specific antiviral and antiproliferative activities by approximately 3 log. It was concluded that

the reduced activities of this va¡iant may have been due to its inability to form appropriately

folded structures and that the hydrophobic core was essential for biologicat activity. Analysis of
the local secondary structure of this variant supported this nofion. The substitution of Meto5 by

Thr disrupted the É-sheet that normally spanned ¡esidues 44 and49 (Figure 5.10, a and b).

Instead, a 6-turn was formed between residues 45 to4g such that Thf, Gln*, se/?, and Gln*

have become surface exposed. This further supports the notion that these conserved residues are

involved in hydrophobic interaclions. However, since this yï*t was extracted using the

denaturation/renaturation procedures (Arakawa et al., 1985), the possibility that the variant was

not re-folded properly cannot be excluded. since neither variant Q46L and Q4gL showed

signifTcant increases in stability, as judged by their normal accumulation in the E. @!i cell

compared to the parental molecule, the increase in activities ouservø in these two va¡iants are

likely to be due to better interactions with the effector molecule(s). However, the possibitity of
inc¡eased stability cannot be ruled out without thermodynamic data.
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Figure 5' 10 comparison of secondary structures of HuIFN-7 and variant M45T. Secondary
structures were predicted based on the algorithm of chou and Fasman (1g7g). only
structues between residues 35 and 55 of (a) HuIFN-t and (b) a variant with the
replacement of Metos with Thr as described by Fish et al., f ig'ggl are shown. The
substitution of Met for Thr results in the partial disruption of the B-sheet structure
between Th¡05 and Ileae which is convertéd instead to a p-turn. The single amino
acid code is used. Secondary structures are represented graphicalty ur,[,4¡¡y1o-
helix), MÂÂ (0-sheet), _-t--l_ (B-rurn), and 
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lraidåm coil).
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It is tempting to speculate that IFNI binds to the effector molecule(s) by hydrophobic

interactions through the conserved É-sheet. The lFN-7-effector heterodimer would either activate

other intracellular signalling molecules or directly activate lFN-responsive genes. such a

mechanism may explain the multiple, yet specific, actions of IFNs-7 in different cell types. The

permutations of the types of heterodimer generated would vastly increase the repertoire of

regulatory molecules with distinct binding and functional specif,rcities. These molecules would in

turn differentially regulate IFN-7 responsive genes.

5'4'3 r{eterdimer Forrnation between HuIFNl and Effector molecules - A Hypthesis

The concept of the formation of a heterodimer between two heterologous proteins which

may be directly involved in gene regulation was first described in the ,leucine-zipper, 
model

(r'andschulz et a7., 1988). It was observed that a stretch of 35 amino acids containing 4 to 5

leucine residues separated by 6 amino acids occurred in various DNA-binding proteins.

l¿ndshultz et aI. (1988) thus proposed that the leucines were arranged on one side of an

amphipathic a-helix and that the leucines on two such helices would interdigitate leading to

dimerization. Such an arrangement of leucine residues thus resembled the "teeth of a zipper,,,

thus the term 'leucine-zipper'. Furthermore, since the 'leucine-**r' was immediately preceded

by a region rich in positivety charged amino acids (Figure 5.11), these authors further suggested

that dimerization would arrange the basic regions of the two subunits in a configuation that

allowed specific interactions with aDNA-recognition sequence. Although the ,leucine-zipper, 
was
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Figure 5' 11 The leucine zipper model. a, The leucine repeat region, which could form an eight-
turn a-helix (depicted as a cylinder), servei as a dimerization interface. The basic
regions serve as the bifurcating arms that fit into the major groove of the DNAhelix' b, The coiled-coil model for the structure of leucine ,i-pæ.. The a-helical
regions of two monomers are illustrated on the left; each residuå i, ,"pr.r"nted bt
a sphere centred on the C'atom. In the dimer (right), these helices form a coiled
coil, a structure in which two parallel helices are intertwined. The leucine residues
a¡e indicated by black or white balls marked with an L, and the altenating
hydrophobic repeat þresent in many, but not all, leucine ziipers) by plain black
or white balls. The two interspersed heptad repeats, known 

"r 
ì-: repeat, form theinteraction surface between the two helices (Adapted from Abel and Maniatis,

1989).
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first hypothesized to be directly involved in DNA-binding (randschu lz et aJ., l g8g) , studies with

model peptides showed that the periodic leucine repeats were able to form stable dimer of a-

helices with a parallel orientation forming a coiled-coit (o'Shea et al., 19g9) (Figure 5.1 l). This

latter study also suggested that the leucine sidechains might not interdigitate, but rather interact

with the alternate, non-leucine, hydrophobic residues in the opposing helix. More recently, it was

shown that the leucine repeats of two nuclea¡ oncogene products could assoicate both in vivo and

in vitro to form heterodimers (Kouzarides and ziff , l98B; sassone-corsi et al., lgg8; Turner and

Tijian' 1989)' The significance of the heterodimer formation was shown by Turner and rijian
(1989) in that the two oncogene products c-fos and c-jun were able to dimerize in vitro to bind

a specihc DNA sequence' whereas either protein alone had very little affrnify for the same DNA

sequence' It has since been hypothesized that the activation of certain target genes by these

nuclear oncogene products required the direct binding of the heterodimer (furner and Tijian,

1989)' A more elaborate model was recently proposed which consisted of a dimerization interface

involving the 'leucine-zipper' and a DNA contact surface termedthe .basic region, immediately

NH'-terminal to the leucine-zipper (vinson et al., 1989). This bipartite structural motif was

hypothesized to form a 'scissor-grip' with the 'basic-regions' from each polypeptide chain of the

dimer function as two bifucating arms clamping onto the major groove of the DNA, while the

c-terminal 'leucine-zipper' interacted to maintain the dimer conformation (vinson et al., l9g9)

(Figure 5.11).

It is important, however, to emphasize that the hydrophobic interactions hypothes ized in

the lFN--effector model differ from the 'leucine-zipper' model, which requires canonical leucine
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repeats in an a-helix, in that hydrophobic interactions between two É-sheets are required to form

the proposed lFN-7/effector heterdimer. The latter configuration would allow not only hydrogen

bond formation between internal polar residues on the two strands of É-sheets, as has been shown

in bovine pancreatic trypsin inhibitor (BPTÐ (creighton , 1gg4 p.230-232), but would also

accomodate the hydrophobic interactions of the nonpolar residues between the two strands. Such

interactions would also provide stability to the folded conformation (creighton, l9g4).

Alternatively, the hydrophobic p-sheets may be involved in homodimer formation of the IFN-7

molecules' It has been shown that upon gel filtration natural HuIFN-7 yields an apparent weight

of 40-60 kD, suggesting that under physiological conditions IFN-7 may exist as a dimer (yip et

al', 1981; Rinderknecht et al., 1984). However, target analysis of both naturaÌ and recombinant

HuIFN-7 suggested that the functional unit was a tetramer @estka et al., l9g3). Nevertheless,

no structural studies has been cârried out to identify the dimerization mechanism. It is not known

if the dimer or the tetramer persists intracellularly.

Despite the differences in the sequence requirement, cerûain similarities in the structural

features of the two models are apparent. In the case of the 'leucine-zipper, model, two a-helices

would interact through the leucine repeats. This is in accordance with our current understanding

of the structural features of helices in that due to the amphipathic nature of a-helices, they tend

to have polar side chains on one side and nonpolar side chains * th. other along the axis of the

helix' As a result, there is often a repeating pattern in the segment of the primary sequence. The

repeats of leucines in the 'leucine-zipper' model occur every 3 to 4 residues which represent

approximately one half of a helical turn, with the repeating leucines buried into the helix groove
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of the apposing helix (Figure 5.11). However, this type of structural feature and interactions

among proteins are not unique. Indeed, p-sheets nea¡ the protein surface tend to have polar side

chains on the exterior side and the nonpolar side chains on the interior side. The result of which

is also an alternating pattern of polar and nonpolar residues in the sequence (Creighton , l9g4 p.

243)' on the other hand, when helices or B-sheets are buried, ail the side chains tend to be

nonpolar; the central strands of a sheet tend to have the most hydrophobic residues. In the É-

sheet conformation, the polypeptide chain is nearly fully extended and individual strands

aggregate side by side forming hydrogen bonds between the carbonyl and NH groups of the

backbone (Figure 5.12).In addition to the hydrogen bonds, the dipoles of the peptide bonds

alternate along the chain, providing favorable conditions for interstrand interaction. Although

extended strands of planar É-sheets do not appear to be herical, they may be considered a rather

special helix with 2.0 residues per turn (creighton , rgg4 p.173),because most B-sheets are not

planar but have a twisted conformation. Therefore, the hypothesis of lFNl/effector heterodimer

formation resembles the leucine-zipper model in terms or G), the utilization of hydrophobic

interactions between two protein molecules to form heterodimer, (ii) the formation of heterodimer

inc¡ease the permutation of regulatory potentials based on a limited repertoire of ligand/effector

molecules, and (iii) the heterodimer formation can be mediated through interactions between

either two helices or 0-sheets.

The above model is testable. First, double mutation of Q46L and Q4gL could be

constructed. If the above hypothesis is correct,

due to more efficient dimer formation. Second,

further increase in activities would be expected

the substitution of the Gln6 and Gln* with Glu
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Figure 5' 12 Drawings of a single, straight É-strand (A) and its incorporation into flat parallel
(B) and antiparallel (C) pleated sheets. (Adapted from óreighron, 19g4).
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would not be expected to result in any increase in activities since Glu would not enhance

hydrophobic interactions. Third, residue Fhes could be substituted by leucine. since this leucine

is conserved in murine and rat IFN-7 @estka et al., 1986) as well as IL-4 and GM-csF (Noma

et al', 1986), the substitution of Phe by I-eu may increase the efficiency of binding of HuIFN-

7 to the effector molecule(s) and may result in increase of activities. Fourth, detection of dimer

formation could be achieved by immunoprecipitation of radiolabelled-IFN-7 treated cell extracts

with polyclonal antiserum against HuIFN-? and then resolved on native polyacrylamide gel. Fifth,

substitutions of the conserved hydrophobic residues with hydrophilic residues would be expected

to disrupt the proposed hydrophobic interactions. The replacement of phe52, Tyt', , phes are likety

to yield useful information since these three bulþ hydrophobic residues must have formed a very

rigid hydrophobic pocket. Another candidate is Lyss'. This residue is the only hydrophilic and

basic residue in a stretch of t hydrophobic residues. This residue may be involved in hydrogen

bonding with the tigand-effector interactions since there is no hydrogen acceptor in the adjacent

residues.

5.4.4 Interactions with Interleukin4

The availability of cloned IL-4 has revealed ,orn. *ry interesting observations on

interactions between this lymphokine and IFN-I. It is known that certain actions of fL-4can be

inhibited by IFN-7 or vice versa in a dose-dependent manner (coffman and carty, 19g6; snapper

and Paul, 1987)- IL-4 has been shown to induce the IgE receptors and the induction could be
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inhibited by exogenous IFN-7. Evidence for the action of IL-4 at the transcriptional level has

come from studies done by Berton et al. (1989) who showed that transcription of IgG, could be

activated by rL-A and that the activation could be inhibited by IFN-7 in a dose-dependent manner

at the transcriptional level. A possible explanation for the antâgonistic effects would be that both

IL-4 and IFN-r bind the same effector molecule(s) through their respective hydrophobic residues.

The formation of an ll-4-effector heterodimer might enable its binding to the regulatory region

of IgG, and its subsequent activation. The introduction of IFN-7 would therefore create a situation

whereby the two cytokines would be competing for the limiting effector. This idea is testable.

In addition to its homology with IL-4, IFN-7's were also found to have a region of

homology with mouse GM-GSF (Noma et al., 1986) (Figure 5.1). Interesringly, recent studies

have shown that the mouse GM-csF contained four critical regions (shanafelt and Kastelein,

1989), one of which was the region of homology between MuIL-4 and IFNs-7. This region also

contained four conserved hydrophobic residues and one basic residue present in IFN-7 and IL-

4 (LTCVQTRLKIFEQGL). Therefore, it is possible that tFNs_7i ILs-4, and GM-CSF utilize a

common set of effector molecule(s). The conserved hydrophobic B-sheets observed in cytokine

molecules such as that in IFN-r may represent pafi of a common site for cytokine-effector

interactions' The differential actions of these cytokines could therefore be mediated through

differential regulations of cellular genes resulting from the u*iou, p"rmutations of ligand-effector

heterodimers' If this hypothesis turns out to be correct, this will once again demonstrate one of

the frugal strategies utilized by nature to achieve differentiat regulations based on a limited

repertoire of genes or regulatory molecules. In eukaryotes, such strategies a¡e the basis of
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generating the diversity of antibodies (reviewed by Alt et aI., lggr) and T-cell receptors

(Marrack, F. and Kappler, 1987; recently reviewed by tæwis and Gellert, 19g9). More recently,

a number of other proteins have also been shown to form heterodimers such as the retinoic acid

receptor - thyroid hormone receptor (Glass et a1., 1989), the oncogene myc family, the

transcriptional activator MyoD that converts fibroblast to myoblasts, and the Drosophila

daughterless(da), achaet-scute, and the twist gene family (Murre etal.,l9g9). Therefore, the

formation of dimers or multimers through the interactions between either hydrophobic residues

or leucine repeats may well represent a highly conserved mechanism for cellular regulation.
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Appendlx 1 - Reagente for Sequenctng GeIs

SoluÊ1on

40ã acrylanlde stock

IOZ (,a/v) amnonfuu
persulfare (ApS)

l0X Tris-borare/EOTA
buffer (TBE)

InsÈagel (500 mf)

6X
8U

L2Z
202

380 g/L acrylanfde and 20 g/t bisacryl¡m{de
Dfseolve fn H2o y¡lth eÈirrlng. Brfng to flnal volune ofI l" Fllter through whaÈnann 3MM paper. store at 4oc rndark. Stable fndefinltely.

lgAPStn9nlH20
SÈore at 4oC" Stable l-2 çyeeks.

l2l.l g Trfs-base, 55 g borfc acfd, 7"4 g Na2 EDTA
Diseolve 1n H20, Adjust to flnal volune of i l. pH
should be 8.3, Store at rootr teuperature.

X Poly- 40ã Acrylanl,de Urea lOX TBE HZOacrylanide Stock (19:t; pl) (e) (u1) <f,fl

75
100
t50
250

250
250
2s0
250

50 -75
50 -150
50 -100
500

Note: The approxfmaEe voluæ of r¡aËer fs gfven to afd fu
dfssolvlng the urea. l{fx vlgorously with ã magnetfc
stlrrer; avoid heatfng, check flnal volume foi accuracy"
De-gae the solutlon" Store at room t,enperature in a
dark boËtle. SÈable approxinaÈely one monÈh"

ratfon
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9þ fry**nd thctyan read the Nroubte-shootirg guíde (æge 4l) before
@innir6 any experirnontal wrk
Note: lt is advisable to practise the filtration step before using it in a mutagenesis
reaction (see page 31).
Spare filters are proøided.

The following protocols and recipes are described below:
A" Growth and maintenarpe of M'|3 host cells
B. Preparation of sirgle-strarded template DNA
C. 5'-phosphorylation of the oligonucleotide for mutagenesis
D. Oligonucleotide-directed mutagenesis
E. Iransformation
E Media, butfers and reagents

The region of DNA to be mutagenized is first cloned into an M13 vector. Amersham
supply M13 cloning kits ard M13 vector kits for this purpose (page 4g).Alternatively, a
plasmid based system with a single-stranded phage origín of repl¡cation{rz) 6¿¡ þ
used, as long as there is a suitable Ncit srte in the vector. The identity of the
recombinant, ar¡d the orientation of its ínsert, should be determined by sequerrcing or
by restriction analysis. The recombinant phage is then plaque-purified ready for thã
preparation of single-stranded template. The protocolfor making single-strarded
template has been designed by Eckstein and his co-workers(10) tó avo¡d
contaminatíon by cellular DNA and RNA fragments, which could give random priming
and consequently generate unwanted mutations. This protocol has ¡een tested ard -
found to work well, without the need for RNase treatment or further purification
steps. Following thedesign (page 39), synthesis and phosphorylation (page 27) of the
mutant oligonucleotide, the Amersham rn vrTro mutagenesis system can oe uséo to
generate the desired base change in the target DNA sequence. Finally, the resultant
homoduplex mutant RF DNA molecules are transformed into a witabie host cell to
give mutant progerv. Due to the high level of efficiency of the Amersham system, rm
major screening program is usually required (see page 4O). Simply sequerrcing a
small number of putative mutants is allthat is required to isolate the desired mutant
with the sequence verilied. 

==

Â" GnewBh amd ffia6mtcmæmee ef host ee0lie
A suitable E coli host cell is required for the preparation of the single-strarded M13
DNA template, and also for transformation of the mutant progerry RF DNA to give
mutant plaques. Any suitable M13 host cell can be usedv,¡ith these protocols, but the
E.coli h-ost strain TG1{page 38) has beerrfound to be partìcularly useful. lt is a good
all-purpose M13 host, and also giveg;a higher transformátion efficiercy with _

phosphorothioâte DNA than marry other similar strains. ltsuse in the transformation
step, with mutant RF molecules generated in vitro by the'mutagenesis protocol, is
strongly recommerded

M'l3 is a male specific bacteriophage. tt infects its host via the F-pilus or sex pilus, to
which it adsorbs before penetrating the cell. Therefore, any host cellfor M13 growth
must carry the F-pilus, which is encoded by the F-plasmid. To ensure that the host
cells do not lose the F-plasmid, most M13 hosts (for example, IG1, JM1O1, JMt03)
carry a deletion which makes them deficient in proline synthesis. The F-plasmid in
these hosts carries the missing gene, and it is possible to select cells carrying the
F-plasmid by growth on glucose/minimal medium, which requires the celi to oe
capable of proline synthesis.

The E.colihost strain TG1, which is supplied in 1s% glycerol, should b€ stored at
-200c.
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To retrieve cells.
'1. Remove tube from freezer. lmmediately scrape a clump of frozen cells off the top of
the frozen mass using a sterile inoculating loop.
2- Return tube to frdzer (¡t is importanitã mìn¡m¡ze warming and thawing).
3' Touch the frozen clump of cells onto a glucose/minimal mé¿ium plate, where it will
immediately melt.
4. Spread drop to isolate single celts.
5. lnvert the plate and irrcubate overnight at 37oc to produce single colonies.
These plates can be used for up to one month to prwide irnÕula for cultures. Lorç
term stocks can be kept in 15% glycerol at -7ooc, or as 2xTy agar stabs.

ffi. Fs'epætræ8Ë@ffi of sãmgBe.sÊræmded Ëemp[ægc ffiru&
The region of DNA to be mutagenized should be cloned into an Ml3vector. The
recombinant plaques should then be picked ard recombinant phage stocks obtained.
Ptæue purification d dt4p st@
Füote: lt is best to store M13 phage as p!.rage stocks (supernatants from a lml phage
Þjeparation grown from a sirqle plaque). store at ¿ob, or lorç term ãt -eo.c.h nd støo pheg€ as daqrffi on egnrdates.
1. To,prepare a host cell lawn, pìck a single TG1 colorry from a glucose/minimal
medium plate. Grow overníght in tOmt ãxTy medium, srraxenät giãõ. noo one drop
to 20ml of fresh medium, ard shake at 37oC for 3_4 hours.
2 Dilute phage stock (see abor¡e) 1 in t0ra in 2xTy medium.
Alternatively, pick a single plaque into lmlof 2xTy medium anc dilute 1 in 1c¡¡ in
2xTY medium.
3. Prepare the follor,ving mix for each plate:
40ulIPTG 10OmM (æ9e37)
40pl X-gal, 2% in dimethylformamide
?Qut log phase E.colihost ceils from step 1.
4. To each lPTG/X-gal/ceils mix, add lOut of dítuted phage.
5. To each tube add 4ml rnolten H top agar, kept at ¿bocln¡¡x by rolling, and pour

ìmmediately onto a prewarmed (329C) H ptatè. Leave at ambieät iemõerature to set.
lnvert the plates.*cubateet 37oC overnight,

Sirqlo-stranded template DÞ.JA preparation
Mb rmmn'¡end that you fo{losthis protocol exacily (see æge 2S).
1. Pick a single TG1 colorry from a glucose/minimal medium plate.
Grow wernight in 1Oml2xTY medium, shaken at 37oC.
Add one drop to_20mt of fresh mediUm, and shake at 37oC for 3 hours.
2 lnoculate 1m1 2xTY medium in a lbmtsterile culture tuuehitn ióul ot s Lor.
culture from step 1.

3. lnoculate the lmlci¡lture with a recombinant plaque, using-a sterile wooden
cocktail stick, Ooothpicks should not be used, as these are õmetimes treated with
anti-microbial agents).
4. lrrcubate for 4 hours with shaking, at 37oc. Transfer to a microcentrifuge tube.
5. Centrifuge for 5 mlnutes at ambient temperature. Pour supernatànl ¡ntõ a fresh tube.
Stose ørernight at 4oC. Set up an wernig'ht cutture of TG1.
6. lrpculate 1oOml 2xTY medium with lmlof overnight TG1 culture, and shake at
37oC to an OD::o of 03.
7. Add the phage supernatant from step S to the culture from step 6.
L lrcubate for 4 hours with shaking, at 37oc. Transfer to centriiuõe iubes.
9. Centrifuge at 5OO0xg for 3O minutes at 4oC.
10. Transfer supernatant to a clean centrifuge tube. Take care rrct to carry over arry
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cells- leave some of the supernatant behind if necessary. OiscarO pellet.
11. Add 0.2 votumes ot 20% pEG in 2 sM N;Ct (p"-s-" 37iio-'ñärJJ"rn.trnr. Mix weiland then leave to stand for t hour at 4oC.
12' centrifuge at s@oxg for 20 minutei. o¡scaro the supernatant.
1.3. centrifuge at so@xg for s minutes, àø-remooe arr remaining pEG/Nacr with adrawn-out Pasteur pípette.
14. Resuspend the viral pellet in S@ul TE buffer (page 36) an¿ transfer to amicrocentrifuge tube (1 .Sml).
15. centrifuge for s mínutesin a microcentrifuge to rernclve af, remaining ceils.
lçn¡fg¡ the supernatant to a fresh microcentr¡íuge tube. 

- -"' ivrId

16. Add 2@ul pEG/Nacl to the m¡croceÀtrituge tube. Mix weil, then rea¿e to stardfor 1s minutes at ambient temperature. arternativerv, i"*à *"li¡!îiat aoc.17. Centrifuge for S minutes. tj¡scard supernatant.
'1.8. centrifuge for 2 minutes. cxrefuily rämouããtiremaining traces of pEG with adrawn out Pasteur pipette. wipe off any traces of pe c ãn tr¡Ë'mõõi¡'îr ü,r tube with atissue.
'19. Resusperd the viral pellet in 5@ulTE buffer.
ry. Agd 2.@vl o! phenot saturated w¡ih rE Uutrói Oage 37). Vorrex 1S_20 secords.21. stand tube for 1s minutes at ambientiemperature. \ôrtex 1s secords.22 Centrifuge for 3 minutes.
23. Transfer upper faqqe-ous) layer to a fresh microcentrifuge tube.
24. Repeat steps 20-23.
?I. ldd 5@uldiethyt ether. Mix weil. Discard rop tayer.
26. Repeat step 25 three times.
27. Extract the aqueous phase with s@ulof chroroform (twice). Discard the ro¡¡erorganic layer.

?!. Pl/ide t¡e sampte into two mícrocentrifuge tubes.
?9.4dd 62Sutethanotard 25utsodium aceiaie (3Mtio each. Mix.
3O. Place each tube in a dry ice and etnanol Uatfi fó;'A;;ñiËs
!!. SOin the tubes in a miciocentrifuge tor lã m¡nutes.
32 Was_h each pellet with 'lmlcold (jeOo6) ètnarpt.
Pour off ethanol and leav_e to drain untildry.'
33. FÞdissotüe each peilet in SOutTE buffer.
34. Measure the OD at 26onm by adding 1ul to 1ml of TE buffèr in a 1mt quartz
cuvette. 1 OD/mt corresponds to--,¿Ouõtmt. Diture OruÃõreparàiiänio I uS¡pl.This procedure shoutd yietd 1@-2O0ugbNtn.
35. Store at 4oC.

C. 5'-Ph@sph@ryfaË¡@m of dlgæuegeogEdes 
_

Note: The control mutant oligonucleotide supplied with the Amersham
olisonucteotide-directed mulagenesis kit is ätieady sapÊoipñäùîàtø
The following protocol is recommended for 5,-phosphorylation of the oligonucleotidefor mutagenesis.

!.,To a microcentrifuge tube add the foilowing:
Oligonucleotide stock solution
(5 OD units/ml; - ZOnmol/mlfor a 16 mer)
10x Kinase buffer (see page 36)
Water

Add 2 units T4 polynucteotide kinase
Mix by gently pipetting up and down.
Z lrrcubate at 37oC for 1S minutes.
3. Heat at 70oC for 10 minutes.
4. Use immediately or store at -20oC.

2'5ul

3ul
25ul
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ffi " @969ømæe8eøSEdc.dgrec€æd maø€ægemesËs reæaËãeet
Amutagenesis control reaction has been irrcluded so that the Amersham
oligonucleotide-directed in vitro mutagenesis system can be eas¡ty ieJieO. lt consists
of a single-stranded DNA control template ard a mutant oligonucleotide. The control
template has been constructed from M13 mpg úy in vitro mùtagenesis. A point
mutation, which introduces a stop codon within the coding regìôn of the
p-galactosidase peptide, has been introduced at position é2g9. ftr¡s results in a
colourless plaque phenoWpe (see figwe 1 on æge 6).

The control oligonucleotide changes the base at position 629g back to the witd-typegenotype (an A-G change), which restores g-gatactosidase actitiry. rnus tne
reversion mutation can be observed by a white to btue phenotypi. ónâ"se (fisure 11).

using this oligonucleotide ard control template with the Amersham in vitro
mutagenesis system, we have observed mutation efficierrcies of >gs%.

- The'white'control template (1ug/ut) and the'btue'controt oligonucleotide
(phosphorylated and at 0.s oD units/ml) are supplied ready fõr_direct use in the
protocols.

All reactions should be carried out in 1.5m1 microcentrifuge tubes. suitable
disposable glwes should be worn.
This protocol ir¡cludes ¡nstrucilons for samples to bs taken_atcriticalstageq to
sllalyqe ihegggresq of the mutfuenesis rÞact¡on tpage aaj. rne samp¡ó cán Þ
stored at -20oC ar¡d analysed, together with suitable-contiols, attár ionrpletioïof
the reaction.

1. Annealirg mutant oligonrrcleotíde to sirqgle-stranded DNAtemdate
Single-stranded DNA temptate (1ug/ut) ìOut
flrosOhorylated mutant oligonucteotide (- 1.6pmol/ut) Súl
Buffer 1 tptWater flul

Totat 34ul

Place capped tube in a ZOoc water bath for 3 minutes, then place in a 37oc water
bath for 30 minutes. Place on ice.

leu g ln
5'T T A CAA

af g arg
CGT CGT

3'GCA

a s p I t op
GAC TAG GAA AAC CCT GGC3,codirpsequence

*.
CTG ACC CTT TTG G5' oligonucleotide

-.lgl g !n ?ls aIg gsp t rp g tu asn pro s ly mutants'TTA cAA cGT cGT GAc rcc õee Enc ccr õcós,*ø,r,s*r"r*
Pçurs 11. Mutation of M13 mp8'white'to M13 mpg'btue: stop-trp mutation at position 629g
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2. Synthesis and fiçation of mutant DNA strand
To the annealing reactíon add:
MgClz solution
Nucleotide mix 1

Water
Klenow fragment
T4 DNA l¡gase

10ul
38ul
12ut

12 units
12 units

lrix,by pipetting up and down. place tube in a 't6oc water bath arNJ leave overnight(- 15 hours).

Remo¡e 1ul of the reaction rnix for analysis on an agarose gel (store at -20oc).Samplo 1 (see page 4S).

3. Renpvalof 
-single-stranded (non-mutant) Dh{A using nitrællufose filters

Note: lt is advisabte-to pracrise rhe fitharionsrep b€fJã;;ñJäiÃ'ãã.,ta.s€n€s¡s
reactlon (seo page 31). Sære filters are ryeriddd.
To the reaction from step 2 add:

1 70ut
@rl

Water
5M NaCl

S@mM NaCl
Buffer 4
Exonuclease lll working stock (S0 units)

Mix wellby repeated pipetting.

Pass the sample througi the nitrocellulose filters, following carefully the protocol
desc¡ibed on page 31 . Do not autoolave these filters. Âutöclaved ïitärs do not wogk
in this application.
To the filtrate add:
3M sodium acetate 2gul
Cold ethanol(-20oC) 7@r¡t
Place in a dry ice and ethanol bath for 20 minutes. centrifuge for .t5 

minutes. wash
the pellet with lmlcold (-2goç¡ ethanol. Carefu.llyl.eroué'neìtnãnof, tal¡ng carenot to lose the pellet. Leave to drain untilthe pellei ¡s ¿rv. neiuspeilirre pettét in 

-
50ulof butfer 2.

4. Nickingof the non-mutant strand of DNA using ôdøI
Remove 10ul of the filtered sample and place ¡n a-m¡crocentrituge tube, fiheremaining 40ulcan be stored at -2OoC).
Add 65ulof buffer 3 and S units of Ncil to the .tOulsample.

Place in a37oC water bath ard incubate for gO minutes.
Remove loul of the+eaction mix for analysis on an agaros"-gòl (store at -2ooc).Samde 2(see.æge-+S).
5. Digestion of ¡ron-mutant slrard using oxonucteaso lll. _

l{ote: To avoid stability problems, exonullease ill ¡s supplieo in concentrated form.
Therefore, ¡mmed¡ately before use take 1ul and oitute wrÛr â-1 ¡Àlôãiüt¡on of buffer
4 to give a working stock of 25 units/ul. Discard excess working stock ãfter use-
To the reaction mix from step 4 add:

12vl
1Oul
2ul

Place in a 37oc water bath and incubate for 3o minutes. (At 37oc, 5o units of
exonuclease.lll will digest - 3,m bases in 3o minutes. IÀ mpe tñäilosest rVcit site is556bp auray from the muttiple cloning site).
Place in a 70oc water bath for 1s minutes to inactivate the en4ymes. spin brieflyto
collect condensate.
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Remo¡e lSulof the reaction mix for analysis on an agarose gel (store at -20oc).Ssn@€ 3 (see page 45).

q. R@ynffiizatiqr ard tigation of the gap@ ÞNA
To the reaction mix from step S add:
Nucleotide mix 2 13ul
MgClz solution tUlDNApolymerasel 3units
T4 DNA tigase 2 units
Place in a 16oC water bath and incubate for 3 hours.
Remcn¿e 15ul of the reaction mix for analysis on an agarose gel (store at -20oc).SanWe 4(see æSe.l5).
7. Trarsformstiondcoønpetent host cellswith tha DNA
For transformation control see æge 34.
Transform 3@¡l of competent TG1 cells (æge 33) with 20ul of the reaction mix from
step 6 (in duplicate) as described on page g+.

Store the rest of the reaction mix from step 6 at -2OoC.
lnvert the plates once set, and irrcubate wernight at 37oC.
8. Anålys¡s of mt¡tant prq¡eny-see page 4O.
It is advisable to check three or four cloñes by dideoxy sequerrcing, and to proceed to
hþridization screening (page 41) if no mutant is founá.
ln all mutations the fullsequence of the insert should be checked to ensure that no
unwanted changes have occured.
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ffiemewæB øf sEmgåe-s&r"æmded æruÂ wsBmg mÞ€reee&BwBæsø
ffi8&ere
see troubleshooting guide (page 43) for further information on filtration step.
Note: This step should be practised with water to ensure success in the mutageresis
experiment. spare filters ar9 qrgylQed for this purpose. Also, sufficient single--
stranded ard double-stranded DNA is prwided to p€rm¡t a number of trials of the
filtration slep coupled with get anatysis, if desired. Add 1ug gf the RF DNA and 1ùg of
the ssDNA controltemptate to 170ut of water, and add Sqrt¡t 5M NaCl. After
filtratior, a.dd gel loadirg dye mix, ard analyze bry gelelectrophoresis, with RF DNA
and ssDNA size markers (see figure 13, page 4S). 
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1. Unscrew the filter unit arxj
remove the rubber gasket.

2. Using forceps, carefully
place two nitrocellulose
discs in the centre
of the bottosr half of the unit.
b not autoclavo filters

3. Carefully place the rubber
gasket on top of the filters.

4. Place the top haliof the filter
unit on top of the gasket ard
carefully assemble the unit.
It is important for the gasket
to form a good seal. Arry leakage
will reduce the yield ard
efficierrcy of the procedure.

Gasket
Filters

Syringe I

5. lnsert a 2mlsyringe (l) into the tubing connected
to the bottom of the unit. Pipette half the sample
(150u1) into the top of the filter unit.

Sample
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6. {lsert a second 2mtsyringe (il), with the plungø
pulld up, into rhe tuer fitting ai tïe top ot tne i¡ller
unit.

7. SlMy pass the sample through the nitroceltulose
lrtters by pushing down the plunger of syringe ll ard
pulling the ptunger of syringe t. ihe samptejs
collected in syringe l.

8. Transfer the filtered sample from syringe I to a
microcentrifuge tube. Transfer any droplets
remaining in the syringe by using a pipette. The
gm0le does not always pass through the filters
during the first filtration Stage. The filtration of the
secord half of the sample (step 9) and the final wash
stage (step 10) wilt ensure that all of the materiatwill
be collected.

9. Repeat steps 5-8 with the second half of the
sample.

!0. Pipet¡s 1o0ul of S@mM NaCt into the top of the
filter unit and wash through the filters as in sieós
5-7. ïhis materialshould also be transferred io the
microcentrifuge tube with the filtered sample.

32

Syringe ll

. 
Syringe I
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W,WæmsÊormæ€ãæm

E.coli host cells can be transformed by recombinant M13 RF DNA molecules only if
they have been made competent'. There are several ways of achieving this. Two such
methods are given here. Method A is a simple caclz treatment. This isã quick and
easy method, but the competent cells produced in this w4y have only a limited
storage life, They can be kept on ice, but the efficiency of transformâtion drops after
24 hours. Method B is based on the protocols of Hanahan(l3). lt is more involved than
method A, but it gives cells with a higher efficiency of transfonnation, which can be
maintained upon storage, even for several months.

The use of th€ Ecdilþst strain TGl (æg€s 25 and 38) is stro¡uly recommenM for
use in theso protds.
Freparation of comptent cells

MethcdÂ
For grourth and maintenance of host cells see page 25.

!. PlcL a single colorry from a glucose/minimal medium plate. Grow overnight in lOml
2xTY medium shaken at 37oC.
2. lnoculate,l0ml 2xTY medium in a 2soml flask with 2mlof overnight culture, ard
shake at 37oc for 2 hours to oDsso - 0.3. At this time also inoculate2omtof 2xw
medium with 1 drop of overnight culture to proride log. phase cells, which will Þ
ready Íor use at the plating out stage (page 34). Shake at 37oC.
3. Spin down the cells from the,¿tomlculture (3@Oxg for 5 minutes).
4' Resuspend cells in 1/2 volume (20m1) of sterilized SOmM CaCle pre-chilled on ice.
Leave on ice for 20 minutes.
5. Spin down cells (30O0xg for 2 minutes).
6. Resuspend in 1i10 volume (4ml) cold 50mM CaCh.

These competent cells (4m1, enough Íor - 12 ptates) can now'be used direcily for
transformation. However, the efficierrcy of transformation obtained will be inóreased if
the cells are left on ice for several hours before use. After 24 hours the efficierpy of
transformation begþs to decrease.

Method B
For growth and maintenance of host cells see page 25.
1. Pick a colony from a glucose/minimal medium plate, and inoculate 3omlof SoB in
a sterile 50ml polypropylene centrifuge tube.
2. lncubate overnight at 37oC, with moderate agitation. .
3. AddSml of the overnight culture to a 2L flaskiontaining 2@ml soB. tncubate at
37oC with moderate agitation to ODsso - 0.3. _

4. collect the culture in four 50ml sterite polypropytene centiiJuge tubes, ano óhìil
rapidly in an ice-salt-water bath. Leave on ice for 1S minutes. .

5. Pellet the cells by centrifugation at 3oooxg for 5 minutes aHoc. Drain peilet
thoroughly.
B, Resuspend the pellets gently by mild vortexing of each in 16ml transformation
buffer 1 (page 36) (16m1 per 50ml of initiatcutture). lncubate on ice for 'ls minutes.
7. Pellet cells as before (30@xg for 5 minutes, at 4oC).
8. Resuspend the pellet in a total of 16mt of transformation buffer 2 (page 96) (4ml per
50ml initial culture). Store at 4oC for no more than a few hours before use.
9. Alternatively, aliquot the cell suspension into microcentrifuge tubes. Flash freeze
by dropping into liquid nitrogen until trozen, and place in -7ooC freezer.This will give
16ml of competent cells - enough for - 5O plates.
ln addition to preparing competent cells for the transformation stage, it is also
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necessary to prepare fresh E.coli host cells for the plating out step. For method A, it is
convenient to prepare the fresh cells for the lawn during [he preparation of the
competent cells. For method B, prepare the fresh cells as follcnøs:

1. lct a single colorry from a glucose/minimal medium ptate. Grow wernight in .toml
2xTY medium shaken at 37oC.
2. lnoculate 2oml of 2 xw medium with a single drop of orernight culture
approximately 4 hours before the fresh cells are required for the plaling out stage.
Incubate at 37oC with moderate agitation.

Transfornration reaction (for methods A and B)
Nots: Polypropylene culture tubes, such as those supplied by Elkay (sterile 15ml
polypropvlene, catalogue number 0oo-2098-srR), or by othôr manufacturers such as
Falcon, have been found to give higher numbers of transformants than Eppendort
tubes or tubes made from polyetyrene.

Control DNA is provided at 1mg/mt (see atso page €).
Dilute this stock to S0ng/ml (1ng/20u1) in water, ior use in transformation reactions.
1. lf using frozen, stored competent cells, thaw on ice.
2. Prechillpolypropylene tubes (see note abo¡e).
3. Aliquot 30Oul of competent celts into chilled tubes.
f.Add - 20t¡l DNA þv Oently stirring the cells whilst pipetting. Roll tubes gently for a
few minutes (on ice).
5. lrcubate cells on ice for 40 minutes.
8. Heat shock cells at 42oC for 45 seconds. b not sfpkE
7. Place on ice for 5 minutes before plating out.

Platingant
while the cells are on ice, prepare the follo,ving mixture for each tube (only
transformation and mutagenesis controls should require this mixture):
IPTG 10OmM (page 3Z)
X-gal2% in di-methylfo?mamide (page 3Z)
Log phase E.coli cells
Note: dinethylforrnamide is toxic, ald willdisve pnre plastics.
This solution may be prepared in bulk. The X-gal and lpIG shoutd be freshly prepared
ard kept on ice._cells should bè from a fresh exponentialcutture oi E.cotÌ.
Add2@uf qf losp¡aseE-co/i ceHstoeachtube,andtothecontroltubes adan_oulot
fresh cellsfi{-gal/lFtG mìx. 

_

use a fresh pipette tip each time to prevent cross-contamination. To each tube add
3mf molten H top agar (pa.gg 3S), kept at 45oC. Mix by roltir€rand pour immediatety
onto a prewarmed (37oc) H plate (pase gs). Leave at ambieñt temperature to set.
lnvert the plates and irrcubate at 37oC orernight.
Tr.ans{ømation contrd
Suitable controls should be included in the transformation reactiom. Carry out each
transformation on duplicate plates, ard use the double-strarded RF DNA ircluded in
the kit as a transformation control. Tramforming with lng of RF DNA per tubre sl;ould
give 2@-3@ blue plaques per plate.

40ul
40ul

2@ul
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