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Abstract 

Major coat protein of bactenophage M 13 was used as a model to study the roles 

of aromatic residues at the membrane-water interface of integral membrane proteins. 

Viable bacteriophages with either one of the interfacial tyrosine residues of the major 

coat protein mutated were generated, but no mutant with both tyrosine residues 

substituted was found, indicating a critical role for those residues when the protein is in  

the virion andor in the membrane. Biophysical analyses indicated that mutants with a 

hydrophilic amino acid substitution are less buried in the interior of deoxycholate 

micelle. Such mutants also exhibit decreased protein-lipid interaction with the micelle, 

resulting in less difficulty for the protein to escape from the micelle and thus a lower a- 

helix to b-sheet transition temperature. The results suggest that the interfacial aromatic 

residues are important in both the positioning and anchoring of the transmembrane 

segments of membrane proteins in the Lipid bilayer. 
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CHAPTER 1 

INTRODUCTION 



1.1 Membrane proteins 

1.1.1 Integral membrane proteins 

Lipid membranes serve as the univenal protective boundaries of cells as well as 

intracellular organelles of organisms. A pure phospholipid bilayer is selectively 

permeable to small, uncharged molecules but acts as a banier to the diffusion of most 

large or charged molecules. It is apparent that lipids alone can only provide a stnictural 

framework for cells and organelles, but are not sufficient to conduct communication 

between their interna1 and external environrnents. It follows that proteins are needed to 

fulfill the functional roles of the membrane. What is easily overlooked is the fact that 

proteins can make up a large portion of the mass of biological membranes. The protein 

composition varies from 18% in myelin membrane to 76% in the inner mitochondrial 

membrane (Guidotti, 1973b), with an average of about 50% (Guidotti, 197%). 

Other than playing a static role as structural components of cells, membrane 

proteins are indispensable cornponents of many cellular processes that are critical and 

often essential to the survival and well-being of al1 organisms. They enable 

transmembrane signalling by foming numerous receptors that react to ligand-binding by 

activating or inactivating biological pathways. They fom channels and pores that 

transport materials across membranes. They can be enzymes that catalyze metabolic 

reactions on the membrane surface. They also act as functional molecules that mediate 

diverse processes such as energy transduction and intercellular recognition (Peny, 1993). 

The main theme of membrane protein functions is to allow effective means for the ce11 to 

sense the surrounding environment and respond to any changes if necessary. The 



importance of these membrane proteins is reaffirmed by the fraction of the genome 

occupied by genes encoding them in organisms. A study canied out on 14 species 

including bacteria and human suggests that 20 to 30% of al1 open reading frames encode 

membrane proteins, with larger genomes having a larger fraction of those genes (Wallin 

& von Heijne, 1998). 

1.1.2 Conformations of transmembrane segments 

The lipid bilayer is a tripartite structure characterized by a hydrocarbon region of 

fatty acyl chains - the "hydrophobic core" which is typically 30 A wide - flanked by two 

headgroup regions, each with a width of 10 to 15 A (Wiener & White, 1991). For a 

membrane protein to become stably associated with the lipid bilayer, a segment of the 

polypeptide has to be in close contact with the acyl chains in the hydrophobic core. It is 

energetically unfavourable to have polar or charged groups exposed in this hydrophobic 

environment, where the dielectric constant (E) is about 2 (Haltia & Freire, 1995). This 

energetic cost constrains the number of possible conformations of the membrane- 

spanning segment (McCarthy, 1992). Consequently, al1 the hydrogen-bonding atoms in 

the peptide groups positioned in  the nonpolar section of the bilayer have to be intemally 

satisfied. It has been calculated that breaking a hydrogen bond within the transmembrane 

(TM) segment causes the protein to be less stable by 5 kcal/mol (Popot et al., 1994). 

The saturation of hydrogen bonding potential in TM domains leads them to adopt 

either the a-helical or p-sheet conformation, both of which are readily observed motifs in 

globular proteins. In theory, other conformations with a penodic structure to satisfy the 



hydrogen bonding requirernent, such as the 3,, helix, are possible, but they are not 

commonl y observed (Cowan & Rosenbusch, 1994). 

The a-helix is a right-handed helix formed by a continuous network of hydmgen 

bonds between the carbonyl oxygen of residue i and the amide nitrogen of residue (i + 4). 

The side chains of the amino acid residues point outward from the helical surface. Each 

residue is related to the next by a 100° angle, so there are 3.6 residues per tum. The rise, 

which is the distance each residue advnnces along the mis of the helix, is 1.5 A (Gennis, 

1989). The p-sheet consists of extended polypeptides or segments within one 

polypeptide known as P-strands linked laterall y by hydrogen bonds. The side chains are 

exposed altematively on the two faces of the P-structure. The repeat period is 2.0 

residues and the nse is 3.2 to 3.4 A (Gennis, 1989). Maximal hydrogen bonding is 

achieved on1 y if the P-strands at the two ends associate to form a c ylindncal "P-barnel" 

(Hemminga et cil., 1992). For a 30 A wide hydrophobic region, it talies ?O residues in an 

a-helix or 9 residues per strand in a fi-structure to span the membrane. 

Of these two conformations, the a-helix is, by far, more frequently found as the 

membrane-traversing motif in membrane proteins both in prokaryotes and eukaryotes. 

Three-dimensional stmc ture determinations of bacteriorhodopsin (Henderson et aL , 

1990), the photosynthetic reaction centres Oeisenhofer & Michel, 1989), the potassium 

channel from S. lividans (Doyle et al., 1998), the light-harvesting complexes of plant 

(Kühlbrandt et al., 1994) and bactena (McDermott et ai., 1995), and cytochrome c 

oxidase (Iwata et al., 1995; Tsukihara et al., 1995; Tsukihara et al., 1996) have provided 



evidence for the a-helix as a commonly seen TM domain (von Heijne, 1996) (Figure 

1.1). fl-sheet structures appear to be exclusively associated with bactenal outer 

membrane and mitochondria (von Heijne dk Manoil, 1990). with the principal examples 

being ponns of vanous bacteria (Cowan et al., 1992; Kreusch & Schulz, 1994). 

It is evident that proper anchonng of an a-helix depends on the properties of its 

constituent amino acid residues, as their side chains al1 protrude out from the helix into 

the membrane. The hydrophobicity of the membrane hydrocarbon region means that it 

has a strong tendency to exclude water molecules and prefers a continuous apolar protein 

surface. Thus, the incorporation into the membrane of residues with polar or ionizable 

side chains, which interact favourably with water molecules through ionic or hydrogen 

bonds, is an unfavourable process by itself. Compatibility to the membrane interior is 

ensured only with a large proportion of hydrophobic residues. A study of 115 human 

type I single span membrane proteins demonstrated a clear trend: the nonpolûr leucine, 

valine, isoleucine and alanine residues combine to account for 69% of residues in the TM 

region (Landolt-Marticorena et al., 1993). 

For single-spanning (bitopic) membrane proteins, the composition of TM residues 

is rather uniform, for al1 side chains face a similar environment. For multi-spanning 

(polytopic) proteins, however, the TM helices can pack against each other to form helix 

bundles. The lipid-interacting face of the TM helix is on the surface of the prorein while 

the protein-interacting face is buned (Komiya er ai., 1988). In generai, lipid-facing 

residues on the surface are more hydrophobic (Cramer et al., 1992; Popot & Saraste, 



Figure 1.1 Exampies o t w m b n w  protek (A) Potassium charnel of 
Strepromyces fividaris, with a-helical transmembrane (TM) segments 
(Doyle et al., LM). (B) Matrix porin (OmpF) of E. coli, with fl-barre1 as 
TM domain (Cowan et al., 1992). Aromatic residues are shown in black 
stick models. Both structures are from the Protein Data Bank (files lBLs 
and 10PF) and are displayed using the RasMol programme. 



1995). The higher likelihood to find polar residues in multi-spanning membrane proteins 

is due to their increased efficiency in shielding polar side chains from the lipid 

environment compared to single-spanning proteins (Arkin & Bmnger. 1998). As 

expected, most hydrophilic residues reside on the protein-buned face, as confirmed in a 

study of 469 putative TM a-helices (Samatey et al., 

less conserved, indicating that there are few specific 

lipid (Donnelly et al., 1993; Rees et al., 1994). 

1995). Lipid-facing residues are also 

interactions between protein and 

Insertion and folding of a protein into the membrane begin with the partitioning of 

the unstmctured polypeptide into the bilayer interface. Partitioning of a sequence 

exceeding a certain "threshold hydrophobicity" (Liu et al., 1996) is driven mainly by the 

hydrophobic effeci with contributions from specific peptide-bilayer interactions ("bilayer 

effect") at the interface (Wimley & White, 1993). Intramolecular hydrogen bond 

formation catalyzed by membrane irnrnobilization of the polypeptide takes place in 

segments with high helical propensity, which in tum provides favourable free energy for 

membrane insertion (White, 1994; Deber & Goto, 1996). According to the two-stage 

folding mode1 (Popot & Engelman, 1990), the individual a-helices then assume a 

transbilayer orientation. Folding is completed when helices pack against each other to 

amve at the native tertiary ancilor quatemary structure of the protein. 

lm13 Structural studies of membrane proteins 

In order to accurately elucidate the structure-function relationships and gain an 

understanding of the roles of certain amino acid residues, it is crucial to obtain three- 



dimensional structures at atomic resolution of the proteins under investigation 

(McCarthy, 1992). With the rapid development of methods in molecular genetics since 

the 1980's. a large amount of information is available on the coding sequence of both 

water-soluble and membrane proteins. While more than two thousand non-membrane 

protein structures have been soived (Liu & Deber, 1999), only ten or so membrane 

protein structures are chmcterized at atomic resolution (Preusch et al.. 1998; Doyle et 

al., 1998). Thus, despite their biological significance, a huge gap exists between the 

knowledge on primary sequence and structure of membrane proteins. 

One problematic factor for studies of membrane proteins is their insolubility in 

aqueous solution. The hydmphobic TM segments are prone to form nonspecific 

aggregates in an aqueous environment and, in some cases. precipitate out of solution. 

The process is driven by the hydrophobic effect and van der Waals interactions between 

hydrophobic side chains. Another hurdle is that many membrane proteins are only 

present in minute amounts or in impure mixtures in vivo (McCarthy. 1992). Even though 

techniques of molecular biology may be utilized to express whole membrane proteins or 

segments in amounts sufficient for experimental analyses, the yield depends heavily on 

the choice of expression system and certain characteristics of individual proteins, and 

success is not guaranteed. There is no genenl protocol for expression and subsequent 

purification suitable for most membrane proteins, while optimization of the procedure 

can be very labour-intensive (Grisshammer & Tate, 1995). 



The above-mentioned hurdles illustrate that it is very hard for complex membrane 

proteins to meet the requirements for obtaining high-resolution structures by X-ray 

crystaltography and nuclear magnetic resonance (NMR) spectroscopy - high purity and 

stability at high concentration in solution for a prolonged period of time (Pomroy, 1999). 

A simple and more effective way to understand the first principles in membrane protein 

architecture is through the use of mode! systems. These include synthetic peptides and 

simple membrane proteins that are easy to synthesize or express. Their small sizes and 

simple structures represent a reductionist approach in which complex phenornena in large 

membrane proteins cm be dissecied, and experimentai data interpretation can be 

simplified and rendered more valid to answer fundamental questions. Through 

systematic variation of the primary sequence, Our knowledge on the relationships 

between amino acid composition and the secondary or tertiary structures in the lipid 

environment can be expanded (Liu & Deber, 1998). 

1.2 Aromatic amino acid residues 

1.2.1 General features 

Phenylalanine (Phe, F), tryptophan (Trp, W) and tyrosine (Tyr, Y) are known as 

aromatic residues due to the presence of an aromatic ring in their side chahs. Phe is 

often classified as a nonpolar residue due to the lack of a net dipole moment in its side 

chain aromatic ring. Trp and Tyr both have functional groups capable of hydrogen 

bonding and are classified as arnphipathic. 



A distinctive characteristic of the ammatic ring is the continuous system of six x- 

electrons delocalized over the six carbon atoms in the ring. The electron density of the n- 

system is greatest directly above and below the plane of the ring and is approaching zero 

in the plane of the ring (Carey, 1992). Therefore, the aromatic ring has a permanent, non- 

sphencal charge distribution, termed the quacinipole moment (Dougherty, 1996). This is 

equivalent to having two dipole moments perpendicular to the plane of the aromatic ring 

but pointing away frorn each other and h m  the ring (Figure 1.2). 

rr-electrons 

rr-electrons 

X 6- 
on-face # 6+ 

b- 'C 
on-edge g+ 

Foiare 1.2 Ammatic ring. (A) The x-electron clouds are above and below the plane 
of the aromatic ring. (B) Possible interactions of the aromatic ring with electroopositive 
and electronegative groups (from Xiao et al., 1996). 



Many interactions with aromatic ring as one partner have been proposed. These 

include strong cation-x: (Dougherty, 1996; Mecozzi et al., 1996)- oxygen-aromatic 

(Burley & Petsko, 1988). sulfur-aromatic (Reid et al., 1985), amino-aromatic (Burley & 

Petsko, 1986) and aromatic-aromatic (Hunter et al., 199 1 ; Romanowski et al., 1997). 

The mode of interaction is that electropositive (or positively charged) groups form 

favourable interactions with the rr-electrons above and below the plane of the arornatic 

ring, while electronegative (or negatively charged) groups interact with the aromatic ring 

via the electron-deficient edges of the ring (Xiao et al., 1996). 

1.2.2 Preference for membrane-water interface 

Aromatic residues have been shown to have a preference for positioning at the 

ends of TM segments in proteins. In a study of 115 human type 1 single span membrane 

proteins, aromatic residues, especially Trp and Tyr, were found to be enriched at the ends 

of TM helices (Landolt-Marticorena et al., 1993) (Figure 1.3). Studies of membrane 

transport proteins indicated that several fami lies of those proteins, including anion 

exchangers, bacterial multidmg resistance proteins and bacteriorhodopsin, have a 

preponderance of aromatic residues at or near the membrane-water interface (Espanol & 

Saier, 1995; Tsang & Saier, 1996). Trp and Tyr are also found to be enriched in extra- 

plasrnic segments and at the ends of TM domains in sixteen membrane proteins (Sipos & 

von Heijne, 1993). 

High-resolution structures of membrane proteins provide further evidence of 

clustenng of aromatic residues at the membrane-water interface of TM domains, whether 
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F g i m  13 Positional pmfennce of ammatic midues in TM segments. Tryptopban 
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the TM domains are a-helical or p-sheet (Reithmeier, 1995) (Figure 1.1). Localization of 

aromatic amino acids is observed in photosynthetic reaction centres (Deisenhofer & 

Michel. 1989), potassium channel from S. lividans (Doyle et al., 1998), bacterial porins 

(Cowan et al., 1992), and in the membrane-binding helices of the monotopic membrane 

protein prostaglandin H2 synthase-l (Picot & Garavito, 1994). Possible roles of 

interfacial aromatic residues include: positioning or anchoring the TM segment when it 

moves from the translocon into the membrane d u h g  biosynthesis (Landolt-Marticorena 

et al., 1993); introducing rigidity to the periphery of TM segments (Tsang & Saier, 

1996); allowing vertical mobility of the TM region with respect to the membrane (Pawagi 

& Deber, 1990); facilitating translocation of penplasmic portion of protein through the 

membrane; and acting as determinant of protein orientation (Schiffer et al., 1992). 

1.2.3 Interfacial environment 

In contrast to the assumption of many hydrophobicity scales of amino acids, the 

membrane is not a slab of bulk hydrocarbon. In reality, the bilayer is a complex mix of 

effective environments, with thick interfacial regions having distinct characteristics from 

the hydrophobic core (Woolf, 1998). The interface is about 15 A wide on each side and 

contains a dynamic mixture of components (Wiener & White, 1992) (Figure 1.4). 

Aromatic residues - which possess a dual nature - are particularly suited to this 

heterogeneous environment, as indicated by their top rankings in the interfacial 

hydrophobicity scale (Wimley & White, 1996). Experiments also showed that Trp or Phe 

can push a poly-Leu TM helix into the membrane when inserted in positions flanking the 
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helix, and Trp (not Phe) can pull the helix towards the lipid-water interface when inserted 

inside the poly-Leu sequence (Braun & von Heijne, 1999). 

It is widely believed that the aromatic residues Trp and Tyr are engaged in  

hydrogen bonding and dipolar interactions at the interface (Persson et al., 1998). 

Recently, it has been suggested that the interfacial preference of Trp is predominantly due 

to the rigid indole ring structure, which lirnits its nccess to the membrane interior, and sr- 

electron structure, which optimizes favourable interactions in an electrostatically complex 

environment (Yau et al., 1998). 

1.3 Bacteriophage Ml3  

1.3.1 Features of the bacteriophage 

I.3.l. 1 Fikùmentous bueteBophages 

The genus Inovirus of the Inoviridae family consists of many viruses that infect 

viuious Gram-negative bacteria using plasmid-specified pili as receptors (Ackermann & 

DuBow, 1987b; Russel et al., 1997). As their collective name "filamentous 

bacteriophages" implies, these viruses have vinons, or phage particles, that are long, thin 

and flexible with a diameter of 6 to 7 nm. The circular, single-stranded DNA genome is 

covered with a capsid fomed by several thousand copies of a major coat protein as well 

as several copies of each of the few minor coat proteins (Model & Russel, 1988; Webster. 

1996). On the other hand, this large group of filamentous bactenophages differs 

considerably in host range, virion length (800 to 2000 nrn), protein to DNA ratio, 

nucleotide sequence, coat protein amino acid sequence and other physiochernical 



properties (Makowski. 1984). These viruses can be divided into two classes based on 

their X-ray diffraction patterns, which in tum reflect their helical symmetry. Class 1 

consists of M13, f l ,  fd. Ike, If1 and others, while class II phages include Pfl, Pf3 and Xf 

(Makowski, 1984; Ackerrnann & DuBow, 1987b). 

1.3.1.2 Bacteriophage M l 3  

Ml3 was first isolated from the sewage in Munich, Germany in 1963 and thus 

bears the designation "MW (Hofschneider, 1963). M13, fd and f l  phages al1 use the F-pili 

on Esclrericlzia coli strains casring the F-factor (F strains) as receptors for infection and 

are collectivel y referred to as the F-speci fic filamentous (Ff) group of bactenophages 

(Marvin, 1998). These three phages have a 98% identity in the nucleotide sequences of 

their genomes (Webster, 1996) and thus can essentially be considered as slight mutations 

of basically the same phage (Rasched & Oberer, 1986). The Ml3 virion is about 880 to 

900 nm in length and 6.5 nm in diameter, and its total mass is 1.64 x 10' Da (Berkowiiz 

& Day, 1976; Day et al., 1988; Russel et al., 1997). The phage particle is resistant to 

most proteases, salt, and heat, but is sensitive to chloroform, some detergents and 

chaotropic agents (Mode1 & Russel, 1988). 

The genome of bacteriophage Ml3 is a single-stranded covdently closed DNA 

molecule with 6407 nucleotides and constitutes approximately 12% of the total virion 

mass (van Wezenbeek et al., 1980; Aubrey & Thomas, 1991). It is encapsulated in a 

capsid that cm be viewed as a sheath of proteins. The genome encodes for eleven 

proteins, of which five (pIII, pVI, pVLI, pVm and PD() are structural proteins found in 



the capsid. Three proteins (pl, pIV and pXI) have roles to play in the membrane- 

associated assembly of the phage, and the other three (pE, pV and PX) are involved in 

DNA replication or binding (Webster, 1996). An imperfect hairpin structure of 32 base 

pairs is found near the end of gene IV in the intergenic region (IG) and has been 

identified as the packaging signal, which is needed at the initiation of encapsidation 

(Model & Russel, 1988; Makowski & Russel, 1997). In the phage particle, the DNA is 

packaged in a unique orientation such that the packaging signal is at the end which 

extrudes first from the host cell (Webster & Lopez, 1985). 

The capsid has a thickness of 1.5 to 2.0 nm (Makowski, 1993) and consists of 

about 2700 copies of pVIII, which is usually referred to as major coat protein. The ends 

of the phage particle are capped by five copies of each of the four rninor coat proteins 

pIII, pVI, pVII and pIX (Model & Russel, 1988). These five proteins make up 88% of 

the total virion mass, while 98% of the total protein mass can be attributed to pVIII 

(Berkowitz & Day, 1976; Nozaki et al., 1976). pVII and pIX are located at the blunt or 

distal end of the virion which is first to emerge from the host ceIl during assembly and 

last to enter a new host during infection; pIII and pVI are situated at the pointed or 

proximal end of the virion (Makowski, 1992). 

1.3.2 Life cycle of bacteriophage Ml3  

1.3.2.1 lnfectiorr iniriarion 

The life cycle of bacteriophage Ml3 is shown in Figure 1 S. Onset of the 

infection of E. coli F strains by bacteriophage Ml3  is marked by phage adsorption to the 
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host via binding of the D2 domain of pIII on the virion to the tip of the F-pilus (Marvin, 

1998). Pilus retraction bnngs the phage particle to ce11 surface, where interaction of the 

D 1 domain of pIII and TolA protein causes penetration of the phage DNA into the 

cytoplasm (Frost, 1993; Webster, 1996; Marvin, 1998). TolA is situated in the 

membrane at the adhesion zone, where the inner and outer membranes are in close 

contact and where assembly and disassembly of the phage occur (Model & Russel, 1988; 

Marvin, 1998). Simultaneously, the phage particle is disassembled, with the major and 

possibly the minor coat proteins being inserted into the bacterial inner membrane 

(Webster, 1996). 

1.3.2.2 DNA and profen synthesis 

Upon entry, the single-stranded (ss) phage DNA ((+) strand) is convened to 

double-stranded replicative form (RF) DNA by host DNA polymerase III holoenzyme. 

Gene expression takes place using host machinery ro produce phage proteins. 

Concurrently, DNA is replicated by the rolling-circle mechanism. Phage pII protein 

nicks the (+) strand in RF and the DNA is elongated until a new (+) suand is formed. 

The original (+) strand is displaced from the duplex and is ligated. The same steps are 

repeated and each round produces a new (+) strand (Model & Russel, 1988). In early 

stages of infection, the new (+) strands are readily converted to RF for production of 

more DNA and protein. In later stages, however, each (+) strand is bound by 750 dimers 

of viral pV protein to prevent conversion to RF and to direct the machinery to produce 

progeny (+) strand DNA. The packaging signal (PS) is at one end of the complex with its 

hairpin structure maintained (Russel, 199 1; Stassen et al., 1995). 



1.3.2.3 Assembly and extrrrsion 

Phage assembly is a multi-step event with different molecular interactions that are 

not fully understood. Assembly initiation is proposed to occur when the membrane- 

bound viral pI interacts with PS in the pV-ssDNA complex (Russel, 1995). Membrane- 

inserted coat proteins pVIII (major coat protein), pVII and pIX may then associate with 

PS to form the distal end of the phage panicle (Endemann & Model, 1995; Webster, 

1 996). 

Elongation of the phage happens as pV is replaced by the major coat protein as 

the DNA-binding protein. The displacement of pV is probably promoted by the E. coli 

protein thioredoxin, which binds to pI (Russel et al., 1997). Major coat protein 

monomers interact with the DNA at their C-terminal end and associate wi th each other 

via interlocking of side chains of residues in different monomers in a very specific 

manner (Marvin et al., 1994). Meanwhile, pI andor pXI interact with pIV oligomer in 

the outer membrane and induce a conformational change in the latter, resulting in the 

opening of the pIV channel to allow export of the phage particle (Russel et al., 1997). 

When the entire phage DNA is packaged by major coat protein subunits, assembly is 

terminated with the addition of pIII and pVI to the proximal end of the virion and the 

extrusion of the phage from its host (Webster, 1996) (Figure 1.6). 
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DNA are displaced by viral pVIII protein (major coat protein) 
monomers, which associate in a specific way with the DNA and with 
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capped by five copies of each of pVII and pIX. The phage particle 
exits the host ce11 through a channel formed by virai pIV protein. 
Adapted from Dunker et al. (1991) with some alterations. 



1.3.3 Uses in research 

Bactenophage M13. along with oiher filamentous phages, has played a major part 

in the advancement of molecular biology by serving as a practical tool for the 

manipulation of DNA. Double-stranded DNA can be incorporated into the double- 

stranded replicative form DNA of the phage that exists in host cells in vivo (Yanisch- 

Perron et al., 1985; Ackermann & DuBow, 1987a). M l 3  is a very useful cloning system 

for there is almost no constraint in the size of the foreign DNA that can be inserted in 

them. The phage simply responds by increasing the virion length (Mode1 & Russel, 

1988). This property and the ease with which high yields of phage DNA can be obtained 

make M l 3  the perfect tool for procedures such as subcloning, DNA sequencing and site- 

directed mutagenesis (Sambrook et al., 1989). 

The technique of phage display involves the display of peptides and proteins on 

the surface of the bacteriophage. This is achieved by fusing the gene encoding the 

peptide or protein to gene III or gene VIII of M13, resulting in the incorporation of a 

hybrid "fusion" coat protein into the virion (Smith & Petrenko, 1997). Synthetic 

oligonucleotides with a fixed length but unspecified codons can be cloned as fusions to 

give nse to a library of random peptides displayed on the surface of phage particles (Kay 

& Hoess, 1996). This technique has numerous applications, including the mapping of 

epitopes of antibodies and identification of ligands in binding studies (Hill & Stockley, 

1996). 



In addition, the Ff bactenophages have been used to model events such as protein- 

protein interactions (Williams et al., 1995), protein-lipid interactions (Hemrninga er al., 

1993), protein insertion into membrane (Kuhn, 1995), macromolecular assembly (Russel, 

1991) and other events at the molecular level. Its merits of being an excellent model 

system will be discussed further in Section 1 S. 1. 

1.4 Ml3 major coat protein 

1.4.1 Physical properties 

The major coat protein of bactenophage Ml3 is a small polypeptide of 50 amino 

acid residues and has a molecular weight of 5238 Da (van Wezenbeek et al., 1980; 

Stopar, 1997). It is the product of gene VI11 and, therefore, is alternatively known as 

gVIIIp, gpVIII or pVIII. In older lirerature it is also known as the B-protein (Marvin & 

Hohn, 1969; Makino er al., 1975). It is synthesized in E. coli as a 73-residue precursor 

named procoat protein. Subsequent to insertion into the membrane, the N-terminal 23- 

residue signal sequence is cleaved off by leader peptidase (Wickner et al., 1978; 

Gallusser & Kuhn, 1990). 

The major coat protein is an important structural element of the bacteriophage. It 

serves a dual role during the phage life cycle: as a capsid protein associated with DNA in 

the virion. and as a membrane protein in the inner membrane of E. coli during infection 

(Smilowitz et al., 1972; Rasched & Oberer. 1986). It is clear that some flexibility has to 

be built into the primary structure of the protein to allow adaptation to these two very 

different environments. Moreover, the optimization of protein-protein and protein-DNA 



interactions in the phage particle must balance the stability of protein-protein and protein- 

lipid interactions in the membrane, and vice versa, so that the change in protein 

secondary structure dunng phage assembly and disassembly is possible. 

The amino acid sequence of Ml3 major coat protein is identical to that of the 

major coat proteins of fd and f 1 bacteriophages except that residue 12 is asparagine in 

Ml3  and aspartate in fd and f l  (Day et al., 1988) (Figure 1.7). It is expected that 

structural charactenstics of these three corit proteins would be identical in most cases and 

no distinction is to be made between them hereafter when describing general features. 

Based on segmental variations in amino acid composition, the major coat protein 

is traditionall y divided into three specific domains. The N-terminal segment stretches 

from residues 1 to 20 and contains a mixture of nonpolar, polar and charged (four acidic 

and one basic) residues. The segment between residues 21 to 39 consists of many 

1 - Ala Glu Glv Asp Asp Pm Ala Lys Ala Ala - 10 
11 -- Phs Asn Ser Leu Gln Ala Ser Ala Thr Glu -- 20 
21 -- Tyr lle Glv Tyr Ala Urp Ala Met Val Val - 30 
31 - - Val lle Val Glv Ala Thr Glv Lys -- 40 
41 -LeuPh@LysLysPh~ThrSerLysAlaSer 50 

Figiin 1.7 Amino acid sequence of the major c ~ t  pmtein of ôacteriophage M13. 
The six aromatic residues are shown in outline font and the hydrophobie nsidues are 
undedined. The numbers denote the position numbers of the residues at the two ends of 
each line. 



hydrophobic residues and had becn thought to be the approximate TM segment in 

membrane-embedded form of the protein. The C-terminal segment includes residues 40 

to 50 and carries four positively charged lysine (Lys) residues (Rasched & Oberer, 1986). 

There are two interesting features in the pnmary structure of the major coat 

protein. First, there seems to be a segregation of positively charged and negatively 

charged residues, with the former concentrating in the C-terminal segment and the latter 

being found exclusively near the N-terminus. Secondly, there are a total of six aromatic 

residues in the protein; importantly, five of them are at or close to the ends of the 19- 

residue hydrophobic segment. These two phenornena will be discussed in further detail 

in  the following sections. 

1.4.2 Major coat protein in the virion 

The 2700 or so major coat protein subunits in the capsid are arranged with a five- 

fold rotation axis and a two-fold screw axis with a pitch of about 3.2 nm (32 A) 

(Makowski, 1984; Marvin et al., 1994; Williams et al., 1995) or 3.3 nm (Glucksman et 

al., 1992). The result is that five subunits are situated around the viral axis at the sarne 

axial position. Symrnetrically equivalent positions on different subunits are related by a 

72" rotation about the viral a i s ,  or a 36' rotation followed by a 1.6 nrn (or 1.65 nm) axial 

translation (Makowski, 1984). The major coat protein, measuring about 1 nrn by 7 nm 

(Marvin, 1998), has been shown to be more than 90% a-helical in the virion (Nozaki et 

al., 1976; Arnold et al., 1992), having one gently curving a-helix extending f m  Pro6 to 

the C-terminus (Glucksman et al., 1992). The axis of the protein is tilted between 13' to 



20" from the viral a i s  and wnps around the axis in a nght-handed helical sense 

(Overrnan et al., 1996; Makowski & Russel, 1997). The manner of interaction between 

major coat protein subunits resembles that of fish scales (Figure 1.8). The protein 

monomers overlap each other so that the N-terminus of the a-helix faces the outside of 

the virion, while the C-terminus is located at low radius and close to the DNA in the 

intenor of the phage particle (Webster. 1996). 

The protein-protein interaction can be better visualized if the major coat protein is 

divided into four pans. The first five residues are surface-exposed and relati vely mobile. 

The three acidic amino acid residues (Glu2, Asp4 and Asp5) in this segment, dong with 

Glu20, are responsible for the low isoelectnc point of the phage (Zimmermann et al., 

1986; Marvin et al., 1994). The a-helical structure starts at Pro6 and the helix is 

amphipathic up to Tyr34, but the polar and nonpolar residues are not well-segregated 

(Glucksrnan et al., 1992). Here, the hydrophobic face has contacts primarily with the 

hydrophobic segments (residues 35 to 35) of the subunits in the next layer which are 

displaced by 1.6 nm axially (Papavoine et ai., 1998). The hydrophilic face, with Serl3, 

Serl7, Glu20 and several alanine residues, is exposed (Glucksman et al., 1991; 

Papavoine et al., 1998). Between residues 25 and 35, the helix is hydrophobic, with al1 

sides maintaining tight interactions with neighbouring subunits. A very detailed list of 

interactions between every residue of a major coat protein subunit with residues of 

surrounding subunits based on the mode1 proposed by Marvin et al. (1994) can be found 

in Papavoine et al. (1998). Interactions involving aromatic residues will be discussed in 

Section 4.1.2.1. 



Figrin 1.8 Arrangement of major coat protein smbunits in the Mon. The subunits 
in the central region (not the ends) of the phage particles are shown (from Makowski, 
i 992). 



The protein becomes arnphipathic again from residue 36 to the C-terminus. In 

this case, the hydrophilic face, with the positively charged Lys residues, faces the interior 

of the capsid. Favourable electrostatic interactions between the phosphate groups and the 

Lys side chains bind the DNA to the sheath of major coat protein monomers for effective 

packaging (Day et al., 1988). Evidence for this event is provided by experiments 

involving viable mutants of the major coat protein with a decreased or increased number 

of positively charged Lys residues at the C-terminal end. Decreasing the number of 

positively charged side chains resulted in a virion 33% to 38% longer than usual, strongfy 

suggesting that the number of positive charges needed to neutralize and package the same 

amount of DNA remains constant (Hunter et al., 1987; Greenwood et al., 1991). 

The conformation desct-ibed abovc belongs to the integnl major coat protein 

subunits found over most of the length of the virion. The major coat protein subunits 

interacting with the minor coat proteins at the ends of the virion are temed terminal 

major coat protein subunits. Those at the proximal end are expected to have a similar 

conformation as their integral counterparts; but those at the distal end are predicted to 

have two a-helices at a right angle to each other instead of one continuous helix. So, the 

N-terminal helix would be folded down at the end and have its hydrophobie face shielded 

from the aqueous environment (Makowski, 1992). 



1.4.3 Major coat protein in the membrane 

1-4.3.1 Membrane insertion 

The M 13 major coat protein exists as a membrane protein in the inner membrane 

of E. coli during viral infection. Its orientation in the membrane has been determined by 

proteolysis experiments. The N-terminus of the protein is on the outside while the C- 

terminus is iri the cytoplasm of the host ce11 (Wickner, 1976). 

Ir1 vivo membrane insertion of newly synthesized major coat protein in host cells 

is post-translational and is mediated by a mechanism independent of Sec-translocase in 

bacterial membrane. The fint step involves electrostatic binding of positively c h q e d  

residues at both ends of the M l 3  procoat protein to the membrane surface (Gallusser & 

Kuhn, 1990). Partitioning and formation of a-helices in the two hydrophobic domains 

(one of which is in the signal sequence) drive their membrane translocation (Kuhn et al., 

1986; Kuhn. 1995). The signal sequence is then removed by signal peptidase in the host 

membrane to produce mature major coat protein. 

1.4.3.2 Conformation 

In order to detennine the conformation. aggregational state and location of the 

TM segment of the major coat protein in membrane, numemus in vitro expenments were 

carried out using different detergents and vesicles to mimic the membrane. Early circular 

dichroism studies suggested a "50% a" conformation that consists of 50% a, 30% P and 

20% unordered structure (Nozaki et al., 1978). A mode1 was fomulated with protein 

dimers and with the TM segment adopting a U-shaped  structure to be compatible with 



the thickness of the bi tayer (Nozaki et al., 1976; Chamberlain et al., 1978; Nozaki et al., 

1978; Spruijt et al., 1989). The notion of having a p-structure as TM segment was 

subsequently deerned energetically unfavourable by molecular dynarnics simulations and 

was rejected (Sanders et al., 199 1 ). 

Recent NMR spectroscopic studies on detergent-solubilized Ml3 major coat 

protein led to the conclusion that the membrane-bound form of the protein possesses 

unstructured terrnini and two a-helical domains connected by a hinge region (Henry & 

S ykes, 1992; McDonnell et al., 1993; van de Ven et al., 1993) (Figure 1.9). The overall 

1.9 Ml3 major coat protein in the memb~zu~e. The locations of al1 six 
aromatic residues are shown. 



architecture is similar to the major coat proteins of Ike (Williams et al., 1996) and P f  1 

(Shon et al., 1991). The hydrophobic helix (TM helix in vivo) consists of about 20 amino 

acids that are closely associated with the hydrophobic core of the lipid environment. The 

less rigid amphipathic N-terminal helix is proposed to be at the surface of the lipid 

micelle or bilayer and at a right angle to the hydrophobic helix (McDonnell et al., 1993: 

Papavoine et al., 1994). The hinge or loop region linking the helices is thought to either 

consist of two tums (Almeida & Opella, 1997), or resemble an a-helix (Papavoine et al., 

1998). In either case, the hinge residues play a direct and critical role in the biological 

function of the major coat protein. Dunng assembly of the virion, the N-terminal helix 

has to swing up about 90" to interact with the major coat protein monomen already 

incorporated in the growing virion. The accomplishment of this task lies in the motions 

of not only the N-terminal helix but also in the dynamics of the hinge region (Papavoine 

et al., 1998). 

1.4.3.3 Location of transntembrane segment 

The exact locations of the secondary structural elements of the major coat protein 

were determined by NMR and spin-label experiments. The N-terminal arnphipathic a- 

helix stretches from Lys8 to Gln15 or Ala16. The TM a-helix extends from Ala25 to 

Phe45 or Thr46, wi th the section from Met28 to Phe42 in the hydrophobic core of the 

lipid (Henry & Sykes, 1992; Turner & Weiner, 1993; Khan et al.. 1995; Spruijt et cil., 

1996; Stopar et al., 1996; Stopar et al., 1997a; Papavoine et al., 1998). The termini 

(Residues 1 to 7 and 47 to 50) are unsinrctured. 



The experirnentally determined boundaries of the TM segment of the Ml3  major 

coat protein differ considerably from those calculated from hydropathy scales. The 

commonly used Kyte-Doolittle scale (Kyte & Doolittle, 1982) predicts a hydrophobic 

region from Tyr21 to Ile39. This region was thought to represent the membrane- 

spanning sequence for a long tirne. Based on fifteen different hydropathy analyses, the 

N-terminal end of the TM helix of membrane-bound Ml3 major coat protein is predicted 

to locate between residues 18 and 33, while the C-terminal end is assumed to situate 

between residues 36 and 45 (Turner & Weiner, 1993). This discrepancy is due partly to 

the different theoretical or experimental basis of the scales, many of which are derived 

from and for globular proteins (Turner & Weiner, 1993). Another factor is the presence 

of aromatic and Lys residues at the ends of the membrane-spanning domain. 

1.4.3.4 Lysine and aromaçic residues 

Lysine residues are situated at the C-terminal end of the protein for optimal 

interaction with the phage DNA genome (see Section 1.4.2). The presence of a charged 

side chain makes it a hydrophilic residue and, consequently, it should be excluded from 

associriting with the hydrophobic lipid bilayer. So, predictions based on hydropathy plots 

tend to exclude most of the four C-terminal Lys residues from the TM helix. However, 

hydropathy plots do not take into account that the positively charged &-amino group of 

Lys is at the end of a long (6 A) side chain. It has been calculated that with Thr46 being 

the last residue of the TM helix, the €-amino group of Lys40 can still reach the negatively 

charged phosphate groups of the lipid head group region (Stopar et al., 1996). According 

to the snorkel mode1 (Segrest et al.. 1990), the aliphatic part of the side chah can still 



partition into the hydrophobic core (Monné et al., 1998). Therefore, the Lys residues at 

the C-terminal end act as the anchor of the TM, demonstrating the dual functional role of 

major coat protein Lys residues in the virion (protein-DNA interaction) and in the 

membrane (protein-lipid interaction). 

Arornatic residues are assigned different hydrophobicity values by various 

hydropathy scales (Persson et al., 1998). It is not surprising that their presence near the 

ends of the TM segment has a bearing on the accuracy of the TM segment prediction 

based on primary structure. In the membrane-bound major coat protein, five of the six 

aromatic residues are located at the membrane-water interface. This further reinforces 

the suggestion that they serve to anchor andor ensure the proper positioning of the TM 

segment with respect to the membrane. 

1.4 3.5 Aggregational states 

Early studies indicate that a dimeric major coat protein represents the lowest 

aggregation number in the membrane, assurning the state of the major coat protein is the 

same in bilayers and in detergent micelles (Makino et al., 1975; Nozaki et al., 1978; 

Henry & Sykes, 1990a). On the other hand, McDonnell et al. (1993) strongly disagree 

with the above suggestion, citing low resolving power due to insufficient acryiamide in 

gels and inadequate amount of detergent in NMR sarnples as sources of error in 

interpreting experimental results. It is believed that major coat protein is a monomer in 

micelles (McDonnell et al., 1993). The rnonomeric form also represents the smallest in 

situ aggregational entity (Spruijt & Hernminga, 199 1). 



On the other hand, more models involving dimeric major coat proteins are 

proposed. The "asymmetric dimer" mode1 put forth by Henry & S ykes (1990a, 1990b) 

describes the detergent-so1ubilized major coat protein as a dimer with two pai-allel 

monomers out of register with each other. It is believed that two adjacent subunits are 

removed together during solubilization of the phage particle by detergent, thereby 

retaining the shifted orientation. A similar asymmetrical "structural dimer" arose from 

incomplete disniption of the phage particle by sodium cholate is shown to be 

accommodated in lipid membranes and micelles at pH 7, aithough the in vivo state is very 

likely to be monomeric (Stopar et al., 1997b). The aggregational state of the protein irz 

vivo cannot be studied directly, but it  has been suggested that subunits may specifically 

pair dong one face in the host inner membrane and get dissociated just prior to assembly 

by pI and pXI (Haigh & Webster, 1998). 

Oligomeric and polymeric States of the major coat protein have been observed 

when reconstituted into lipid systems in vitro, and they are of two different 

conformations. 2 to 20 a-helical major coat protein monomers can aggregate reversibly 

into an oligomer at low lipid to protein ratio (Hemrninga et al., 1992). Such reversible 

contacts through hydrophobie side chains also occur in vivo but they are characterized by 

short contact times (Hemminga et al., 1993). The a-oligomeric protein can undergo 

irreversible transition to a polymenc state of 20 to hundreds of monomers with P-sheet 

conformation initiated by in vitro electrostatic interactions. Major coat protein subunits 

reconstituted into vesicles assume a random orientation (Spruijt et al., 1989), allowing 



close proximity of the positively charged residues near the C-terminal end and the 

negatively charged ones at the N-terminal end leading to "head-to-tail binding" (Spruijt 

& Hemminga, 1991). Later, inter-subunit hydrogen bonds are formed cooperatively and 

the a-helix to B-sheet conformational change occurs according to a zip-fastener model. 

More subunits are then drawn into this protein network since the P-sheet conformation is 

stabilized only if there is a sufficient number of peptide chains (Hemminga et ai.. 1992). 

Whether the u-oligomeric state or the P-polymenc state is observed Ni vitro 

depends on protein purification and reconstitution methods. lipid to protein ratio, lipid 

head groups, length and saturation of acyl chains and salt concentration. Buffers with 

high ionic strength. unsaturated acyl chains and high lipid to protein ratio al1 favour the 

a-oligomeric state (Spruijt & Hemminga, 1991; Hemminga et al., 1992). Formation of 

the B-polymenc form in micelles can be induced by heat. as the major coat protein 

subunits escape from deoxycholate micelles at a high temperature and reassociate to form 

P-sheets (Li et al., 1993; Khan & Deber, 1995). The fbpolymeric f o m  of the major coat 

protein is usually considered as an artificial and denatured form (Spruijt & Hemminga. 

1991), in spite of the possibili ty of a brief in vivo existence in the E. coli cytosol after 

synthesis but before membrane insertion (Randall & Hardy, 1989; Deber et aL. 1993). If 

this is the case, it seems that the primary structure of the protein is engineered to have 

sufficient flexibility to handle different conformationai requirernents in various 

environments encountered by the protein during its lifetime. 



1.4.4 Mutagenesis 

Our laboratory has camied out extensive mutagenesis experiments to generate a 

library of about LOO viable mutants over the entire major coat protein sequence (Li & 

Deber, 1991; Deber et al., 1993; Williams et al., 1995; T. Neogi, C. T. K. Yuen, G. 

Shubassi & C. M. Deber, unpublished results) (Figure 1.10). It represents the vast 

majority, if not all, of the primary mutant major coat proteins that can be synthesized, 

processed and incorporated into the bacteriophage successfully in vivo. The possible 

amino acid substitutions at different positions provide invaluable information regarding 

the requirements that have to be satisfied in order to produce a protein that can adapt to 

the membrane and the virion wi th different conformations. 

The mutants found in the N-terminal region are generally more variable, with 

polar or charged amino acids substituting for nonpolar ones in the wild type sequence and 

vice versa at certain loci. This can be reasoned by the lesser degree of structural and 

hydrophobic constraints both in the phage particle and for the membrane-bound protein. 

There is no classical sideness for the N-terminal helix, Le., there is more than one face 

that ci:: interact favourably with the membrane or micellar surface (Almeida & Opella, 

1997; Papavoine et aL, 1998). The presence of Gly23 and Tyr24 mutants with polar and 

charged residues points to the extemal location of this residue to the host membrane (Li 

& Deber, 1991), which has been proven correct by NMR spectroscopy. The residues in 

the hydrophobic segment display a lower tendency to be mutated and reluctance to be 

substituted by charged residues. It is because of stenc constraints as well as the necessity 

to exceed a certain threshold segmenta1 hydrophobicity in the bilayer. Towards the C- 
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Figure 1.10 The mutant iibrprg of the major coat protein of bacteriophage MU. 
Mutations shown in lower-case italics existed only as components of double- or triplasite 
mutations. This is an updated version of Figure 1 in Williams et al. ( 1995). 

terminal end, the protein becomes even less mutatable due to the critical role of this end 

to interact with the DNA in the phage. 

Among the six aromütic residues in the major coat protein, no viable mutants 

were found with Phel 1, Trp26, Phe42 and Phe45 substituted. On the other hand, Tyr21 

and Tyr24 can each be substituted by a range of residues with different properties. 

Implications of these results will be discussed in Section 4.1.2. 



1.5 Thesis goal and rationale 

The goal of this project was to investigate the structural and functional roles of the 

aromatic amino acid residues at the membrane-water interface of the membrane-bound 

form of the bacteriophage M l 3  major coat protein. Saturation mutagenesis was utilized 

to generate viable mutants with amino acid substitutions at Tyr2 1 andor Tyr24. 

Biophysical analyses of these mutants using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), circular dichroism (CD) spectroscopy and fluorescence 

spectroscopy then followed. It is hoped that the results can be generalized to improve our 

understanding of membrane proteins and their interactions with the environment. 

1.5.1 M l 3  major coat protein as a model membrane protein 

The major coat protein of bacteriophage Ml3 was chosen as the model membrane 

pmtein for several well-founded reasons. The use of this type 1 single span membrane 

protein, which is probably the simplest integral membrane protein (Wickner. 1988), 

follows the reductionist approach to the elucidation of the properties of more complex 

membrane proteins. Its small size (5.2 kDa) ensures suitability for the application of 

various spectroscopic methods (Li, 1994). Viable mutants c m  be produced by in vivo 

selection of functional proteins, therefore avoiding the need for the sometimes tedious 

technique of subcloning (Li & Deber, 1991). Another main advantage is that milligrarn 

amounts of wild type and mutant proteins can be obtained through phage growth 

following well-established procedures. Purification of the major coat protein is 

straightfonvard since it makes up 9 8 8  of al1 phage structural proteins. Finally, a 

substantiai arnount of information on many aspects of the protein is already known, as 



described in Section 1.4, providing a solid foundation to any interpretation of new 

experimental data. 

1.5.2 Deoxycholate micelles as the membrane-mimetic environment 

The major coat protein of bacteriophage M13, k i n g  a membrane protein, 

possesses a hydrophobic segment and is prone to self-associate when exposed to an 

aqueous environment. It is necessary for the protein to be solubilized in a membrane- 

mimetic environment dunng structural analysis to prevent aggregation and to ensure that 

its structure is as close to the native state as possible. 

Deoxycholate, a weak anionic bile salt detergent, was chosen to solubilize M l 3  

major coat protein based on several considerations. Fint, it is mild in its effect on the 

protein structure (Coleman, 1987), as it has been shown that the major coat protein 

conformation in deoxycholate closely resembles the membrane-bound protein (Nozaki et 

al., 1976). Secondly, deoxycholate forms small micelles, which faci litaie protein 

characterization due to the low detergent to protein ratio (Tanford & Reynolds, 1976). 

Thirdly, deoxycholate represents a relatively destabilizing medium for a-helices and 

serves to "amplify" any structural effects caused by the mutation of only one or two 

amino acid residues out of fifty (Li, 1994). In contrast, the strong detergent sodium 

dodecyl sulfate (SDS) stabilizes the helical conformation of the major coat protein 

because more SDS molecules can be bound to the native state with the hydrophobic 

segment than the denatured state (Tanford & Reynolds, 1976). As well, the negative 

charge of deoxycholate mirnics the enrichment of negatively charged phospholipids 



(phosphatidylglycerol and cardiolipin) in the E. coli inner membrane during infection of 

bacteriophage M 13 (Spruijt & Hemrninga, 199 1). This latter event is thought to have 

biological consequences as the positive charges at the cytoplasmic membrane-water 

interface of the protein are neutralized by the headgroups of acidic lipids after their 

specific association (Haigh & Webster, 1998). 

The size of deoxycholate micelles cm be affected by several factors including 

ionic strength and temperature. The aggregation number (number of detergent molecules 

per micelle) increases with increasing counterion concentration and decreases with 

increasing temperature (Small, 1971). At 2O0C and pH between 8 and 9, the aggregation 

number is 8.9 monomers per micelle with 0.05 M added Na' ions and 4.3 with 0.01 M 

added Na' ions (Small, 197 1). Although these properties can be affected by the insertion 

of a protein, the M l 3  major coat protein is effectively solubilized by deoxycholate above 

the cntical micelle concentration, which is 1.6 mM at 0.01 M NaCl (Helenius et al., 

1979) and I m M  at O. 1 M NaCl (Small, 197 1). 



CHAPTER 2 

MATERIALS AND METHODS 



2.1 General 

2.1.1 Growth conditions and chernicals 

The growth of bacteria and bacteriophage was typically c h e d  out in 2x TY 

medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl) at 37OC with constant shaking at 

200 rotations per minute (rpm). Chemicals were generall y purchased from Sigma (St. 

Louis, Missouri, U.S.A.). 

2.1.2 Bacterial strain, Ml3 DNA and M l 3  phage stock 

Escherichia coli JMlOl was used for the growth and transformation of 

bacteriophage M 13. M l3mp 18 single-stranded DNA was original1 y purchased from 

Pharmacia (Uppsala, Sweden) and was used as wild type M l 3  DNA. M l 3  wild type 

phage stock was onginally prepared by transfoming M 13mp 18 single-stranded DNA 

into E. coli JM 1 O 1 cells. The procedures of preparation of competent cells and 

transfomation were similar to those described in Sections 2.2.5 and 2.2.6. Exceptions 

were that M!?mpi8 (2 ng) was transformed into E. coli M l 0  1 competent cells (200 pl), 

and 100 rnM IFTG (15 pl) and 2% X-gai (40 pl) were added before addition of molten 

agar to the tube. With the induction of the lac2 gene in the M13mp18 DNA by IPTG, B- 

galactosidase, which is dyed blue by X-gal, was produced. Then, the resultant blue viral 

plaques were grown in large scale (see Section 2.3 for procedure). 



2.2 Mutagenesis 

Saturation and site-directed mutagenesis experiments were perfonned in attempts 

to generate viable mutants of bacteriophage M13 major coat protein with one or both of 

the Tyr residues (Tyr3 1 and Tyr24) replaced by other amino acid residues. 

2.2.1 Preparation of Ml3 single-stranded DNA template 

The preparation of Ml3 single-stranded DNA mutagenesis template was started 

by growing a 1 ml phage stock. It was then arnplified in 50 ml of medium before DNA 

was extracted. 

2.2.1.1 1 nit phage stock 

An E. coli JM101 overnight culture was prepared by adding one bacterial colony 

from a glucose/minimal media plate into 10 or 20 ml of 2x TY medium and growing it 

for about 16 hours. A "3-hour culture" was prepared by adding ovemight culture (200 pl) 

to 2x TY medium (20 ml) and growing for 3 houn. The phage was grown by inoculating 

2x TY medium (1 ml) with 10 mglm1 wild type or mutant phage (5 111) and the 3-hour 

culture (100 pl) and growing for 4 hours (for wild type phage) or overnight (for mutant 

phage). The culture was centrifuged ai 14000 rpm in a Z 230 MA microcentrifuge 

(Hermle, Wehingen, Germany) for 5 minutes to pellet the bacterial cells. The supernatant 

(Le. 1 ml phage stock) was stored at 4°C. 



2.2.1.2 50 ml phage stock 

2x TY medium (50 ml) was inoculated with ovemight culture (0.5 ml) and grown 

until absorbance at 550 nm (A,, ,) was 0.3. The 1 ml phage stock (see Section 2.2.1.1) 

(0.5 ml) was added at this point. Growth was continued for 4 hours before the culture 

was centrifuged for 30 minutes at 5000 rpm at 4OC in a GS-15R centrifuge with an S- 

4180 rotor (both from Beckman Instruments, Fullerton, Califomia, U.S.A.). PEG/NaCl 

solution (20% poly(ethy1ene glycol) 8000,2.5 M NaCl) (5 ml) was added to the 

supematant to precipitate the phage. After 1 hour at room temperature or ovemight at 

4OC. the supernatant-PEGNaCl mixture was centrifuged for 20 minutes at 5000 rpm. 

The viral pellet was resuspended in TE buffer (10 m M  Tris hydrochlonde, 1 m M  

ethylenediaminetetraacetic acid (EDTA), pH 8.0) (250 pl) and centnfuged for 5 minutes 

ai 14000 rpm. PEG/NaCl solution (LOO pl) was mixed with the supematant and, after 5 

minutes at room temperature, the mixture was centnfuged for 5 minutes at 5000 rpm. 

The viral pellet was resuspended in TE buffer (250 pl). 

2.2.1.3 DNA extraction 

Viral DNA was extracted with buffer-saturated phenol (GIBCO BRL, 

Gaithersburg, Mary iand, U.S.A.) (LOO pl) twice and then with chloroform (Fisher 

Scientific. Pittsburgh, Pennsylvania, U.S.A.) (250 pl) twice. In each case the organic 

(botiom) layer was discarded. Cold ethanol(675 pl) and 3 M sodium acetate (25 pl) 

were added to the aqueous layer after the second chloroform extraction and the mixture 

was kept at -20°C for 30 minutes. Then, the mixture was centrifuged at 14Oûû rpm for 

15 minutes at 4OC. The DNA pellet was dried under vacuum and redissolved in TE 



buffer (10 pl). The DNA concentration was determined by measuring the absorbance at 

260 nm. I absorbance unit corresponds to 40 pg/ml of single-stranded DNA. The yield 

varied from 30 to 100 pg. The viral DNA was diluted to a final concentration of 1 ~g/pt  

and was stored at -20°C. 

2.2.2 Oligonucleotide design 

In saturation mutagenesis experiments. the three bases on the oligonucleotide 

(primer) complementary to the codon of the residue to be mutated d l  contained equally 

mixed nucleotides (N), Le. N = 25% A + 25% C + 25% G + 25% T. Oligonucleotides 

used in mutagenesis experiments were usually synthesized and puriRed by Molecular 

Laboratory Services, Department of Pathology, Hospital for Sick Children (Toronto, 

Ontario, Canada) using an Oligo LOOOM DNA synthesizer (Beckman Instruments). For 

Y211-Y24X, F42X and F45X mutagenesis experiments, however, oligonucleotides were 

synthesized at ACGT Corporation (Toronto, Ontario, Canada) with an Expedite nucleic 

acid synthesis system (PerSeptive Biosystems, Framingham, Massachusetts, U.S.A.). 

The templates and oligonucleotides used in the mutagenesis experiments are as 

follows: 

(a) Y2 LX-Y24X mutagenesis. Double-site saturation mutagenesis was perfonned at 

positions 2 1 and 24 using M13mp18 WT ssDNA as template and oligonucleotide 

5'-CAACCATCGCCCACGCNNNACCGAîlNNTïCGGTCGCTGAGGC-3', where N 

=25% A+25% C + 2 5 % G + 2 5 % T .  



(b) Y2 1F-Y24X mutagenesis. Single-site saturation mutagenesis was performed at 

position 24 using M13mp18 Y21F mutant ssDNA as template and oligonucleotide 

5'-CGCCCACGCAVAACCGATAAA'ITCGG-3', where V = 33.3% A + 33.3% C + 

33.3% G .  

(c) Y2 11-Y24X mutagenesis. Single-site saturation mutagenesis was performed at 

position 24 using M13mp18 Y211 mutant ssDNA as template and oligonucleotide 

5'-CGCCCACGCNNNACCGATAAT-3', where N = 25% A + 25% C + 25% G + 25% 

(d) Y2 1 F-Y24S site-direc ted mutagenesis. Si te-directed mutagenesi s was performed at 

position 24 using M13mp18 Y21F mutant ssDNA as template and oligonucleotide 

5'-TCGCCCACGCGGAACCGATAAATTC-3'. 

(e) F42X saturation mutagenesis. Single-site saturation mutagenesis was perforrned at 

position 42 using M 13mp 18 wild type ssDNA as template and oligonucleotide 5'- 

GGTGAATTïCTTNNNCAGCTTGATACC-3', where N = 25% A + 25% C + 25% G + 

25% T. 

(f) F45X saturation mutagenesis. Single-site saturation mutagenesis was performed at 

position 45 using M 13mp 18 wild type ssDNA as template and oligonucleotide 5'- 

TGCTITCGAGGTWTITCTTAAACAG-3', where N = 25% A + 25% C + 25% G + 

25% T. 

2.2.3 Mutagenesis reaction 

The Sculptor in vitro mutagenesis system (Amersham Corporation, Arlington 

Heights, Illinois, U.S.A.) based on the Eckstein rnethod was used (Sayers & Eckstein, 



199 1 ; Sayen et al., 1992). The phosphorylated mutant oligonucleotide (1.6 pmoUpI) was 

annealed to the single-stranded template (1 kg/pl) and was extended by T7 or Klenow 

DNA polymerase with the incorporation of dCTPaS followed by ligation. Any excess 

single-stranded template was removed by digestion with T5 exonuclease. Then, the 

strand without dCTPaS, Le. the non-mutant strand in the DNA heteroduplex, was nicked 

with Nci I and most of it was digested with exonuclease III. Subsequent 

repolymerization with DNA polymerase 1 resulted in formation of a homodimer with the 

mutation on both strands (Figure 2.1). 

2.2.4 Amplification of mutagenesis products by polymerase chain 
reaction 

The products of mutagenesis experiments were amplified by polymerase chain 

reaction (PCR) (Mullis et al., 1986) in order for them to be sequenced. This would 

confirm whether the repolymerized DNA being transformed cmied the desired 

nucleotide base changes. 

The template used was typically the 1-in30 dilution of the final mutagenesis 

product, i.e. the repolymerized double-stranded DNA, in water. The two primers were 

designed with the aid of the OLIGO 4.0 computer programme (Rychlik & Rhoads, 1989) 

to minimize the chance of forming duplexes, hairpin structures and annealing at false 

prirning sites. The upper primer had the sequence 5'-GCaCTITCGTTTTAGGTTGG- 

TGCC-3', which was similar to nucleotide bases 1230 to 1254 of bacteriophage M l 3  

genome. The lower primer had the sequence 5'-CAACAGTTTCAGCGGAGTGAG- 





AATAG-3', which was complementary to nucleotide bases 1620 to 1645. They were 

synthesized and purified using an Oligo lO0M DNA synthesizer (Beckman Instruments) 

by Molecular Laboratory Services, Department of Pathology, or DNA Synthesis Facility, 

The Centre for Applied Genomics (both of Hospital for Sick Children, Toronto, Ontario, 

Canada). The desired PCR product had 416 base pairs which included the entire coding 

sequence for gene VTII. 

PCR was performed using cloned Pfiî DNA polymerase (Stratagene, La lolla, 

California, U.S.A.) which has a high fidelity in PCR amplifications compared to other 

thermostable DNA polymerases (Lundberg et al., 1991 ; Flaman er al., 1994). The LOO pl 

reaction mixture consisted of cloned Pfic DNA polymerase (2.5 units), DNA template 

(100 ng), primers (250 ng each), the four dNTP's (25 m M  each) and 10 pl of 10x cloned 

Pfii DNA polymense reaction buffer (200 mM Tris-HCl [pH 8.81, 20 rnM MgSO,, 100 

rnM KCI, 100 mM (NHJ2SO4, 1 8  Triton X-100, 1 mg/ml nuclease-free bovine serum 

albumin) (Stratagene). It was overlayed with 50 pl of mineral oil. 

The thermal cycler used was Hybaid OmniGene Thermal Cycling System 

(Hybaid, Teddington, Middlesex, United Kingdom). The cycling parameters were: (1) I 

cycle of 9YC for 45 seconds; (2) 25 cycles of 95OC for 45 seconds, 55.S°C for 35 

seconds and 7Z0C for 90 seconds; (3) 1 cycle of 72OC for 10 minutes. The annealing 

temperature (55.g°C) was determined using the following equation (Rychlik et al., 1990): 

Tma, = 0.3 Tm primer + 0.7 Tm product - 14.g°C 

where T,, is the anneaiing temperature and Tm is the melting temperature. 



The PCR product was purified by QIAquick PCR purification kit (QIAGEN, 

Hilden, Germany). Sequencing of the PCR product for some mutagenesis experiments 

was performed by ACGT Corporation (Toronto, Ontario, Canada) using a Thermo 

Sequenase fluorescent label led primer cycle sequencing kit with 7-deaza-dGTP 

(Amersham Pharmacia Biotech, Uppsala, Sweden) in conjunction with a Long ReadIR 

4200 DNA sequencer (LI-COR, Lincoln, Nebraska, U.S.A.). 

2.2.5 Preparation of competent cells 

2x TY medium (200 ml) in a flask nnsed with nitnc acid and then thoroughly 

with double-distilled water was inoculated with E. coli Ml01 ovemight culture (2 ml). 

The cells were allowed to grow at 37°C with shaking until A,,, , = 0.3. The culture was 

centrifuged at 3000x g at 4OC for 5 minutes. The cell pellet was resuspended in cold 50 

m M  CaC12 solution (20 ml) and incubated at 4OC for 20 minutes. Cells were collected by 

centrifuging at 3000~ g at 4°C for 2 minutes and resuspended in cold 50 mM CaCI, 

solution ( 1.7 ml) rnixed with glycerol (0.3 ml). Competent cells were immediately 

dispensed in 50 pl aliquots into microcentnfuge tubes, frozen in an ethanoPdry ice bath 

and stored at -70°C. 

2.2.6 Transformation and plating out 

An aliquot (1 to 5 pl) of repolymerization product of mutagenesis was diluted 

with double distilled water, resulting in a total volume of 100 pl. The diluted 

repolymerization product was mixed with E. coli JMlOl competent cells (50 pl) in a 



culture tube and kept on ice for 40 minutes. The cells were heat-shocked at 42°C for 2 

minutes and returned to ice for 5 minutes. About 4 ml of molten H-top agar (1% 

tryptone, 0.8% NaCl, 0.8% agar) was added to the tube and the content of the tube was 

irnmediately poured ont0 an L plate ( 1 % tryptone, 0.5% yeast extract, 1 % NaCI, 1.5% 

agar). After the agar had set, the plate was inverted and incubated at 37OC ovemight. 

2.2.7 Small-scale growth of plaques and DNA extraction for DNA 
sequencing 

2~ TY medium (1.5 ml) was inoculated with E. coli JMlOl ovemight (16-hour) 

culture (150 pl) and one bacteriophage M 13 plaque from transformation of mutagenesis 

product. It was grown for 6 hours at 37OC with shaking at 200 rpm and was then 

centrifuged at 14000 rpm for 5 minutes to remove al1 bacterial cells. 

PEG/NaCI solution (0.2 ml) was added to phage supernatant (1 ml) to precipitate 

the  phage. After incubating for 15 minutes ai room temperature, the sample was 

centrifuged at 14000 rpm for 5 minutes. The phage pellet was dissolved in TE buffer (0.2 

ml) . Phage DNA was first extracted by buffer-saturated phenol (80 pl) and, after 

discarding the organic (bottom) layer, with chloroform (0.2 ml). The aqueous (top) layer 

was then mixed with 2.5 volumes of coid ethanol and 0. I volume of 3 M sodium acetate, 

pH 6.0. The sample was placed at -20°C for 30 minutes or more and centrifuged at 

14000 rprn for 15 minutes at 4OC to pellet the ssDNA. The pellet was dried under 

vacuum for 30 minutes and dissolved in TE buffer (10 pl). 



2.2.8 DNA sequencing 

DNA sequencing of the phage plaques was performed using the '%equencing Kit 

(Pharmacia) based on the Sanger dideoxy-mediated chah termination method (Sanger et 

al., 1977). The sequencing primer had the sequence 5'-TAATMTiTCACG'ITGAAAA- 

3' and was complementary to nucleotide bases 1571 to 1590 of bacteroiophage M 13 

genome. In the annealing reaction, the sequencing primer (3 ng) and annealing buffer (2 

pl) were added to single-stnnded DNA (2 pg). The mixture was incubated at 60°C for 

10 minutes and then at room temperature for 10 minutes. In the sequencing reaction, 

deoxyadenosine 5'-a-[35S]thiotriphosphate (Amersham) was used as the labelled WTP. 

The sequencing samples were run on a 6% polyacrylamide-urea gel casted by adding 

10% ammonium persulfate (0.65 ml) to 6% LiquiGel DNA Sequencing Solution (lx) 

(NOVEX, San Diego, California, U.S.A.) (65 ml). lx TBE buffer (89 mM Tris, 89 mM 

boric acid, 2 m M  EDTA) was used as the running buffer. After the gel was dried, it was 

placed with an X-OMAT AR scientific imaging film (35 cm x 43 cm) (Kodak, Rochester, 

New York, U.S.A.) in a cassette for exposure for 2 to 7 days before development. 

2.3 Large-scale preparation of phage stock 

2.3.1 Purification of phage stock 

Plating cells were prepared by inoculating a single colony of E. coli Ml01 cells 

into 2~ TY medium (50 ml) and growing for 6 hours at 37OC with shaking (200 rpm). 

Serial dilution with sterile double distilled water was canied out on the phage supernatant 

from the growth of plaque &ter transformation. Plating cells (100 pl) were mixed with a 



10 pl aliquot of one dilution of the phage supernatant in a culture tube, and the same was 

repeated for al1 dilutions from 10" to 10-*. After a 10-minute incubation, molten H-top 

agar (4 ml) was added to the tube and the content of the tube was immediately poured 

ont0 an L plate. After the agar had set, the plate was inverted and incubated overnight at 

37°C. 

10 welI-separated plaques were picked from the plate with the least number of 

plaques but more than 10 plaques. Each plaque was grown and the DNA was extracted 

and sequenced as described above. If the DNA sequences of the plaques were identical. 

the phage supematant was considered pure and large-scale growth of the phage could be 

camed out. 

2.3.2 Large-scale growth 

A 10 ml phage stock was prepared by mixing 0.5 ml of phage supematant from 

growth of plaque during phage purification with SX TY medium (10 ml) and E. coli 

M l 0 1  ovemight culture (0.1 ml) and growing for 6 hours at 37OC with shaking. The 

phage supernatant was collected by centrifuging for 15 minutes ai 5000 rpm. Phage was 

obtained in large-scale by using this 10 ml phage stock to infect a 1 litre 2x TY culture 

with M l 0 1  cells at A,,, = 0.3 and growing for 4 hours. Bacterial cells were removed 

by centrifugation at 8000 rpm for 30 minutes at 4OC in a JZMI centrifuge with a JA-14 

rotor (both from Beckrnan Instruments). Phage was harvested by the addition of 

PEG/NaCI solution (200 ml) to the supematant. After overnight incubation at 4OC, phage 

pellet was obtained by centrifugation at 10000 rpm for 30 minutes in a JA-14 rotor. The 



phage pelIet was redissolved in TE buffer (1 ml). Phage concentration was determined 

by measuring the absorbance at 269 nm. A, , = 3.84 corresponds to 1 mg/ml of wild 

type phage (Berkowitz & Day. 1976). The phage DNA was sequenced to ensure purity 

of the phage stock. About 2 to 5 pl of the 10 mg/ml phage stock were used in DNA 

extraction for sequencing. 

2.4 Purification of the major coat protein 

Ml3 major coat protein was purified from DNA by gel filtration using Sephacryl 

S-200 High Resolution column (Pharmacia) (Hagel et al.. 1989) equilibrated with 8 m M  

sodium deoxycholate, 25 mM sodium borate, pH 9.0 (Henry et al., 1986). Prior to 

loading, phage (10 mg) in 1 ml of TE buffer was mixed with extract solution (O. 1 M 

ammonium bicarbonate, 70 m M  sodium deoxycholate, pH 9.0) (2 ml) and chloroform (1 

ml). The mixture was shaken for 30 minutes at 200 rpm at 37OC to disrupt protein-DNA 

interactions and to solubilize the protein (Khan, 1994). Then, more chloroform (1 ml) 

was added to the mixture and the shaking continued for another 30 minutes, after which 

al1 chloroform had evaporated. The mixture was then loaded ont0 the column. 

The fiow rate of the column was set to be 0.1 ml per minute. 1 ml fractions with a 

ratio of A, ,,,,, 2 1.5 were pooled together and concentrated using an Amicon 10 ml 

ultrafiltration ce11 (Amicon, Beverly, Massachusetts, U.S.A.) with a PM10 membrane as 

the ultrafilter (Henry et al., 1986) (Figure 2.2). The molecular cut-off of the membrane 

was 10 kDa so that micelle-bound protein was retained. Rotein concentration was 

determined by A,, using an Ultrospec LI spectrophotometer (LKB Biochrom, 
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Cambridge, United Kingdom). The extinction coefficient is 1.65 for 1 mglm1 of wild 

type major coat protein (Nozaki et al., 1976). Mutant protein concentrations were 

calculated from their extinction coefficient, obtained from ProtParam tool in the ExPASy 

Molecular Biology Server of the Swiss Institute of Bioinformatics on the internet 

(h ttp://ww w .expasy .c h/sprot/protpanm.h t m ,  and nomalized according to the wild type 

protein extinction coefficient in miceilar environment (Gill & von Hippel, 1989). 

The protein was concentrated until the concentration was greater than 1 mglml. 

The amoun ts of deoxyc holate and sodium borate were adjusted accordingl y before 

lyophilization of the protein such that the final concentration would be 1 mglm1 of protein 

in 30 mM sodium deoxycholate, 25 m M  sodium borate, pH 9.0 when the lyophilized 

protein was dissolved in water. After being frozen in an ethanol/dry ice bath, the protein 

was lyophilized to dryness using a Unitrap II or a Freezemobile 25XL lyophilizer (both 

from VirTis, Gardiner, New York, U.S.A.). 

2.5 Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out using NOVEX pre-cast 1020% Tricine gels, which have good resolution in 

the 2.5 to 200 kDa range. The ninning buffer was 100 rnM Tris base, 100 mM Tricine, 

O. 1% SDS. In thermal stability studies, major coat protein (5 pg) in 30 mM sodium 

deoxycholate, 25 rnM sodium borate, pH 9.0, at a volume of 5 pl, was first heated at the 

indicated temperature. Just before loading the sample ont0 the gel, it was rnixed with one 



volume of Tncine SDS sample buffer (450 rnM Tris HCl, 12% glycerol, 4% SDS, 

0.0015% Coomassie blue G, 0.0025% phenol red, pH 8.45) (NOVEX). The sarnple was 

not boiled at this point. In experiments involving 2-mercaptoethanol, it was added before 

the protein was heated or, if the protein was not heated. before the addition of sarnple 

buffer. In both cases, the protein (5 pg) was incubated with 2-mercaptoethanol (1 pl) at 

room temperature for 15 minutes before sample buffer was added. 

2.6 Fluorescence spectroscopy 

2.6.1 Fluorescence emission spectrum 

Fluorescence expenments were performed with a PT1 QM- 1 spectrofluorometer 

(Photon Technology International, Monmouth Junction, New Jersey, U.S.A.). Typically, 

3 pM protein in 30 mM sodium deoxycholate, 25 m M  sodium borate, pH 9.0 (2 ml) was 

put in an acrylic cuvette with a path length of 1 cm (Santedt, St-Leonard, Québec, 

Canada). The bandpass was set at 3 nm and the photomultiplier tube voltage was 875 V. 

Excitation correction, which compensates for the intensity changes of the arc lamp 

source, was enabled. The excitation wavelength was set at 295 nm and the emission 

spectrum was recorded from 300 nm to 400 nm with 0.25 nm step size and 0.25 second 

integration time. Smoothing of the emission spectrum by the Savitzky-Golay smoothing 

algorithm was can-ied out after the scan (Savitzky & Golay, 1964). The spectrum was 

then subtracted by the appropriate baseline spectrum. Three independent trials of 

expenment were carried out for each protein and the average wavelength and intensity of 

the three emission maxima were calculated. 



2.6.2 Fluorescence quenching with acrylamide 

Electrophoresis punty acrylarnide (Bio-Rad Laboratones. Richmond, California, 

U.S.A.) was used as the quencher. Varying volumes of 8 M acrylarnide solution were 

added to samples, yielding 3 PM protein samples in 30 mM sodium deoxycholate, 25 

mM sodium borate, pH 9.0 with different concentrations of acrylamide. The ernission 

scans of the quenched samples were recorded as descnbed in the previous section. Two 

independent trials of experiment were canied out for each protein. 

Kaleiddiraph Version 3.0.5 software (Synergy Software, Reading, Pennsylvania, 

U.S.A.) was used to fit the fluorescence quenching data to the modified Stem-Volmer 

equation (see Section 3.3.2) (Roberts & Dunker, 1993). 

2.7 Circular dichroism spectroscopy 

2.7.1 Circular dichroism spectroscopy with incrernental heating 

Studies were done using a 1-720 spectropolanmeter (JASCO, Tokyo, Japan) with 

M l 3  major coat protein at 1 mg/ml in 30 mM sodium deoxycholate. 25 mM sodium 

borate. pH 9.0. Protein sarnples were placed in a cylindrical quartz ce11 with water jacket 

with a path length of 0.01 cm and were heated from 25OC to 95OC using a NESLAB 

RTE- I IO refrigerated circulator (NESLAB Instruments, Newington. New Hampshire, 

U.S.A.) with a 5-minute incubation at every 5OC interval. Spectra were recorded at the 

end of each incubation with scan speed at 50 nrnlmin., step resolution at 0.2 nm, band 

width at 1.0 nm, sensitivity at 20 mdeg and response time at 1 second. Each spectnim 



was the average of 4 scans between 250 nm and 190 nrn with the noise reduction routine 

applied and the blank spectrum subtracted. 

Mean residue ellipticity ([O]) was calculated using the following equation (Pain, 

l996a): 

where [O] is mean residue ellipticity in deg~cm2/drnol, 0 is ellipticity in mdeg, Mm is 

mean residue molecular weight. c is the protein concentration in mg/ml and 1 is the cell 

path length in cm. Mm is equal to protein formula weight divided by the number of 

residues. 

Three independent trials of experiment were carried out for each protein and the 

average a-helix to P-sheet transition temperature was calculated. 

2.7.2 Circular dichroism spectroscopy with constant heating 

Measurements were carried out with an Aviv 62A DS circular dichroism 

spectrometer (Aviv Associates, Lakewood, New Jersey, U.S.A.). The 0.1 mg/ml protein 

sarnple (250 pl) was placed in a rectangular quartz cell with a path length of 0.1 cm and 

heated from 25OC to 95OC within 3 minutes. Ellipticity at 208 nm was monitored 

from the start of heating and was converted to mean residue ellipticity at 208 nm, the a- 

helical parameter. Two independent trials were carried out for each protein. 



The rate constants of the a-helix to psheet transitions were estimated by fitting 

the data to the following equation (C. Wang & C. M. Deber, unpublished results): 

where [0]20B ,,,,,(t) is the mean residue ellipticity at 208 nm at time r, [O],, ,(O) is the 

most negative [O], , observed, [O], ,(=) is the average of [el,, , of the last 30 data 

points with two standard deviations added (i.e., the final ,, at the end of the reaction 

when no a-helical protein remains), t is time in s (seconds) and k is the first-order rate 

constant in s". 

The above equation was derived by assuming that the a-helix to B-sheet transition 

is a first-order reaction and that [O],, ,(t) is directly proportional to the concentration of 

a-helical protein at time t (Laidler & Meiser, 1995; C. Wang & C. M. Deber. 

unpublished results): 

a-helix + B-sheet 

Let H = amount of heiical protein, 

Let 8 = [O],, , and assuming H = 8, 

where k is the first-order rate constant, 0, is [O],, , at time t and 0, is the final [el,, , at 

the end of the reaction. 





CHAPTER 3 

RESULTS 



3.1 Mutagenesis 

3.1.1 Introduction 

A popular approach to determine the role of specific amino acid residues in a 

protein is the production of "knock-out" mutants through mutagenesis of the gene 

encoding the protein. The specificity of mutagenesis reactions can be controlled by the 

design of the mutagenic oligonucleotides. When it  is necessary to genente al1 possible 

point mutations dong a region of the gene, nndom mutagenesis should be employed. 

This strategy involves synthesizing the mutagenic oligonucleotide using four mixtures of 

nucleotide precursors (A, C, G, and T phosphoramidites). Each mixture contains the 

correct precursor as well as a low level of each of the other three precursors (Hutchison et 

al., 1986; Hübner et al., 1988). The average number of mutations dong the sequence is 

then dependent on the percentages of the three "contaminant" nucleotide precursors used 

and the length of the oligonucleotide. Another strategy, saturation mutagenesis, is used 

to generate al! possible amino acid substitutions at one or several positions by 

randomizing only the bases corresponding to their codons on the DNA. The 

oligonucleotide is synthesized with 100% correct nucleotide precursors except at the fully 

randomized codon(s), where a mixture of 25% of each precursor is used. 

Our laboratory has generated a representative viable mutant library of about 100 

mutants over the whole M l 3  major coat protein sequence by randomized mutagenesis 

and. at several codons, saturation mutagenesis (Williams et al., 1995). Mutant viability is 



defined as the ability for the bactenophage canying the mutant major coat protein to 

complete the life cycle and be amplified and grown. Subsequently, saturation 

mutagenesis experiments focusing on the three aromatic residues at the  N-terminal 

membrane-water interface of the TM segment were carried out (T. Neogi & C. M. Deber, 

unpublished results). Many different viable mutants were discovered ai Tyr2 1 while 

Trp26 remained completely resistant to mutations (Figure 1.10). Based on the existing 

results of mutagenesis on Tyr21 and Tyr24 when this work began, it seems that the two 

residues individually are not cntically important for the major coat protein, for many 

amino acid residues with widely differing properties can replace one - or the other - of 

the Tyr residues without fatal influence on the viability of the bacteriophage. To gain a 

better understanding of the importance of those interfacial Tyr residues, saturation 

mutagenesis expenments were performed in an attempt to simultaneously mutate boih of 

them. 

3.1.2 Y21X-Y24X saturation mutagenesis 

A 43-base mutagenic oligonucleotide with the positions corresponding to both 

Tyr21 and Tyr24 codons fully randornized was annealed to wild type Ml3 mp18 single- 

stranded DNA ternplate. Varying oligonucleotide to template ratios and two different 

polymerases were employed. In theory, an increase in the oligonucleotide to template 

ratio enhances annealing of the former to the latter, while the lower incubation 

temperature required by Klenow polymerase (16OC, versus 37°C for T7 DNA 

polymerase) prevents the oligonucleotide from dissociating with the template and 

forming secondary structures. The results are presented in Table 3.1. 



(9 bases) TGG CTT NNN TAG CCA NNN CGC ACC (10 bases) 5' oligo 
5' . . . . . . . . . . ACC GAA TAT ATC GGT TAT GCG TGG ......... 3' template 

19 20 21 22 23 24 25 26 
Thr Glu Tyr Ile Gly Tyr Ala Trp 

Oligol DNA 
tem~late Pol. Plaques Results 

8 : 1  Klenow 40 28 WT 4 Y21F 4 Y21 1 
1Y21T 1Y21V 2 Y24C * 

* -- one sample has silent mutation at second randomized position 

Table 3.1 Resdts of Y21X-Y24X mutagenesis experimenb. 



At a low oligonucleotide to template ratio (2: l),  the saturation mutagenesis 

experiment failed to produce any mutants. As the ratio was increased in subsequent 

experiments, a wide range of mutants with an amino acid substitution at position 21 or 

position 24 were obtained. A change at position 21, however, seems to be preferred by 

the system, while mutants with a mutation at position 24 were rare. Moreover, there was 

no mutant with amino acid substitutions at both positions 71 and 24, although changes in 

the phage DNA resulting in an amino acid change at one randomized position and a silent 

mutation at the second randomized position were observed. These results strongly 

suggest that there is a strong preference, if not necessity, for at least one Tyr residue out 

of the two to be present for viability of the bactenophage. 

The swi tch from T7 DNA polymerase to Klenow polymerase did produce some 

more mutants, but it had no drastic effect in enlarging the spectrum of mutants found at 

the interfacial positions. 

The degree of success of the mutagenesis experiment was confirmed by 

polymerase chain reaction (PCR) of the mutagenesis product and subsequent DNA 

sequencing of the amplified segment, which comesponded to gene VIII that encodes the 

major coat protein. Results showed that a11 four nucleotides were present at the locations 

corresponding to arnino acid positions 21 and 24, implying that those two positions had 

indeed been randomized by the mutagenesis procedure. Therefore, it was confirmed that 

the experimentally-ohserved lack of double-site mutants was not a consequence of the 

failure of mutagenesis at the DNA 1eveI. 



3.1.3 Other mutagenesis experiments 

Further saturation mutagenesis experiments were camed out with only one codon, 

that of Tyr24, randomized. The DNA's of Y2 I I  and Y21F single mutants were used as 

ternplates in these experiments. 

In Y 2 1 1-Y 24X mutagenesis, al 1 three bases of the Tyr24 codon on the mutagenic 

oligonucleotide were randomized. On the other hand, only one base was randomized 

with 33.396 of the three incorrect bases in the case of Y21F-Y24X mutagenesis. It was 

understood thüt not using dl four bases would rule out the formation of some potential 

mutants. Nevertheless, it was hoped that leaving out the correct base would prevent Tyr 

from arising at position 24. These two sets of mutagenesis did not produce any mutants 

at position 24, although the use of Y21F as template in Y21F-Y24X mutagenesis should 

satisfy the need of an aromatic ring ai the membrane-water interface. Tyr was present ai 

position 24 in al1 the viral plaques screened in Y21F-Y24X mutagenesis. This can be 

explained by the transformation of a small fraction of the heteroduplex DNA (with one 

strand canying the mutation), an intermediate in the mutagenesis reaction, which did not 

have the non-mutant strand digested and replaced with a mutant strand. 

Y21F-Y24S site-directed mutagenesis was performed using the DNA of Y2 1F 

mutant as template. Again. only Y21F mutant plaques were observed. The hydroxyl 

group in Ser and the aromatic ring in Phe together apparently cannot compensate the loss 



of two Tyr residues. The results confirmed that at least one Tyr is absolutely required at 

either position 2 1 or 24 of M l 3  major coat protein. 

Saturation mutagenesis experiments were also canied out at the C-terminal 

positions occupied by Phe residues in the wild type protein. However, no mutants were 

found with either Phe42 or Phe45 mutated. 

3.2 Sodium dodecyl sulfate-polyacrylarnide gel 
electrophoresis 

Sodium dodec y 1 su1 fate-pol yacry lamide gel electrophoresis (S DS-PAGE) is the 

most commonly used technique to estimate the molecular weights of proteins. The 

method developed by Laemmli (1970) involves denaturation of the protein under 

investigation by the strong anionic detergent SDS, which binds most proteins ai a rütio of 

1.4 gram SDS per gram of protein. The net charge to mass ratios of the proteins become 

constant as the intrinsic charges are masked (Dunn, 1993). At the end of electrophoresis, 

how far the protein-SDS complexes migrated depends on1 y on the effective molecular 

radii, which approximate to molecular weights of the proteins (Dunn, 1993). 

In order to assess the degree of self-association under various conditions, wild 

type and mutant major coat proteins in deoxycholate micelles were incubated at different 

temperatures and then analyzed by SDS-PAGE (Figure 3.1). 





After incubation at 25°C for one hour, al1 the proteins except Y24C were 

predominantly monomeric with minute amounts of oligomenc species visible on the gels. 

Y24C mutant major coat protein was, on the other hand, largely dimeric due to the 

spontaneous formation of a disulfide bond. Upon incubation with a small amount of 2- 

mercaptoethanol. a reducing agent which reduces disulfide linkages, Y24C protein 

became a mixture of monomers and dimers. The major coat proteins remained stable and 

exhibited the same aggregational properties after incubation at 65OC for one hour. 

Wild type and mutant major coat proteins became unstabie when they were 

subjected to more extreme temperatures. Aggregation was observed after SDS-PAGE 

analysis of al1 the proteins after 5-minute heating at 95OC, while a signifiant portion of 

each protein sample remained monomeric. Complete self-association of protein subunits 

was visualized on the gel after a 90-minute incubation at 95OC, when no rnonomeric or 

even distinct oligomenc species were detected. 

Generally, there was no difference among the protein sarnples (except for the 

dimeric Y24C) with regard to the migration on SDS-PAGE gel at 25OC and 65OC. At 

95"C, however, the molecular weights of the aggregates from different major coat 

proteins as seen on the gels showed some variations. Y24D, S17L-Y24D - and more 

noticeably Y24C - mutants were less aggregated than the other mutants after being 

heated for 5 minutes at 95OC. The 90-minute samples, except Y24C, demonstrated more 

unison in terms of aggregate size. Electrostatic repulsion could account for the 

aggregational behaviour of the two charged mutants. As for Y24C, the disulfide bond 



probabiy restricts the motion of the linked monomers as well as the area of the potential 

surfaces for aggregation. 

3.3 Fluorescence spectroscopy 

3.3.1 Fluorescence emission spectra 

The phenornenon of fluorescence is observed in certain chromophores called 

fluorophores. Following absorption of a photon and promotion of the excited electrons in 

the chromophoric bond to a higher energy level, light of a longer wavelength (i.r., lower 

energy) is emitted when the molecule retums from the first electronic excited state to the 

ground state (Freifelder. 1982). Fluorescence spectroscopy is an excellent means for 

investigating protein conformations for several reasons. First, almost a11 proteins have 

the natural fluorophores Trp, Tyr and Phe. Secondly, fluorescence emission of Trp is 

sensitive to polarity changes in the fluorophore environment, rnaking it ideal to provide 

information about proiein secondary and teniary structures (Lakowicz. 1983). Lastly, it 

is relatively straightfonvard, highly sensitive and economical of material (Pain, 1996b). 

If excited at 280 nrn, protein fluorescence is due to both Trp (dominant contributor) and 

Tyr. Trp fluorescence can be investigated selec tively with an excitation wavelength of 

295 to 305 nm (Schmid, 1989). The emission maximum in waier is at 348 nm for Trp 

and at 303 nm for Tyr (Lakowicz, 1983). 

There are several empirical rules for interpreting the results of fluorescence 

emission. The main rule for our purposes, where there is only one Trp residue in the 



protein monomer, is that the emission maximum of Trp emission spectrum shifts to 

shorter wavelengths and the intensity of emission maximum increases as the polarity of 

the Trp environment decreases (Freifelder, 1982). 

The fluorescence emission spectra of wild type and mutant major coat proteins in 

deoxychoiate micelles upon excitation at 295 nm showed that the environments around 

Trp26 residues in different mutants exhibited variations with respect to polarity (Figure 

3.2). A plot of the fluorescence intensity against wavelength of the emission maxima 

clearly illustrated the existence of two distinct groups among the proteins studied (Figure 

3.3). Members of the first group, including wild type, ail Y21 mutants and Y24A. had 

higher fluorescence intensities and shorter wavelengths at their emission maxima, 

whereas the othe;. Y24 mutants in the second group typically had much lower 

fluorescence intensities and longer wavelengths. According to the empiricrl rule stated 

above, it is concluded that the Trp26 residues in proteins in the first group were in a more 

hydrophobic environment and those in the second group were more accessible to the 

solvent. 

There were relatively rninor poluity differences among members within a group. 

Substitution of Tyr21 with a hydrophobic residue Ile or Val caused the Trp to be more 

buried withiii the micelle, but substitution with the polar threonine residue produced an 

opposite effect. Wild type (Le., Y21) and Y2 1F had similar fluorescence intensities and 

emission maximum wavelengths, which was probably a refiection of their resemblance in 

side chain structure. 



Wavelength (nm) 

F o i r e  3.2 Fluorescence emission spectna of wild type and mutant Ml3  major coat 
proteins with excitation st 295 nm. The single Trp residue is at position 26. 



Wavelength (nm) 

Figure 3.3 A plot of maximum fluorescence emission htensities agaiast maximum 
emission wovelengths of wiid type and mutant major coat protoim. 



Arnong the Y24 mutants, the Y24D and S17L-Y24D mutations resulted in a very 

large increase in emission maximum wavelength and a concomitant substantial decrease 

in fluorescence intensity. These observations indicated the higher degree of "aqueous" 

nature of the Trp environment in those mutants compared to wild type. The Y24N 

mutant also showed the same tendency but to a Iesser extent. The Y24A mutant did not 

belong to the group with other Y24 mutants which had either polar or charged arnino acid 

substitutions at position 24. 

The Y24C mutant represented a special case because of its ability to form a 

covalent dimer via disulfide bond. It exhibited low fluorescence intensity, probably due 

to close approach and self-quenching of fluorescence of the Trp26 residues in  the dimeric 

structure. The presence of the disulfide bond might be a factor in the disruption of 

micellar structure at the surface. which could contribute, at least to some degree, to the 

observed red-shift in fluorescence emission maximum relative to that of wild type. 

3.3.2 Fluorescence quenching with acrylamide 

Molecular interactions of the fluorophores with certain extnnsic molecules 

(quenchers) can result in sharing or transfer of the excitation energy which, in tum, can 

lead to reduction in fluorescence intensity (Pain, 1996b). This phenornenon, termed 

fluorescence quenching, provides information about the location of fluorescent groups 

and dynarnics of macromolecular structures (Lakowicz, 1983). 



There are two types of fluorescence quenching: dynamic or collisional quenching 

and static quenching. For dynamic quenching, the quencher diffuses to the fluorophore 

during the lifetime of the excited state and, upon collision. causes i t  to retum to ground 

state without photon emission. In the case of static quenching, a ground-state, 

nonfluorescent complex is formed between the quencher and fluorophore (Lakowicz, 

1983). A situation of apparent static quenching (also known as tnnsient static 

quenching) without complex formation can occur if the extent of quenching is large. In 

this case, the quencher is adjacent to the fluorophore when the latter is excited, causing 

instantaneous quenching (Lakowicz, 1983; Eftink, 199 1 ). 

Both components of fluorescence quenching are taken into account by the 

modified Stem-Volmer equation (Eftink & Ghiron, 198 1): 

where F, is the unquenched fluorescence intensity, F is the quenched fluorescence 

intensity, [QI is the quencher concentration (in M), K,, is the Stem-Volmer dyoamic 

quenching constant and V is the static quenching constant, both in litresfmol or M" 

(Eftink & Ghiron, 1981). Vcan be interpreted as the active volume element surrounding 

the excited fluorophore. Quencher molecules in this volume at the time of fluorophore 

excitation can lead to apparent static quenching instantaneously (Eftink & Ghiron, 198 1; 

Lakowicz, 1983). 



In the application of fluorescence quenching to the study of proteins, various 

combinations of fluorophore and soIute quencher dissolved in the solvent can be used to 

tackle specific questions regarding topological features and conformational changes. For 

example, a polar quencher can efficiently quench solvent-accessible fluorophores in the 

protein tertiary structure. while fluorophores in the interior of a protein or associated with 

the hydrophobic core of the membrane can only be quenched effectively with 

hydrophobic quenchers. The polar substance acrylamide was chosen as the quencher in 

this experirnent to probe the exposure of Trp26 in the major coat protein to the 

hydrophilic environment. Because of the hydrophilic character, acrylamide molecules 

cannot penetrate into the hydrophobic interior part of detergent micelles and lipid 

bilayers. 

Two independent trials of fluorescence quenching experiment were camed out for 

each of the ten wild type and mutant major coat proteins. For al1 the proteins studied, the 

plot of FJF against [QJ between [QI = O M and [QI = 0.8 M resulted in an upward- 

curving line with positive slope (Figure 3.4). There were some variations arnong 

different major coat proteins regarding the curvature and steepness of the lines, 

suggesting differences in the quenching efficiency and thus the degree of Trp exposure 

between the proteins. The data were fitted to the modified Stem-Volmer equation and 

the two quenching constants were calculated using KaleidaGraph software (see Section 

2.6.3). The results are presented in Table 3.2. 
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Figure 3.4 SternmVohncr plots for fiuo~ee~~nce qmenching of wüd type and mutant 
major eoat pmteins. The tryptophan fluorescence of the proteins was quenched with 
acrylamide. The numbers appearing after the sample names denote the trial numbers. 



Figum 3.4 (continued) 
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Figue 3.4 (continued) 



Figum 3.4 (continued) 



Table 3.2 Qaenching constants of srild type sad mutant major coat proteins. The 
experimental data were fitted to the modified Stem-Volmer equation. The dynarnic 
quenching constant (Ksv)  and static quenching constant (V) w e n  calculateci by 
KaleidaGraph software for each protein in each trial. The errors are that of the fit of the 
data and are not experimental erron. The standard deviations are shown with the 
averages. 

1 
Protein 

WT 
Y21F 

There are differences in the values of the two quenching constants among the two 

trials. Upon cornparison between results of the trials, decrease in one constant is always 

associated with increase i n  another, indicating that the total quenching is similar for any 

K, (Ml) 

protein in both trials. Mutants with a polar or charged residue at position 24 showed 

Trial 1 
10.9 I 0.6 - 

10.2 * 0.7 

V (Ml) 

more apparent static quenching and sirnilar or slightly less dynamic quenching than the 

Trial 1 
0.25 I 0.07 
035 î 0.08 

others, which are due to the Trp residue being less buried in the rnicellar environment. 

Trial2 
9.7 + 03 
8.2 I 0.4 

3.4 Circular dichroism spectroscopy 

Average 
10.3 I 0.8 
9.2 i 1.4 

Trial 2 
0.49 I 0.M 
0.73 î 0.06 

Circular dichroism (CD) spectroscopy is a technique that evduates the unequal 

absorption of left- and right-handed circularly polarized light by chromophores in an 

optically asymmetric environment (Adler et al., 1973). The CD spectrum in the far- 

Average 
037 k 0.17 
O.%* 0.27 



ultraviolet (fa-UV) region (below 240 nm) is rnainly due to the identical peptide group 

chromophores of the protein backbone (Heyn, 1989). Protein conformations can be 

determined from distinctive CD spectra of different types of secondary structure. For 

example, the a-helix has a characteristic spectrum with two negative bands at 208 and 

222 nm and one positive band at 190 nm. The p-sheet has a spectrum with two negative 

bands at 180 and 217 nm and a positive band at 195 nm (Woody, 1995). Although CD 

results cannot be used to derive the exact protein structure, its simplicity makes it useful 

in  the rapid approximation of the proportion of conformational components present as 

well as in monitoring conformational changes. 

[O], ,, was used as the a-helical parameter instead of the more commonl y 

employed because it has been shown that aromatic residues can give nse to CD 

bands in the far-UV region and may interfere with the estimation of helical content using 

nm, (C hakrabartty et al., 1 993). 

3.4.1 Circular dichroism spectroscopy with incremental heating 

The CD spectmm recorded at the end of the five-minute incubation at each 

temperature descnbed the structure of the protein sarnple after being subjected to the 

accumulated effect(s) of the previous rounds of temperature increase and incubation. 

Therefore, it is not reasonable to compare results from incremental-heating experiments 

with the CD spectrum of a sarnple heated at a constant temperature for a certain period of 

time (see below). 



With incremental heating, the CD spectra of al1 major coat proteins at 25°C were 

similar in shape with minima at 208 nm and 222 nm, which was characteristic of proteins 

with a high a-helical content (Figure 3.5). The magnitudes of the mean residue 

ellipticities ([O]) at the minima varied only slightly among the major coat proteins 

examined. The spectra were also similar at 65OC and 95OC, indicating only small 

variations in concentration or helicity (Figure 3.5). 

Comparing the shapes of the CD spectra at different tirne points dunng the 

incremental-heating CD experiments confïrms the occurrence of an a i P transition 

(Figure 3.6). Mean residue ellipticity at 208 nm ([8],,, ,), the a-helical parameter, was 

plotted against temperature nt every 5OC from 25°C to 95°C for al1 the major coat 

proteins (Figure 3.7). The shape of al1 the curves was stnctly sigmoidal, showing a 

transition from helical to non-helical structure. The a + P transition temperature for 

each protein was defined as the estimated inflection point of the sigmoidal transition 

curve where the slope reached n maximum (Table 3.3). 

The a + transition temperatures among the ten wild type and mutant major 

coat proteins studied ranged from 69.4OC to 84.0°C, with transition temperature for wild 

type protein at 79.s0C. It is interesting to note that the Y24 mutants with polar or 

charged substitutions al1 had lower transition temperatures compared to wild type and 

Y21 mutants. The mutant Y24D was the least thermostable and had a transition 

temperature about 10°C lower than that of the wild type. The other two mutants with 

polar or charged substitutions at position 24 dso showed reduced resistance to 
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Figure 3.5 Cornparison of circular dichroism (CD) s p e c h  for wüd type and mutant major coat proteins during incremental- 
heating CD experiments. (A) 25OC. (B) 65°C. (C) 95OC. 00 
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Figure 3.6 Ciirular dichroism spectm of wiid type major coat protein h m  25'C to 
9S°C during incmmentd-heatiiy CD expeiiment. One spectrum was recorded every 
5OC, and there was gradua1 transition from a-helix to p-sheet structure. 
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Figure 3.7 a-heüx to psheet transition curves for wild type and mutant major coat proteins in incremenlril-hoiting circdar 
dichroism experiments. The change in mean residue ellipticity at 2ûû nm. the a-helical parameter, was monitored. 



Table 3.3 a-helix to &sheet trsnsition tempastiues of wiid type and mutant major 
coat proteins in incrcmntsl-heatiiy c k o l r  diehroism expeFiments. 

a 3 transition temperatures ( O C )  

conformational change at high temperatures. This can be explained by the diminished 

strength of protein-lipid interactions caused by the polar or charged mutation. 

Protein 
WT 
Y21F 
Y211 
Y21T 
Y21V 
Y 24A 
Y24C 
Y24D 
S 17L-Y24D 
Y24N 

The Y21 mutants generally behaved more similarly to wild type in these 

experiments, as none had a charged mutation at position 21. However, Y21F had a 

slightly raised transition temperature (82.3OC), which was the highest arnong ail the 

monomenc major coat proteins studied. As expected, the only dimenc protein, Y24C 

mutant, had the highest a + P transition temperature (84.0°C) because it remained 

associated with the micelle for a longer period of time. 

Trial 1 
79.6 
82.7 
80.5 
79.5 
78.6 
78.2 
83.9 
69.5 
72.8 
77.0 

Trial 2 
80.1 
81.9 
80.2 
79.2 
78.1 
78.2 
83.9 
68.5 
73 .O 
76.9 

Trial 3 
79.8 
82.2 

Average 
79.8 
823 

Standard deviation 
0.25 
0.40 
o. 15 
030 
032 
0.12 
O. 12 
0.8 1 
0.20 
0.06 

803 
78.9 
78.0 
78.0 
84.1 
70.1 
73.2 
77.0 

803 
79.2 
78.2 
78.1 
84.0 
69.4 
73 .O 
77.0 



3.4.2 Circular dichroism spectroscopy with constant heating 

For each major coat protein, the protein in deoxycholate micelles was heated 

rapidly (within 134 to 146 seconds) from 25OC to 9S°C and then maintained at 95OC for 

the duration of the experiments. Ellipticity at 208 nm (O,,,) was monitored for an hour, 

with the first data point recorded at the start of heating. Results were plotted as mean 

residue ellipticity at 208 nm ([O],, ,,), the helical parameter. versus time (Figure 3.8). 

With their slopes gradually decreasing, al1 plots reached their respective plateaus 

within one hour. Differences among the major coat proteins were observed in three 

areas: [O],, at the outset, the initial slope, and the final [ O ] ,  ,, Le., the value at the 

plateau. The slight variations arnong the [O],, ,, values reflected differences in helicity 

or concentration differences arnong the proteins, as mentioned in Section 3.4.1. The 

mutants S 17L-Y24D and Y24N seemed to have experîenced a less rapid decrease in 

[O],, ,, in the early stages of the experiment and eventually anived at a confomation 

with the most negative final [O],, , among the proteins studied. 

From previous experiments, it was known that the wild type and mutant major 

coat proteins solubilized in deoxycholate micelles undergo a + confomation 

transition upon exposure to high temperature. Assuming a two-state transition, the data 

can be fitted to the equation: 







where [O],, ,(t) is the mean residue ellipticity at 208 nm at time t, [0 ] , , ( 0 )  is the most 

negative [O],, ,,, observed, [el, _(=) is the average of [O], , of the last 30 data points 

with two standard deviations added, t is time in s (seconds) and k is the first-order rate 

constant in s". Plotting the natural logarithmic function against time yields a line whose 

slope should equal to -k. The plots for the ten major coat proteins displayed a linear 

relationship up to about 1000 seconds. Then, the points became very scattered. due to the 

intnnsic nature of the mathematical function. 

The rate constants of the a + transition for the ten proteins under constant 

heating at 95°C were obtained by calculating the slope of the plots over the linear portion 

(Figure 3.9). The linear portion typically extended from 300 seconds to 1000 seconds. 

The fint 300 seconds were time allowed for heating and equilibration of the samples and 

were thus disregarded in the calculation (Table 3.4). 

It was obvious from the compatison of rate constants arnong wild type and mutant 

major coat proteins that the trend in incremental-heating CD experirnents had been 

reversed. The mutants Y24N and S17L-Y24D were the most stable under the constant 

heating at 95"C, having the slowest rate of change in the a-helical parameter [O]_ '08 runa 

The mutants with a nonpolar arnino acid substitution (Y211, Y21V and Y24A) had a 

relatively fast a i P transition. It is interesting to observe that (i) Y24C was less stable 

than Y21N, and (ii) Y24D did not possess the sarne properties as S 17L-Y24D ai high 

temperature. The results reflect ciifferences in the hydrophobicities of the major coat 



proteins after their escape from micelles, with the more hydrophobic ones having more 

rapid conformational transitions in aqueous environment. 

Table 3.4 Rate constants of a 4 f3 transition of proteins in constant-heafing 
cimolPr dkhdsm expebnts.  The rate constants (k ) are equd to the negative of the 
slopes of the plots in Figure 3.9. The data between time = 300 seconds and time = 1Oûû 
seconds were used in the calculation unless othenvise specified. (* -- between 300 and 
600 seconds; ** -- between 300 and N K l  seconds.) The numbers in brackets indicate the 
rank order with the fastest transition ranked as 1. 

Pmtein 
WT 

k (s") (Trial 1) 
1.60 x 1a3 (7) 

k (s-') (Triai 2) 
1 .11  x 103 (7) 



Time (s) 

Figure 3.9 PPbts of the nahunl logarithm f ~ c t i o n  against time. The negative of the 
siope of such a plot is equal to the rate constant of the a f3 transition under constant- 
heating conditions. The numbers appearing after the sample names denote the trial 
numbers. 
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CHAPTER 4 

DISCUSSION 



4.1 Interfacial aromatic residues 

In the membrane-bound form of the major coat protein of bacteriophage M13, 

five of the six aromatic residues are located at the membrane-water interface. Such 

interfacial arornatic residues are a common occurrence among major coat proteins of 

other filamentous phages, as most (except Pf3) have at least one at each side of the 

membrane (Makowski, 1984). 

Resul ts of saturation mutagenesis on the gene encoding M 13 major coat protein, 

in conjunction with previous work done by our laboratory, have demonstrated that il is 

possible to mutate one of Tyr21 or Tyr24 to many other residues. Nevertheless, this 

study has dernonstrated that it would be very difficult, if not impossible, to generate a 

viable mutant with both Tyr residues simultaneously substituted by non-aromatic amino 

acids. As well, no viable mutants were found with either Phe42 or Phe45 altered. The 

implications of these overall findings will now be considered. 

4.1.1 Approach in the generation of mutants 

4.1.1.1 Strate& approach 

Our overall strategy in these experiments was to generate viable mutants of the 

M l 3  major coat protein wiihout the use of techniques such as subcloning. Phage 

viability served as the in vivo contro! which ensures that the mutant proteins produced are 

functional and of biological relevance. Moreover, isolation and purification of mutant 



proteins from bacteriophages are simple and fast. On the other hand, major coat protein 

expression methods involving cloning (but not involving the bactenophage) require 

extensive purification steps and there would be no guarantee that the resultant mutant 

proteins are folded properly with well-defined structure. Therefore, it  was considered 

more appropriate to make use of the natural in vivo expression of the major coat proteins. 

even though non-viable mutants would not be studied. 

4.1.1.2 Experimental approach 

Prior to any attempt to interpret the mutagenesis results, it  is necessary to examine 

the methodology to ensure thnt the results are indeed valid. The basic experimental 

approac h was to perform saturation mutagenesis on the codons corresponding to 

positions 21 and 24 in order to obtain viable mutants with single- and double-site 

mutations. The impetus for using saturation mutagenesis was two-fold. The alternative 

ûpproach. randomized mutagenesis, uses mutagenic oligonucleotides synthesized with a 

mix of wild type nucleotide precursor 'bcontarninated" with a small percentage of the 

other three. If 92.5% of wild type precursor and 2.5% of each "contaminant" were 

employed in a 27-base oligonucleotide, as in previous studies in Our laboratory (Li et al., 

1993), the population of oligonucleotides would have the following distribution: 18.0% 

with no base change. 32.1% with single-base changes and 27.3% with two-base changes 

(McNeil & Smith, 1985). Therefore, the use of saturation mutagenesis not only 

complemented previous randornized mutagenesis expenments by focusing on the two 

codons of interest, but should also enhance the generation of double-site mutants. 



The success of mutagenesis depended on the eventual generation of replicative 

form (RF) double-stranded DNA products canying mutations with al1 possible 

permutations and combinations of the four nucleotides at each of the two codons. A good 

chance that this happened was shown by amplification of the RF DNA by polyrnerase 

chain reaction (PCR) and subsequent sequencing of the PCR product. Full randornization 

of both codons enabled sampling of different combinations of amino acid substitutions at 

positions 2 L and 24 by the protein synthesis and phage assembly machinery. After going 

through the in vivo selection, mutants found in phage particles that could be irnplified 

and grown in milligram amounts were considered viable. 

The question of whether al1 viable mutants that can possibly exist can be found by 

this approach should be answered with caution. Sequencing results of the PCR products 

merely showed that al1 four nucleotides were present at each base in one oligonucleotide 

or the other. There is no efficient way to firmly prove that al1 possible permutations and 

combinations of the four nucleotides were present at each codon, although a convincing 

assumption can be made based on sequencing results of the PCR products. Another 

possible scenario is that the mutagenesis reaction itself was not too efficient and resulted 

in only a small portion of the RF DNA product carrying mutations. The exhaustive 

screening of many plaques largely offsets this potential problem if it ever existed, and 

much effort had been made to ensure proper execution of mutagenesis experirnents. 



4.1.2 -Mutational analysis of the interfacial region 

Many viable mutants with a mutation at position 2 1 or 24 in the M 13 major coat 

protein have been discovered by our laboratory. Mutants with a substitution at position 

24 were genented using randomized mutagenesis (Deber et al., 1993). and changes ai the 

Tyr21 locus were brought about by saturation mutagenesis (T. Neogi & C. M. Deber, 

unpublished results). Some of these mutants also carry a second-site mutation in the TM 

region, and there is one case of a triple-site mutant (Deber et al., 1993). 

Upon examination of the possible substitutions of Tyr2 1 and Tyr24, i t  does not 

seem unjustified to corne to the initial conclusion that these two residues are probably not 

of major significance in ternis of their structural or functional roles. Separately, they can 

be mutated to a wide range of residues - charged (Asp, His), polar (Am, Cys, Ser, Thr) 

and nonpolar (Ah, Ile, Leu, Met, Phe, Val) - while the phage remains viable. The 

tolerance of polar residues indicates that the side chains are not associated with the 

hydrophobic core in the membrane-bound protein (Li & Deber, 1991). Khan (1994) 

suggested that a Y24C mutation might be lethal to the phage, for the predisposed 

oligomerization of the protein may be toxic to the host cells through aggregation of the 

phage particles and membrane retention of the major coat protein during phage growth. 

This is not the case, as a viable Y24C was indeed generated by saturation mutagenesis in 

the present work. 

On the other hand, the importance of the interfacia1 Tyr residues was clearly 

illustrated by their reluctance to be mutated simultaneously, despite exhaustive efforts 



with various mutagenic oligonucleotide designs. The only such double-site mutant in the 

literature, a Y21F-Y24S mutant of the major coat protein in  bacteriophage f 1, retains one 

aromatic residue (Overman et al., 1994). In addition, the other three interfacial aromatic 

residues (Trp26. Phe42 and Phe45) are absolutely conserved, while F11Y is the only 

mutation found at Phe 1 1 (Marvin et al., 1994). This reflects the importance of aromatic 

residues in maintaining phage viability (see Section 3.1.3 and Williams et al., 1995). As 

the Ml3 major coat protein exists in the membrane and in the virion at different stages in  

the phage life cycle, the aromatic residues are also expected to play dual roles. 

4.1.2.1 ïnteractiotts of aromatic residues in the virion 

Protein side chiiin interactions of class 1 filamentous phages have been described 

in detail in a molecular mode1 proposed by Marvin et al. (1994; also see Papavoine et al., 

1998) and subsequently revised by Matsuno et al. (1998) based on newly-detemined 

orientations of Tyr2 1, Tyr24 and Trp26 in the virion. According to both models, the six 

aromatic residues from neighbouring protein subunits in the virion form a hydrophobic 

cluster with interdependent side chah environments. Using the protein subunit indexing 

scheme of Marvin et al. (1994) (Figure 4.1). Phel 1 in the k = -6 subunit intercalates 

between Phe42 and Phe45, both in the k = 11 subunit, leading to a trio of energetically 

favourable stacked phenyl rings (Matsuno et a l .  1998). This is possibly stabilized by the 

proximity of Trp26 in the k = O subunit (Arnold et al., 1992). Tyr and Trp residues 

establish linkages between protein subunits by acting as hydrogen bond donors and 

acceptors. Specifically, the OH group of TyRl (k = O) donates a hydrogen bond to 062 

group of Asp4 (k = -6). The OH group of Tyr24 (k = O) participates in a network of 



Figure 4.1 Two representations of the arrangements of major coat protein subunits 
in the M l 3  phage particle. (A) Cross-sectional view (from Marvin et ai., 1994). (B) 
Representation with cylinder and flattened cylinder, with subunit O and those interacting 
with i t  shown in bold circles (from Papavoine et al., 1998). The numbering of the 
subunits follows the indexing scheme of Marvin et al. (1994). 



hydrogen bonds with Lys8 (k = -6) and Glu20 (k = O). acting as the acceptor with the 

former and donor with the latter (Matsuno et al., 1998). The NH group of Trp26 (k = 0) 

is proposed to donate a hydrogen bond to TyRl (k = -5) in the original model (Marvin et 

al., 1994). In the revised model. the NH group of Trp26 is too distant from any other side 

chain and may hydrogen bond to solvent water (Aubrey & Thomas, 199 1; Matsuno et al., 

1998). See Figure 4.2 for diagrarns showing interactions in the original rnodel and the 

revised mode 1. 

The pattern of viable mutants probably reflects the importance of these side chain 

interactions in major coat protein packing in the phage particle. The stacking of aromatic 

rings in the three Phe residues is very likely to be critical in virion stability. Any 

substitution thût destroys this stacking (for example, mutation to a non-aromatic residue) 

may be detrimental to inter-subunit packing and thus to the assembly of the phage, 

rendering it ultimately non-viable. 

In view of the widely differing side chains in the viable mutants, side chriin 

associations involving Tyr21 and Tyr24 are probably less crucial to the maintenance of 

proper virion structure than the other aromatic residues. Their respective h ydrogen 

bonding partners, As@ and Lys& are in the more flexible N-terminal segment of the 

major coat protein and therefore do not require tight packing to the residues at positions 

21 and 24. Any single-site mutation will only result in small overall effect on intra- and 

inter-subunit interactions (Tan et al., 1999). This is one reason why there is less stringent 

specificity on the side chah substitution at those two loci. However, it does not imply 



Fiure 4.2 Side chah interseâions iavolving ammatic midues Ui the virion. (A) 
Interactions proposed by Marvin et al. ( 1 9 ) .  (B) Interactions proposed in the revised 
mode1 (Matsuno et al., 1998). 



that any substitution can be made, as both Tyr21 and Tyr24 interact with many other 

residues. It was proposed by Marvin et al. (1994) that TyRl (k = O) interacts with five 

residues (including Phe 1 1 ) in the k = -6 subunit, four (including Phe42 and Phe45) in k = 

1 1 and Trp26 (k = 5); Tyr24 (k = O) is in contact with four residues (including Phe 1 1) in k 

= -6 in addition to Phe45 (k = 1 1) (Papavoine et al., 1998). Revisions to the details are 

necessary due to the newly deduced orientations of the aromatic residues, but it shows 

that there are some potential interactions that can impose mutational restrictions on Tyr2 1 

and Tyr24. 

As for Trp26, W26X mutants (where X is any amino acid) can be translated and 

inserted into the membrane successfully , but cannot be assembled into the phage particle 

(A. Kuhn, unpublished results, cited in Aubrey & Thomas, 1991). It was suggested that 

Trp26 functions in recognition of the viral DNA genome or a DNA-association factor 

(Aubrey & Thomas, 1991). Nevertheless, a more plausible role for the Trp residue is the 

enhancement of stability in the phenyl ring stacking mentioned above, which c m  be a 

deteminant of the success in phage assembly. 

4.1.2.2 Roles of ammatic residues Ni membrane-bound major coat protein 

There has long been a suggestion that aromatic residues function in  anchoring 

andor positioning the TM helix in membrane proteins (see Section 1.2.7 and 1.3.3), 

albeit direct experirnental evidence remains scarce. In the M 13 major coat protein, which 

exists transiently - but stably - as a membrane protein between its synthesis and 

incorporation into the virion, it is especially tempting to make the above statement 



because the protein contains five interfacial aromatic residues. The fact that Trp26, 

Phe42 and Phe4S cannot be mutated to produce a viable phage may also point to their 

rote in TM insertion and positioning, although more convincing evidence comes from 

Tyr21 and Tyr24. The Tyr residues seem less important in protein packing in the virion 

and yet cannot be mutated simuitaneously to non-aromatic residues. In any case, 

however, mutagenesis results alone are not sufficient to conclusively prove or disprove 

the idea of uomatic residues as anchors. Results of experiments designed to achieve this 

objective will be discussed in Sections 4.2 and 4.3. 

4.1.3 Dual nature of the Ml3  major coat protein 

One recumng theme in the study of bacteriophage Ml3  major coat protein is that 

it is a protein with a dual nature. During its lifetime, the major coat protein has to reside 

in and adapt to two very different environments: in the phage particle as a DNA-binding 

protein, and then in the E. coli inner membrane as a membrane protein. In such a srnall 

yet multifunctional protein, it is expected that the innate primary sequence has evolved to 

fulfill the roles of ensuring a stable existence of the protein under both circumstrinces. 

Also, some flexibility has to be built in to allow a smooth transition between the two 

forms of the protein during phage assembly and disassembly. 

Given the important functional tasks and only a relatively small number of 

residues, it is likely that nature has imposed dual or multiple roles on many of the fifty 

amino acids. For example, Phe42 and Phe45 may act as membrane anchors in the 

membrane and function in inter-subunit packing in the phage particle. The hinge or loop 



region (residues 16 to 24) is particularly important because its residues mediate the 

positioning of the N-terminal helix relative to the TM helix during phage assembly and 

disassembly. Accordingly, it undergoes the greatest conformational transformation 

between the membrane-associated protein and DNA-associated protein in the virion, and 

vice versa, whereas the other segments maintain their a-helical structure throughout. 

Consequently, protein folding during phage assembly cannot restrict the hinge region to 

adopt one single unique conformation. This leads to tolerance of a slight degree of 

conformational heterogeneity in both forms of the protein and the intemediate (Tan et 

al., 1999). Taking this one step funher, this heterogeneity of the hinge region may play a 

part in allowing the variety of mutations observed, especially at positions 21 and 24. In 

short, a residue having a role in the virion does not preclude it from being a critical 

residue in another aspect in the membrane-bound protein, and vice versa. 

Finally, i t  is interesting to observe that the primary structure of the major coat 

protein is very conserved for Ff phages in nature, whereas single-, double- or triple-site 

mutants are abundant in a laboratory environment. This is probably due to the adverse 

selective pressures, such as extreme temperatures as well as presence of other biological 

and chernical substances, that the phages have to endure in their natural habitat, namely 

the sewage. Thus, no changes in the arnino acid sequence, any of which may lead to 

reduction of virion stability, are tolerated. 



4.2 Accessibility of Trp26 in detergent-solubilized 
proteins 

The roles played by the interfacial aromatic residues in Ml3 major coat protein 

were investigated by carrying out two groups of experiments on wild type and mutant 

proteins. The studies employing fluorescence spectroscopy were used to selectively 

probe the local environment of the single Trp residue (Trp26) of the protein in 

deoxycholate micelles. Information regarding the positioning of the protein in  a lipid 

environment was obtained after carrying out the fint group of experiments. 

4.2.1 Fluorescence emission spectra 

The results of fluorescence emission experiments show that the wavelengths at 

the emission maxima, being sensitive to the local polarity of the Trp26 residue, were 

subjected to considerable influence by amino acid substitutions made at positions 2 1 and 

24. With a polar or charged residue in the place of either Tyr, Trp26 became more 

exposed io the solvent: wi th a hydrophobic substitution, Trp26 "allowed itself * to 

become more buried in the micelle interior. In other words, the positioning of Trp26 and 

thus the overall location of the protein TM segment in this membrane-mimetic 

environment depend on the character of the interfacial residues at positions 21 and 24. 

Given the emission maximum wavelength of Trp in water (348 nm). Trp26 is not 

fully exposed to the aqueous environment in any protein in the study. However, the Trp 

environments of Y24D and S 17L-Y24D are substantially more polar, as the emission 

maxima were not significantly blue-shifted relative to the fully exposed Trp. This may 



be the result of perturbation of the micellar surface by the aspartate residue through 

electrostatic repulsion of the negatively charged side chain and the negatively charged 

deoxycholate molecule. This is not an artifact caused by the choice of the membrane- 

mimetic system, for the E. coli inner membrane is ennched in negatively charged 

phosphatidylglycerol and cardiolipin during in vivo infection of bacteriophage Ml3  

(Spmijt & Hemminga, 1991). The membrane is not a rigid slab of lipid but is a rather 

dynamic entity, making disruptions at the surface induced by membrane proteins likely in 

vivo. It has been described that a mismatch between the length of the TM region of 

membrane proteins and membrane thickness can cause compression or dilation of the 

bilayer (Gennis, 1989). So, it is not inconceivable that a charged interfacial residue can 

induce one end of the TM helix to be more exposed andor the position of the TM helix 

relative to the membrane to be changed. 

The Y24N protein is likely to exen a simiiar but less pronounced influence to the 

micellar surface, while Y24C is a special case despite the polar substitution. Two 

monomers of the Y24C protein spontaneously form a disulfide bond, as shown by the 

ability of 2-mercaptoethanol, a reducing agent, to disrupt the linkage. As a result, the two 

Trp26 residues in the dimer are expected to be in relative proxirnity. Under such 

circumstances, Trp-Trp contacts bring about energy transfer between the indole rings and 

self-quenching of Trp fluorescence occurs (Visser et ai., 1983; Spmijt & Hemrninga, 

1991). This leads to a decrease in maximum emission intensity but no change in 

maximum emission wavelength. which explains why the Y24C mutant had the lowest 

emission intensity arnong the ten proteins. The Y24A mutant had similar maximum 



emission wavelength and intensity as Y21T. Although considered more hydrophobic 

than Tyr by some hydrophobicity scales (Kyte & Doolittle, 1982; Engelman et al., 1986; 

Degli Esposti et al., 1990), Ala is ranked as a less hydrophobic residue on the interfacial 

hydrophobicity scale determined by Wimley and White (1996). This latter scale is more 

appropriate for this study since it descnbes the situation in the lipid-water interface. 

Incidentally, Thr is considered sirnilar to Ala in hydrophobicity by this scale. 

The differences among wild type and the Tyr21 mutants are more minor and are 

reflected mainly by the maximum emission intensi ty. not by wavelength shift. The 

presence of Ile or Val at position 21 promotes hydrophobic interactions at this end of the 

TM helix, leading to a more buried Trp26. A polar substitution Tyr + Thr has the 

opposite effect. The similarity of both emission intensities and maxima between wild 

type and Y21F shows thût the position of the TM helix is much less affected by 

substitution of an aromatic residue than substitution of any other non-aromatic residues. 

This again demonstrates the suitability for location of aromatic residues at the interface. 

Finally, i t  should be pointed out that the Tyr residue is not excited at 295 nm, the 

excitation wavelength used in al1 fluorescence experiments in this study. So, the lack of 

one Tyr in the major coat protein mutants would not render the results invalid due to 

factors such as energy transfer from Tyr to Trp. 



4.2.2 Fluorescence quenching with acrylamide 

Fluorescence quenching experiments were designed to complement the 

information provided by the emission spectn. Acrylamide was chosen to be the 

quencher of Trp fluorescence emission because its polar carbonyl and amide groups 

largely prevent its penetration into the interior of micelles. The exposure of Trp26 of the 

wild type and mutant proteins could be detenined based on the efficiency of the 

quenc hing reactions. 

Two independent trials of experiment were can-ied out for each major protein 

under investigation. Stern-Volmer plots of al1 proteins are upward-curving, indicating 

the presence of both dynamic and static components in the fluorescence quenching 

phenomenon. The static component does not imply complex formation between the 

fluorophore and the quencher, but, as in this case, is merely due to the quencher being 

adjacent to the fluorophore (see Section 3.3.2). This is routinely observed for single-ïrp- 

containing proteins with acrylamide as the quencher (Eftink & Ghiron, 1981) and 

efficient quenchers in general (Eftink, 1991). The data were fitted to the modified Stern- 

Volmer equation, and Ksv (dynamic quenching constant) as well as V (static quenching 

constant) values were obtained for wild type and mutant major coat proteins. 

The errors arising from fitting the data to the modified Stem-Volmer equation are 

generally below 10% for Ksv but are slightly higher for V in some cases. In both trials, 

the proteins c m  be divided into several groups with significant differences in the Ksv 

values. For example, Y?lF, Y211, Y21V, Y24D and S17L-Y24D do not have 



significantly different Ksv values among themselves given the magnitude of the errors 

and rhey form one group. Yî4C is distinct from the other proteins in dynamic quenching 

behaviour in this study . No genenl pattern is observed for the less reproduci ble V values 

(except for the group consisting of Y240, S17L-Y24D and Y24N) because of the 

different results obtained in the two trials (see below). 

Results observed for the Y34C, Y24D, S17L-Y24D and Y24N mutants are worth 

discussing in detai 1. The di meric Y24C protein exhi bited low Ksv and V values, which 

indicates inefficient quenching of Trp fluorescence. This reinforces the implication of its 

fluorescence emission spectrum that the Trp residues in the dimer are in close proximity 

to each other, thereby restncting access of acrylamide molecules. It is unlikely that 

Trp26 in the dirneric form is buned deeper in the hydrophobic interior of the micelles, as 

the emission maximum of Y24C protein was red-shifted relative to that of the wild type 

protein. 

The static quenching constants (V) of Y24D, S 17L-Y24D and Y24N mutants 

were notabl y higher than those of other proteins in the study. This suggests that a larger 

number of acrylamide molecules were in close proxirnity of the Trp residue at the instant 

of excitation, which is in agreement with the notion that Trp26 residues in these micelle- 

associated mutant proteins are more exposed. Compared to these three proteins, the other 

group of six proteins had much lower V values but equal or higher Ksv values. So. for 

each of the six proteins, less acrylamide molecules were present in the volume 

surrounding the relatively more buned Trp residue when the latter was excited. Instead, 



most quencher molecuies had to diffuse a short distance before colliding with the 

fluorophore, resulting in an elevated Kw value. 

Although the general trend is clear, there are inconsistencies between resul ts from 

the two trials. There are discrepancies for wild type, Y21F, Y21T and S 17L-Y24D in the 

values of their quenching constants (Table 3.2). This may be a consequence of the 

complex and dynamic environment of the micelle-water interface, where the depth of 

penetration of acrylamide molecules may Vary slightly due to small changes in the exact 

experimental conditions. However, i t should be noted that an increase in static quenching 

is concomitant with a decrease in dynamic quenching, and vice versa. This suggests that 

the total amount of quenching may be similiir for the two trials camed out on a protein, 

and the only difference is the relative contribution of each component. Also. the V values 

have been observed to be less reproducible due to slight inhomogeneity in the 

fluorescence and it should be careful to interpret these values (Eftink & Ghiron, 198 1). 

4.3 Conformational transition of Ml3  major coat 
protein 

A second group of experiments involved sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and circular dichroisrn (CD) spectroscopy studies on 

Ml3 major coat proteins in deoxycholate micelles. Effects of heat on aggregation and 

conformation would be analyzed and related to the strength of protein-lipid interactions. 



4.3.1 Aggregational behaviour 

4.3.1.1 SDS- PAGE analyses 

SDS-PAGE was cmied out not with the more comrnonly used Tris-glycine gels 

but with Tricine gels that have a more superior resolving power, especially between 5 and 

20 kDa (Schagger & von lagow. 1987). Protein samples were run on gradient gels with 

gradually decreasing pore size to obtain a band-sharpening effect during electrophoresis, 

thus improving resolution and sepantion of protein bands (Dunn, 1993). 

After one-hour incubations at X°C or 65OC, 311 the proteins except Y24C 

behaved as monomers. This provides more evidence to the suggestion of McDonnell et 

al. (1993) that the wild type major coat protein exists as monomen in detergent micelles. 

4.3.1.2 Heat-induced aggregah'on 

Incubation at a highly elevated temperature (95°C) had more dnstic effects on the 

aggregational States of the ten wild type and mutant major coat proteins being analyzed. 

Aggregated protein species with at least 20 protein monomers were present in al1 ten 

proteins after only 5 minutes of heating at 95i°C, and, excepi for Y24C, no oligomenc 

species with aggregation number below 20 remained after 90 minutes. The degree of 

self-association was different for different mutants. Increased electrostatic repulsion can 

be cited for the behaviour of the two charged mutants Y24D and S17L-Y24D, which had 

a smaller aggregation number upon exposure to intense heai. As for Y24C protein 

mutant, the disulfide bond probably restricts the motion of the linked monomers as well 



as the potential surfaces for protein self-association. thereby discouraging the propagation 

of a large network of linked major coat protein subunits. 

d 3.1.3 Deuxycholate micelles and protein-lipid interactions 

The necessary condition for any extensive major coat protein aggregation to occur 

in these expenments is the temination of deoxycholate solubilization. In other words, 

the protein rnust sever al1 protein-lipid interactions and become dissociated from the 

miceHe. It has been shown that this can be achieved through incubating the micelle- 

bound protein at a high temperature (Li et al., 1993). Two events are possible in the 

mediation of protein **escaping7' from the micelle. As a micelle is held together by 

hydrophobie and polar forces between composite detergent molecules, it may simply 

disintegrate in the unstable environment induced by the high temperature. Another 

possible scenario, which is more likely, is that the micelle remains intact, but the protein- 

lipid interactions are overcome by the heat. If the latter is the case, protein escape should 

have a sequenceltempenture functional relationship. 

4.3.2 Circular dichroism experiments 

Both incremental-heating and constant-heating CD experiments showed an 

irreversible conformational change from a-helix to p-sheet for al1 proteins studied. The 

only difference is that the change was gradua1 in the former and abrupt in the latter, as 

shown by the change in the helical parameter [O],,. Differences regarding the rate of 

change were obvious between wild type and mutant Ml3 major coat proteins. 



Combining the results of SDS-PAGE and CD expeiinients performed on wild 

type and mutant M l 3  major coat proteins solubilized in deoxycholate micelles, it was 

observed that upon heating, the proteins undenuent a conformational change from a- 

helix to fbsheet accompanied by extensive aggregation. This agrees with the mechanism 

of irrevenible conformational change proposed by Spruijt & Hemminga (1991), where 

two protein subunits pair up in anti-paraIlel fashion through electrostatic attractions of 

charged side chains. followed by cooperative irreversible a + P transition via the zip- 

fastener mechanism. Another possibility is that an a + fl transition of the protein 

monomer and intra-subunit hairpin formation precede inter-subunit aggregation. 

Although both incremental-heating and constant-heating CD expenments measure 

the thermostability of the proteins, it is necessary to point out the distinction in the type 

of information provided by each type of experiment. 

In incremental-heating experiments, the heating of the sample is stepwise, and 

there is ample equilibration time (twelve to fifteen minutes) for the protein between one 

cycle of steps - raising the temperature, incubating for five minutes and recording the CD 

spectmm (four scans) - and another cycle. The a-helix to P-sheet conformational change 

is gradual, and the rate-detemining step is the dissociation of the protein from the 

micelle. Once the protein has escaped the micelle, the formation of bsheet aggregates in 

water is expected to be fast. The situation is quite the opposite in constant-heating CD 

expenments. In this case, the sarnple is heated at a high temperature (95*C), leading to 

the rapid disruption of protein-lipid interactions. Comparatively, protein self-association 



then becornes the slower step, and thus the rate-determining step, in this highly dynamic 

environment (Figure 4.3). 

To summarize. the incremental-heating CD experiments measure the strength of 

protein-lipid interactions between M l 3  major coat protein and the deoxycholate micelle. 

Constant-heating experiments, on the other hand, measure the rate of aggregation of the 

protein in the aqueous environment. These two events constitute the process of the 

irreversible a-helix to B-sheet conformational change. 

4.3.2.1 Strength of protein-lipid interactions in the mode1 system 

An examination of the a + transition curves of different proteins in 

incremental-heating CD experirnents reveals some interesting facts. The sigrnoidal shape 

of the curves indicates that the conformational transition is cooperative for al1 the 

proteins (Arnould et ai., 1998). This is not surprising given the mechanism in the 

propagation of P-sheet formation. The starting [O],, , (a-helical parameter) values for 

the ten major coat proteins examined show some variations, probably due to small 

differences in their a-helicity after nmino acid substitutions andor minute differences in 

protein concentrations. The slight decrease in the [O], , before the a -3 transition 

probably represents a minor decrease in helicity of the TM region or the so-called 

"fraying of the ends" of the TM helix as the protein was k ing  heated. 

A higher a + transition temperature (Tm) corresponds to stronger protein-lipid 

interactions between the major coat protein and detergent molecules in the micelle, as 



slow 
heatlng 

Figure 4.3 a-heüx to fbsheet trPnsition under two conditions. The difference in the effects of 
incremental-heating and constant-heating circular dichroism experiments is sbown. Species in square 
brackets are proposed to be in the transitional state, and the thick arrows indicate rate-determining steps. 



explained above. Y24C mutant protein had the highest Tm because dimeric proteins are 

retained longer than monomeric ones in deoxycholate micelles (Li et al., 1993). 

Nonetheless, melting of the dimer into monomers does not seem to be a prerequisite for 

Y24C protein to leave the micelle, as the diminished aggregational tendency shown in 

SDS-PAGE analysis is probably caused by the presence of disulfide-bonded protein in 

the aggregate. Compared to Y24C-V3 lA, the protein-lipid interaction of Y24C single- 

site mutant is rnuch weaker. Tm of Y24C is 84.0°C, but Y24C-V3 1 A is largely resistant 

to P-polymeriziition (Khan & Deber, 1995). Moreover, the V3 LA mutant has similar 

thermostability as Y74C-V3 I A (Deber et al., 1993). This suggests that the unusual 

stability of this double-site mutant is predominantly due to the alteration in helix-helix 

packing resulting from the Val 3 Ala mutation at position 3 1. 

A plot of maximum fluorescence emission wavelength against the Tm of themally 

induced a-helix to P-sheet conformational change of wild type and seven mutants shows 

a well-defined linear correlation between the two parameters (Figure 4.1). There is no 

doubt that the positioning of the helix directly affects the extent of protein-lipid 

interactions in this mode1 system. If the Trp26 residue is more buried within the micelle 

(signalled by a smaller maximum emission wavelength), the a + transition 

temperature in incremental-heating CD analysis is higher; if it is less buried, the 

transition temperature is lower. 



Temperature ( O C )  

Figure 4.4 Correlation behveon maximum fluorescence emission wavelengths and a 
+ g transition temperatures as m e a s d  by incrementai-heating circoiar dichroiPm 
expeiiments. Y 24C, a dimeric mutant, and S 17L-YWD, a double-site mutant, are 
excluded from the plot. 



Since it has been shown that the residues at positions 21 and 24 act to position the 

helix with respect to the micelle and presumably to the bilayer in vivo, they are also a 

factor in influencing the strength of protein-lipid interactions in the TM region. 

4.3.2.2 Tenàency to self-associate 

Two independent trials of constant-heating CD experiment were performed for 

the ten wild type and mutant M l 3  major coat proteins, and the data were subsequently 

fitted by the natural logarithmic equation given in Section 3.4.3. The assumption that the 

a-helix to P-sheet transition is a two-state process is not completely tme, for P- 

polymerization in the presence of micelles requires two steps: dissociation of protein 

from lipid, followed by association of the monomers to give nse to paggregates. 

However, since the first step is completed nther rapidly under intense heat, the 

assumption still gives a reasonable approximation of the actual events. 

The rate constants (k) obtained for trial I and trial 2 were not the same for each 

corresponding protein, but the nnk order of the rate constants arnong the ten proteins is 

largely preserved in both trials. It is reasonable that those experiments will be highly 

sensitive to small and possibly undetectable changes in the sarnples, temperature 

calibration, equipment, or other factors. 

The reversai of the trend observed for incremental-heating CD results raises one 

important distinction between the two sets of experiments. The rate-determining step in 

incremental-heating CD is in membrane-mimetic environment, while that of constant- 



heating CD occurs in the aqueous phase. In the former situation, a more hydrophobic 

arnino acid substitution leads to a tighter packing of protein and lipid, which 

concomitantly increases the Tm of confornational transition and thermostability. In the 

latter case, however, the identical mutation will result in prompt aggregation of the 

protein in aqueous environment. So, results of constant-heating CD studies should be 

viewed in the perspective of the hydrophobic effect. 

To evaluate the influence of the aqueous environment on the major coat proteins, 

it was deemed appropriate to analyze the data using the Kyte-Doolittle hydropathy scale, 

which is derived mainly from structural and sequence data of soluble proteins (Kyte & 

Doolittle, 1982) (Table 4.1). Plotting the rate constants of the aggregation of seven major 

coat proteins against their hydropathy indexes gives rise to a straight line, thereby 

suggesting that the rate constant and the hydrophobicity of the substitute residue have a 

good linear correlation (Figure 4.5). Similar plots using other hydrophobicity scales also 

result in linear relationships, with ? (coefficient of determination) values between 0.8 

and 0.9. The hydrophobicity scales used include Consensus (Eisenberg, 1984), GES 

(Engelman et al., 1986), AMP07 (Degli Esposti et al., 1990) and von Heijne's scaie (von 

Heijne, 1992). 



Val 4.2 

Ala 1.8 

Leu 
Phe 

3.8 
2.8 

f His 1 -3.2 1 

Gl y 
Thr 

6.4 
-0.7 

Table 4.1 Kytp-DooULtle hydmpathy d e .  Residues are listed from the most 
hydrophobic (Ile) to the least hydrophobic (Arg) (from Kyte & Doolittîe, lm). 

Glu 
Gln 

-3 ,5 
-3.5 



Kyte-Doolittle hydropathy index 

Figure 4.5 Correlation betweon the rate constants (k) in constant-heating circuiar 
dichroism experimen ts and the Kyte-Doolittk hydropathy indexes. Data from &rial 2 
of the constant-heating experiment were used. Y24C, a dimenc mutant, S l7L-Y24D and 
Y24D are excluded from the pIot. 



4.4 Conclusions and future directions 

4.4.1 Overall conclusions 

4.4.1. I M l 3  major coat protein has a dual nature 

One fundamental feature of bactenophage M l 3  major coat protein is that, despite 

its small size. the protein is multifunctional. It has evolved to adapt to the membrane, the 

phage particle and the transition phase between the two. Residues in this compact protein 

are expected to serve more than one purpose, depending on the immediate environment. 

This is best indicated by results of mutagenesis expenments camed out to maximally 

expand the viable mutant library. 

Our initial objective in the study of interfacial aromatic residues in bacteriophage 

Ml3  major coat protein was to generate viable single- and double-site mutants with 

Tyrll andor Tyr24 being replaced by non-aromatic residues. The strategy of saturation 

mutagenesis employed in addition to the in vivo selection of functional proteins ensured 

production of most, i f  not d l ,  mutants of biological relevance. Tyr2 1 and Tyr24 could be 

substituted by a wide range of arnino acids individually but not simultaneously. In other 

words, the exact location of a given Tyr residue is not extremely important, for the 

criterion of phage viability is satisfied with Tyr at either position 21 or 24. Amino acid 

side chain interactions between major coat protein subunits in the virion are highly 

specific, and some are critical for the integnty of the phage particle. They play a role in 

limiting the spectnirn of mutants that can be viable. Also, it is likely that the membrane- 

bound form of the protein requires at least one interfacial Tyr residues to guarantee its 



functionality. Mutagenesis was also attempted on Phe42 and Phe45, which are known to 

be required in stabiiizing virion structxe. but no viable mutants could be found. Their 

interfacial location suggests a similar role in anchoring the membrane-embedded form of 

the protein at the C-terminal end of the TM helix. 

4.4.1.2 Aromotic residues and protein-lipid interactions 

Due to the absence of viable mutants at other interfacial aromatic residues (Trp26, 

Phe42 and Phe45), experimental efforts were concentrated on Tyr21 and Tyr24 mutants. 

With the exception of Y24C, biophysical studies show no key distinctions between wild 

type and mutants with regard to secondary structure, as measured by their a-helicity, and 

aggregational properties. The contribution of residues at positions 2 1 and 24 to the TM 

conformation is not signifiant as both form part of the flexible hinge region. 

On the contrary, protein-lipid interactions are affected by the nature of the 

replacement residues at positions 21 and 34. The influence is two-fold: both the position 

of the TM helix relative to the micelle and the retention time of the protein in the micelle 

under harsh conditions (intense heat) are measurably altered. Intuitively, these two 

effects are coupled because it is harder for a more buried protein to terminate its 

interactions with the lipid. In general, binding to detergent micelles is enhanced with 

hydrophobie substitutions and down-regulated with polar and particularly charged 

residues. 



The ability of aromatic residues to interact with hydrophobic and hydrophilic 

groups explains their preferred location at the membrane- or micelle-water interface. 

Given the need for the major coat protein to be transfen-ed between the host membrane 

and the virion during the phage life cycle, the dual nature of aromatic residues can serve 

as an innate control for protein positioning in the membrane. Flexibility is also induced 

to the anchoring of the protein. Gaining a balance between promoting protein-lipid 

interactions to achieve stable insertion and severing those forces during assembl y of the 

phage is predicted to be one major reason for the interfacial location of aromatic residues 

in the major coat protein. These observations can be generalized to apply to other 

membrane proteins, and roles in anchoring and positioning are implied for aromatic 

residues. 

Finally, the range of mutants found at positions 21 and 24 signifies the flexibility 

adapted by the bacteriophage. Even though the protein stability is slightly affected, 

alterations in the pnmary sequence are tolerated as long as some critical criteria are met. 

For example, if there is one Tyr performing its function at the membrane-water interface, 

the other one can be replaced with non-aromatic residues. This is possibly a result of 

evolution that gives advantage to phage survival. 

44.1.3 Major coat protein aggregation 

The results of constant-heating circula. dichroism experiments provide more 

information on the macromolecular events related to self-association of the major coat 

protein. The change of one residue can lead to a widely different rate constant for the 



reaction. Thus, the hydrophobicity of the arnino acid sequence is important and is 

possibly more of a determinant of aggregation than charged residues at the ends of the 

protein. It is thought that the initial process is largely mediated by the ripproach of 

hydrophobic segments to each other. Electrostatic interactions of oppositely charged side 

chains at the ends of the subunits then cause the close proximity and the suggested anti- 

parallel orientation of protein pairs (Spruij t & Hemminga, 199 1). 

4.4.1.4 Y24C mutant 

The existence of a viable Y24C mutant seems to suggest that there is a built-in 

mechanism on the pari of the phage to prevent self-association during assembly, There 

are several possible explanations. First of all, local environment of the membrane 

assembly site is reducing, making formation of disulfide bonds highly unfavourable. 

Secondly, components of the machinery of phage assembly, either phage proteins or host 

proteins. are able to promote dissociation of oligomerized major coat proteins just prior to 

their incorporation into the virion. Some possible candidates perfonning this function are 

the viral proteins pI and pXI (Haigh & Webster, 1998). Thirdly, the relative positions of 

the protein subunits at the assernbly site are not favourable, so that the protein interactive 

faces of different subunits are opposite to each other. This may be due to specific 

protein-lipid associations. For example, the ennchment of cardiolipin in E. coli inner 

membrane during M l 3  infection c m  bring about charge neutralization of the major coat 

protein. The exact events at the assembiy site are not known in detail, and the existence 

of a viable disulfide-bonded mutant may give certain clues for future studies. 



4.4.2 Future directions 

Protein-lipid interactions were investigated using deoxycholate micelles in this 

study. More information can be obtained by incorporating Ml3 major coat protein in 

other micelles and vesicles. For example, expenrnents with wild type and mutant 

proteins solubilized in cationic or neutral detergent micelles may provide further insights 

into the roles of interfacial arornatic residues. 

After investigating viable mutants with moderate changes to the major coat 

protein functions, it is logical to expand the scope of the studies to non-viable mutants. 

The helper phage system is one method to generate mutants that can be inserted into the 

membrane, but genetic manipulations are potentially problematic, and such a method 

crtnnot be used routinely to produce the full range of mutants. 

A more practical approach is the use of synthetic peptides, in which the amino 

acid sequence c m  be freely manipulated. The effects of al1 types of substitutions can be 

investigated without concem as to whether such mutants would be expressed in vivo. 

S ynthetic peptides designed based on the TM segment of the M 13 major coat protein 

have recently been subjected to biophysical studies in our laboratory. Initial results show 

that their behaviours share sirnilar trends with the corresponding wild type and viable 

mutant full length proteins with respect to a-helicity, helix packing and thermostability 

(Wang & Deber, 1999). This novel mode1 system has the potential to vastly enhance the 

knowledge on the functions of specific residues in the membrane-bound Ml3 major coat 

protein. 
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