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I. INTRODUCTION 

The potential of newly designed peptides for emulsification is described 
in this chapter. Criteria important in their design, synthesis, and testing are 
stressed. We emphasize at the outset that there are limitations to this 
approach at present due to the difficulties in accurately predicting the 
behavior of a peptide in solution. For instance, it is known that peptide a- 
helices are more prone to fraying at their termini than are those of proteins 
(Lyu etaf., 1991). As will be clear from Section 11, structural factors responsi- 
ble for peptide folding in aqueous solution are still the subject of active 
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research. However, we believe that the general approach outlined here 
provides an interesting model for the study of emulsification in the labo- 
ratory. 

Food preparations often contain complex mixtures of water-soluble and 
oil-soluble components. A good example of this is milk, which contains fat 
droplets suspended in an aqueous medium. In the absence of emulsifiers, 
these components may partition out into separate phases. Emulsion instabil- 
ity may also result in creaming or fat separation (Halling, 1981; Kachholz 
and Schlingmann, 1987; Parker, 1988; Das and Kinsella, 1990). These effects 
are important in the manufacture and storage of food products. Caseins 
and albumins are important contributors to the functional characteristics 
of foods, especially emulsification (Macritchie, 1978). Proteins contain hy- 
drophilic and hydrophobic side chains, and thus can sometimes display 
“amphiphilicity,” that is, the ability to expose hydrophilic and hydrophobic 
faces in a single molecule. Indeed, this property is fundamental to protein 
structure since the presence of hydrophilic side chains on the protein surface 
and of hydrophobic residues in the protein interior is essential in protein 
solubility in acqueous solution and also important in protein folding 
(Creighton, 1992). 

Studies on the emulsification properties of proteins in food systems in 
the past have, of necessity, often been somewhat empirical. This is due 
to the high degree of structural heterogeneity in the food and protein 
preparations used. Even in cases where quantitative amounts of a pure 
protein are available, they may have quite complex structures since they 
may consist of several domains or, like /3-casein, may be extensively disor- 
dered. Attempts have been made to correlate emulsification propensity in 
proteins with their physiocochemical characteristics such as hydrophobi- 
city (Hague and Kito, 1983; Nakai, 1983), solubility (Wang and Kinsella, 
1976; McWatters and Holmes, 1979a,b), water-oil activity index (Elizalde 
et al., 1988), and stability to heat (Foley and O’Connell, 1990). However, 
these studies have not been conclusive and it has been suggested that 
different factors may be important in different proteins (Klemaszewski et 
al., 1992). 

An alternative approach is the preparation of small peptides from the 
native protein and the study of their emulsification properties. Such an 
approach has, for instance, been used with peptides of aS1-casein (Shimizu 
et al., 1983, 1984). It was found that aS1-casein (1-23) gave particularly 
good emulsification especially in conjunction with other casein peptides 
(Shimizu et af., 1986; Kaminogawa et al., 1987). Saito et al. (1993) studied 
emulsification by a trypsin-derived hydrolysate of bovine serum albumin 
(BSA) that gave better emulsification than BSA alone. These workers 
found that a 24-kDa peptide (corresponding to residues 377-582) was 
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preferentially adsorbed onto the oil globule surface. However, this peptide 
alone gave inferior emulsification compared to the whole hydrolysate, sug- 
gesting a role for other small peptides in conjunction with this 24-kDa 
peptide. These studies suggest that peptides are capable of emulsification 
although binding to oil globules alone does not completely explain this 
phenomenon. Synergies between peptides appear to be important in such 
systems for emulsification. Modeling the complex interactions between 
peptides in such mixtures is likely to be very difficult, however. 

Due to developments in peptide synthesis technology it has now become 
feasible to synthesize peptides at will (Taylor and Kaiser, 1987; DeGrado, 
1988). Moreover, thanks to improvements in computer modeling, it has 
also become possible to design novel peptides, the structure of which could 
be optimized for any particular property. For example, peptides have been 
designed to possess modified hormonal (Taylor and Kaiser, 1987), catalytic 
(Hahn et al., 1990; Atassi and Manshouri, 1993), and antimicrobial (Blond- 
elle and Houghten, 1992) activities. Thus it is now possible to  design pep- 
tides with altered amino acid sequences that might be optimized for emulsi- 
fication properties. Such an approach has been suggested by Bloomberg 
and his co-workers (Enser et ul., 1990; Bloomberg, 1991). The study of 
related families of such peptides offers a novel experimental model system 
for the study of emulsification (Saito et al., 1995). A further relevance of 
this research, which is beyond the scope of the present chapter, is in the 
preparation of pharmaceutical formulations for delivery of drugs (Shimizu 
and Nakane, 1995). 

II. SECONDARY STRUCTURE OF PEPTIDES 

The major criterion used to distinguish between the terms “protein” and 
“peptide” is the presence of extensive order in the structure of the former 
(Creighton, 1984). Important exceptions to this, however, are the p-caseins, 
which are the most important protein emulsifiers. Due to the presence of 
Pro and lack of Cys residues these proteins adopt disordered structures in 
solution, and their adsorption and surface-activity properties have been 
extensively investigated (Dalgleish and Leaver, 1991; Classon et al., 1995; 
Leerwakers et ul., 1996). 

Peptides often adopt a range of conformations when free in aqueous 
solution (i.e.. they are often extensively disordered). However, peptides 
displaying surface-activity properties such as melittin from bee venom 
(Knoppel et nl., 1979; Inagaki et al., 1989; Kaiser and Kezdy, 1987) and 
hemolytic toxins (Moellby, 1983) often take up ordered a-helical structures 
at membrane-water interfaces. A major structural factor in these phenom- 
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ena is the position of hydrophobic and hydrophilic residues in the peptide 
sequence. Because a-helices display a high degree of periodicity with 3.6 
residues per turn resulting in five complete turns every 18 residues, it is 
possible for a polypeptide to present highly hydrophilic and hydrophobic 
“faces” to the surrounding milieu (Taylor and Kaiser, 1987). In proteins, 
there is a tendency to prefer acidic residues at the N-terminus and basic 
residues at the C-terminus of a-helices (Chou and Fasman, 1974; Blagdon 
and Goodman, 1975). The former residues are thought to be more important 
than the latter as contributors to stability (Dasgupta and Bell, 1993). It has 
been suggested that this requirement for polar residues at helix termini 
creates a tendency for apolar residues within the helix, which may explain 
the amphiphilicity frequently found in such secondary structures (DeGrado 
et al., 1981; Eisenberg et al., 1982). This phenomenon is known as “helix 
capping” and it has also been demonstrated in peptides (Forood et al., 
1993; see below). Amphiphilic faces will naturally tend to aggregate together 
(hydrophilic with hydrophilic and vice versa). This can result in the assembly 
to complex structures either in solution or on contact with lipid bilayers 
(Terwilliger and Eisenberg, 1982a,b; Vogel and Jahnig, 1986; Smith and 
Clark, 1992). 

Melittin is known to adopt a tetrameric and helical structure at high pH, 
ionic strength, and peptide concentration (Talbot et al., 1979; Bello et al., 
1982; Tenvilliger and Eisenberg, 1982b; Goto and Hagihara, 1992). Hydro- 
phobic faces of such multimeric assemblies may interact with phospholipid 
bilayers thus, for example, facilitating pore formation in cell membranes. 
This is the chemical basis of both hemolysis (Perez-Paya et al., 1994) and 
antimicrobial peptide activity (Blondelle and Houghten, 1992). 

Although it is known that most peptides display little secondary structure 
when free in aqueous, solution, it is possible to promote a-helix formation 
experimentally by exposing the peptide to weakly polar alcohols. Methanol 
and 2,2-dichloroethanol promote helix formation but 2,2,2-trifluoroethanol 
(TFE) is the most widely used solvent in this regard. The precise basis of 
this effect is unclear but is thought to be related to its weak basicity, which 
strengthens hydrogen bonds. It should be noted that while TFE often 
produces a secondary structure in peptides similar to those found in corres- 
ponding parts of the intact protein structure, this is not always the case 
(Sonnichsen et al., 1992). TFE titration is thought to be a valuable indicator 
of helical propensity in synthetic peptides, however (Jasanoff and Fersht, 
1994). 

Comparisons of amino acid sequences of proteins of known secondary 
structure have allowed the identification of common features that may 
represent helix stability determinants (Presta and Rose, 1988) and the 
proposal of helix propensity scales for amino acids (Horovitz et al., 1992; 
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Blaber et al., 1993). An alternative approach (similar to the one described 
in the present work) is to prepare peptides with altered stuctural features 
and then to compare their stabilities experimentally. 

The theoretical treatment of helix formation in peptides was first pro- 
posed by Zimm and Bragg (1959). These workers treated polypeptides as 
polymers of generic monomers and predicted that short peptides will not 
form helices in aqueous solution. While this is true for many situations, 
there are examples of peptides that do seem to form extensive secondary 
structure. It has been shown that the 13-residue C-peptide of RNase A 
shows helicity (Bierzynski et aZ., 1982; Brown and Klee, 1971), which can 
be increased by suitable substitutions (Shoemaker et al., 1982). From these 
studies, it has been concluded that side-chain interactions (which are not 
included in the Zimm-Bragg equation) play a role in a-helix stabilization. 
Much work has consequently been carried out on side-chain-specific effects 
such as helix capping and salt bridge formation (Bodkin and Goodfel- 
low, 1995). 

A number of empirical factors have been identified as being of importance 
of helix stability in peptides. The role of salt bridgeshon pairs was one of 
the first of these to be investigated (Marquee and Baldwin, 1987). A 
“host-guest’’ approach studied the helical propensity of a Glu/Lys homo- 
polymer (Lyu et al., 1990). This indicated that Ala, Leu, Met, and Gln (in 
that order) strongly favored helix stabilization. The precise order of this 
differed from both previous guest polymer studies (Scheraga, 1978) and 
the helical propensities of residues in globular proteins (Chou and Fasman, 
1974) although these residues are all strong helix formers in both of these 
systems. The agreement with later work on a-helix propensity in T4 lyso- 
zyme is much better, however (Blaber et al., 1993,1994). With the exception 
of Pro and Gly (which strongly destabilize) and Ala (which strongly stabi- 
lizes), these latter workers found a close correlation between a-helix pro- 
pensity and residue buried surface area for 17 other amino acids. That is, 
they concluded that hydrophobic stabilization of a-helices may be a major 
side-chain-associated factor in stabilization of a-helices in small proteins. 
Forood et al. (1993), meanwhile, investigated the effect of helix capping 
by introducing residues at the termini of a helical peptide. As with globular 
proteins, Asp, Asn, Glu, Gln, and Ala stabilized at the N-terminus while 
Arg, Lys, and Ala stabilized at the C-terminus (Doig et al., 1993). 

Ala is known to be the strongest a-helix forming residue while Gly is 
the strongest helix breaker. A study using synthetic peptides (Chakrabatty 
et al., 1991) concluded that Ala is 100 times more likely to form a-helix 
than Gly. Ala-Gly substitutions in the middle of the peptide were much 
more disruptive of helix than those near the termini, indicating a strong 
position-dependent effect (Fairman et al., 1991). A study on Barnase (Ser- 
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ran0 et al., 1992) generally confirmed these conclusions with the further 
observation that stability differences in this system could not be due to 
fraying at the helix termini. Interestingly, this study also found a strong 
correlation between solvent-accessible hydrophobic surface area and stabil- 
ity. This finding is similar to that later reported for T4 lysozyme and dis- 
cussed above (Blaber et al., 1993, 1994). However, it should be noted that 
Monte Carlo simulations using a rigid (Creamer and Rose, 1992) or flexible 
(Creamer and Rose, 1994) polypeptide backbone have suggested that it is 
loss of side-chain conformational entropy that correlates best with a-helix 
propensity scales rather than burial of accessible surface area. 

Studies have also been performed using peptide models on P-sheet forma- 
tion in aqueous solution (Zhang et al., 1993; Forood et al., 1995). Peptides 
with alternating hydrophilic and hydrophobic residues display an especially 
strong tendency to form P-sheet. Using a host-guest approach in a zinc- 
finger peptide it was possible to produce a propensity scale for P-sheet 
formation that agreed well with scales derived from statistical analysis of 
P-sheet in proteins of known structure (Kim and Berg, 1993). Another P- 
sheet propensity scale was proposed by Minor and Kim (1994) using the 1gG- 
binding domain of Protein G. While there appears to be general agreement 
between these scales, it is noteworthy that the absolute AAG values found 
in the latter system were an order of magnitude higher than those obtained 
for the zinc-finger host. By varying the environment (Baumrak et al., 1994) 
or small chemical substituents (Taylor et al., 1993) of peptides it is sometimes 
possible to cause them to interconvert between a-helix and P-sheet. It has 
been pointed out that P-sheet-producing residues such as Ile, Val, and 
Thr are frequently found in transmembrane a-helices and this has been 
attributed to the hydrophobicity of the bilayer (Li and Deber, 1992; Li et 
al., 1995; Deber and Li, 1995). 

It has been noted that Leu is a-helix stabilizing while Ile and Val are 
weakly destabilizing, perhaps due to branching adjacent to the a-carbon. 
Lyu et al. (1991) synthesized a series of peptides containing “unnatural” 
(i.e., nonbiologically occurring) aliphatic side chains in derivatives of Ala, 
Val, Leu, and Ile. These side chains contained two to four carbons. It was 
concluded from this study that restriction in side-chain conformational 
freedom is a major factor in a-helix stabilization. @-Branching has been 
shown to destabilize a-helices in aqueous solution (Padmanabhan et al., 
1990; Wojcik et al., 1990; Lyu et al., 1991). This is an environment-dependent 
affect, however, as it does not occur under hydrophobic conditions (Li and 
Deber, 1992). The role of hydrophobicity has been tested by varying the 
length of aliphatic side chains of test residues in a model peptide and 
comparing these to @-branched nonpolar residues. The aliphatic side chains 
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all promoted helicity, presumably due to a decrease in conformational 
entropy (Padmanabhan and Baldwin, 1991). 

An interesting extension of this general approach (i.e., the use of residues 
occurring infrequently or not at all in biology) is the use of highly con- 
strained side chains. These are often powerful promoters of a-helix forma- 
tion (Balaram, 1992) and can be routinely introduced into peptides by 
genetic (Noren et al., 1989) or chemical methods (Schnolzer and Kent, 
1992). An example is the a,a-dialkylated glycine, a-aminobutyric acid, 
which occurs naturally in fungal membrane proteins (Karle et al., 1991). 
Due to the introduction of van der Waals clashes, structurally favored 
conformational space is limited to helical regions (Karle and Balaram, 
1990), which forces the peptide into an a-helix. 

In visualizing secondary structures of peptides, therefore, it is important 
to recognize that, unlike proteins, they are highly flexible molecules capable 
of adopting a range of conformations in solution. The present chapter 
describes an approach to rational design of peptides with emulsification 
properties that takes advantage of the fact that amphiphilicity may be 
actively designed into such peptides. The overall approach is similar to that 
of Enser et al. (1990), who pioneered this type of design, and is summarized 
in Fig. 1. Briefly, naturally amphiphilic peptides and proteins are used as 
the starting point for the introduction of specific changes in sequence to 
increase the amphiphilicity of the final structure. The best candidate pep- 
tides may be synthesized by solid-phase methods (see Section IV) and the 
actual structure of the peptide may be investigated in solution. Studies on 
other properties such as toxicity and solubility may be performed. Last, 
the behavior of the peptide in a model emulsification system may be deter- 
mined. This approach allows interpretation of differences in emulsification 
behavior due to alteration in the peptide primary structure. 

Ill. MODELING OF PEPTIDE STRUCTURES 

A. GRAPHICAL REPRESENTATIONS OF AMPHIPHILICITY 

“Edmundson wheels” provide a simple and convenient means of identify- 
ing and visualizing amphiphilicity in a protein or peptide. This involves 
viewing along the  axis of the helix with a residue protruding from a circle 
every 100”. Examples of this type of representation are shown in Fig. 2. 
For amphipathic peptides such as apolipoprotein and melittin, hydrophilic 
residues are seen to cluster to one side of the wheel and hydrophobic 
residues to the other, thus giving the wheel polar and nonpolar “faces.” 
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Model structure 
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FIG. 1. Design of amphiphilic peptides. 

Various workers have proposed classifications of amino acids as hydro- 
philic or hydrophobic. Hopp and Woods (1981) classified Leu, Ile, Val, 
Tyr, Phe, Trp, Pro, and Met as hydrophobic and Asp, Arg, Lys, and Glu 
as hydrophilic residues. In addition, Gln, Asn, Thr, Ser, and Gly are re- 
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FIG. 2. Graphical representation of amphiphilicity-Edmundson wheels. (a) The first 18 
residues of melittin, (b) apolipoprotein IV (181-198). (c) the first 18 residues of aS1-casein 
(1-23). Strongly hydrophilic (W), weakly hydrophilic (M), neutral (0), weakly hydrophobic 
(A), and strongly hydrophobic (A) residues are shown as classified by Hopp and Woods (1981). 

garded as moderately hydrophilic while Cys, His, and Ala are moderately 
hydrophobic. The extent of hydrophiiicity/hydrophobicity in a peptide/ 
protein is therefore directly dependent on amino acid sequence. For helices, 
Eisenberg et al. (1982) quantitated a hydrophobic moment pH as 
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where Nis the number of residues in the helix and Hi is the signed hydropho- 
bicity associated with each side chain. By combining a hydrophobicity scale 
(e.g., that of Wolfenden et al. (1981) with the helix wheel concept of Ed- 
mundson, the hydrophobic moment can be visually expressed (Fig. 3). 
Using this type of approach, it has been possible to plot pH against net 
hydrophobicity H and to demonstrate that transmembrane helices, helices 
from proteins, and helices that seek interfaces between aqueous and nonpo- 
lar phases cluster in different regions of such a plot, thus suggesting a 
correlation between hydrophobic moment and protein function (Eisenberg 
et al., 1982). 

The best-studied amphipathic structures are those of melittin (Terwilliger 
and Eisenberg, 1982b), its analogs (DeGrado et al., 1981; Blondelle and 
Houghten, 1992; Wade et al., 1992; King et al., 1994), apolipoproteins (Se- 
grest el al., 1994; Butchko et al., 1995), their analogs (Anantharamaiah, 
1986), and antimicrobial peptides (Zhong et al., 1995; Merrifield etal., 1995). 
In the present chapter, these molecules are taken as suitable starting points 
for the design of emulsification peptides. In addition, aS1-casein (1-23) 
has also been reported as possessing emulsification properties (Shimizu et 
al., 1984, 1986). This molecule was also used in the design process de- 
scribed here. 
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FIG. 3. Hydrophobic moment of (a) lipoprotein IV (181-198) and (b) model peptide 5. The 
contribution of each residue to hydrophobicity is represented as vectors of solid lines and to 
hydrophilicity as dashed lines (Eisenberg ef a/., 1982). Hydrophobicity values determined by 
Wolfenden et al. (1981) were used. The magnitude of the vectors in b are greater, reflecting 
a larger hydrophobic moment. There is a clear “partitioning” between hydrophobic and 
hydrophilic faces in these helices. 
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B. COMPUTER-AIDED DESIGN 

Although graphical representation of peptides is useful for simple visual- 
ization of amphiphilicity, the wide availability of molecular graphics pro- 
grams and of computer workstations has allowed more realistic representa- 
tions of structure (Jameson, 1989; Lesk, 1991; Olsen and Goodsell, 1992; 
Sun and Cohen, 1993). For example, while the amphiphilicity of melittin 
is adequately visualized by the representation shown in Fig. 2, this peptide 
is known to possess a “kink” in its sequence that links two a-helices. This 
has been observed both in crystals by X-ray crystallography (Tenvilliger 
and Eisenberg, 1982a) and, when bound to micelles, by two-dimensional 
NMR (Inagaki et al., 1989). To represent complexities such as this, more 
sophisticated graphics are required. 

Modeling systems generally produce a structure using three basic compo- 
nents (Jameson, 1989). First, the structure is represented as an “energy 
field” incorporating covalent geometry, electrostatic interactions, van der 
Waals forces, and hydrogen bonding. This is established with the aid of 
parameter tables that create mathematical representations of atoms and 
their possible interactions, such as chemical bonds and nonbond effects. 
The second component is molecular mechanics, which calculates a local 
energy minimum for a given structure. Such calculations are not completely 
accurate with present computing facilities due to the number and complexi- 
city of calculations required. However, by making appropriate simplifica- 
tions to bond angles and lengths used, a structure that closely approximates 
the true one can be calculated. The third component is molecular dynamics 
(Hermans, 1993), which allows the peptide to be moved in space, thus 
eliminating steric conflicts and allowing calculation of a global energy mini- 
mum (an “energy-minimized” structure). 

It is important to realize that structures predicted by this technology are 
limited in their accuracy by a number of considerations. The protein folding 
problem (i.e., how one-dimensional information such as an amino acid 
sequence can dictate a three-dimensional structure such as a folded protein) 
is still not solved (Lattman and Rose, 1993; Munoz and Serrano, 1994). 
Moreover, algorithms used to calculate energy minima are based, ulti- 
mately, on the comparatively small number (approximately 1000) of pro- 
teins for which crystal structures are available (Sutcliffe et d., 1987; Ponder 
and Richards, 1987). These structures include few examples of membrane- 
bound proteins and may well represent a comparatively small subset of 
proteins that happen to crystallize fairly readily. The algorithms used also 
contain simplifications and approximations that may introduce inaccuracies 
into the final structure. When modeling peptides, in particular, it should 
also be borne in mind that peptide a-helices are generally longer than 
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protein a-helices and tend to be frayed at their termini (Lyu et al., 1991). 
Also, because of their greater flexibility in solution, peptides are capable 
of taking up a variety of conformations. All of these caveats suggest that 
care should be taken in interpretation of structures designed by computer 
graphics. The technique is useful as a guide to design, however, and to the 
rational introduction of novel features into peptides. As we discuss later 
(see Sections IV and V), it is necessary to study the actual structure of 
peptides in aqueous solution by techniques such as circular dichroism and 
two-dimensional NMR to verify the success or otherwise of the design 
(Bradley et al., 1990; Fezoui et al., 1995). 

A number of structural features (often, ones found in globular protein 
structures) have been designed de now into synthetic peptides using the 
approach outlined above (Baglia e f  al., 1992; Fezoui et al., 1994, 1995; 
Kuroda, 1995). Since amphipathic helices occur as structural building blocks 
in globular proteins or are often found to have surface-active effects, a 
number of workers have designed such structures either de now or by 
homology with peptides such as melittin (DeGrado et al., 1981; Moser, 
1992; Blondelle and Houghten, 1992; Zhou et al., 1993; Perez-Paya et al., 
1994; Epand et al., 1995). Enser et al. (1990) applied this rationale to the 
design of emulsification peptides. Briefly, it is expected that amphipathic 
a-helices are likely to display surface-activity properties. By maximizing 
the amphiphilicity of a peptide, it was hoped to generate a potent emulsifier. 
This approach was extended by Carey et al. (1994) who designed two novel 
peptides and demonstrated that they were effective emulsifiers. In the 
following section, the strategy used in the design of these and other peptides 
is described. 

C. DESIGN OF EMULSIFICATION PEPTIDES 

Naturally occurring and candidate synthetic peptides were modeled using 
INSIGHT I1 (Biosym Technologies) on a personal Iris 4D workstation 
(Model 891) from Silicon Graphics. The program was used in conjunction 
with the molecular graphicddynamics package DISCOVER and required 
IRIX version 3.2 or higher incorporating the UNIX background. This facili- 
tated three-dimensional modeling of peptides and the visualization of hy- 
dropathies. The structures were energy-minimized using a maximum crite- 
rion of 0.001 kCal/A and the steepest descents algorithm, which required 
no cross terms and no morse terms. The number of iterations and the time 
necessary for modeling varied for each peptide. 

The first candidate structure is that of melittin shown in Fig. 4. This 
energy-minimized structure clearly shows the “kink” that is seen in the 
region of residues 10-14 in structures derived from both X-ray crystallogra- 



DESIGN OF EMULSIFICATION PEPTIDES 105 

FIG. 4. Energy-minimized structure of melittin and model peptides derived therefrom. The 
structures were generated by DISCOVER and are shown as “side-on” (i.e., perpendicular 
to the helix axis) and “end-on” (along the helix axis) views. (a) Melittin, (b) model peptide 
1, (c) model peptide 2, (d) model peptide 3, and (e) model peptide 4. Amino acid sequences 
are detailed in Table 1. 
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FIG. 4 Continued 

phy and two-dimensional NMR studies (Terwilliger and Eisenberg, 1982a; 
Inagaki et al., 1989). This feature of melittin’s structure (which is thought 
to be essential for the peptide’s toxicity; Dempsey et al., 1991; Dempsey, 
1992) was mentioned in Section IIIB. A number of considerations governed 
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FIG. 4 Continued 

the alterations made to this sequence. These will now be described for 
melittin but similar considerations governed the engineering of the other 
candidate sequences (see below). First, as melittin is highly cytotoxic, it 
was desired to abolish this toxicity. Second, changes were made, where 
possible, to introduce strongly helix-forming residues into the sequence 
and, conversely, to remove helix “breakers.” Third, strongly hydrophilid 
hydrophobic residues (e.g., Leu/Lys) were introduced in place of more 
neutral or weakly hydrophilic/hydrophobic residues (e.g., Met/Gly). 

Beginning with the sequence for melittin shown in Table I, model peptide 
1 was energy-minimized. This peptide contains alterations at six positions; 
3Gly + Glu, ’Lys -+ Gly, I4Pro + Thr, 22Arg -+ Glu, 24Arg -+ Gln, and 
2hGln -+ Thr. These had the effect of removing helix-breaking residues 
such as Gly and Pro from a number of positions and, as shown in Fig. 4, 
the modeled energy-minimized structure is somewhat more amphipathic 
than the parent. This structure still had a discernible kink, however, so 
further alterations were made to remove it. Model peptide 2 was generated 
by altering ‘Gly + Ser, 211e -+ Thr, ‘Gly ---f Gin, 4Ala ---f Val, 5Val -+ 
Thr, ‘Leu -+ Gln, 8Val -+ Leu, ‘Leu -+ Thr, “Thr + Gln, I2Gly + Leu, 
“Leu + Thr. “Pro + Ser, I5Ala + Gln, ”Ile + Gln, %er + Thr, 
“Trp -+ Ile, and 2011e -+ Val. These alterations generated a strongly amphi- 
pathic structure. It was felt that there still remained some “overlap” be- 
tween the hydrophilic and hydrophobic faces in this structure, however. 



TABLE I 
AMINO ACID SEQUENCES OF CANDIDATE AND TEST PEPTIDES 

Sequence 

Peptide 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Melittin Glv Ile Glv Ala Val Leu Lvs Val Leu Thr Thr Glv Leu Pro Ala Leu Ile 
Model peptide 1 G& Ile G k  Ala Val Leu & Val Leu Thr Thr G& Leu Thr Ala Leu Ile 
Model peptide2 Thr % Val Thr Lys Thr Thr Gln Leu Thr Ser m Leu Gln 
Model peptide 3 Ser Thr Glu Val Thr Gln Gln Leu Thr Thr Gln Leu Thr Ser Gin Leu Gln 
Model peptide 4 mr Val Ser Gln Leu Gln Glu Tyr Trp Thr Thr Leu & Gln Ile & 
Apolipoprotein IV Pro Phe Ala Asn Glu Leu Lvs Glu Lys Phe Asn Gln Asn Met Glu Glv Leu 

-(i8i-i98) 
Modelpeptide 5 Thr Phe Leu Gln Asp Leu Lys Glu Lys &I Gin Gln Leu Thr Glu & Leu 
aS1-casein (1-23) Arg Pro Lys His Pro Ile Lys His Gln Gly Leu Pro % Val Leu Asn 
Model peptide 6 Arg & v,l His Thr Val Ile Thr Trp Ala Leu Glu Leu Ile Gln Glu Leu 
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Accordingly, further alterations were introduced into model peptide 2 to 
generate model peptide 3: 7Lys + Gln, 22Arg + Gln, 24Arg + Gln, and 
"Gin + Arg. Again, it was felt that there was some overlap between the 
two faces and this prompted a further iteration of design. Model peptide 
4 retains only three residues at the same positions (10, 11, and 13) as 
melittin. The alterations made were: 'Gly -+ Thr, 211e + Val, 3Gly + Ser, 
4Ala --+ Gln, 'Val + Leu, 6Leu + Gln, 7Lys + Glu, V a l  + Tyr, 9Leu + 
Trp, "Gly + Leu, I4Pro + Ser, *'Ala + Gln, ''Leu + Ile, 1711e -+ Lys, 
"Ser -+ Thr, I9Trp + Leu, 2011e + Leu, 21Lys + Gln, 22Arg + Gln, 
23Lys -+ Ile, 24Arg + Lys, 2'Gln + Thr, and "Gin + Ser. This was the 
most amphipathic model structure and it was decided to proceed with 
synthesis of this peptide and to assess it as a potential emulsifier (see 
Sections IV and V). 

This approach allows for modeling a number of peptides and optimizing 
aspects of their structures for a-helix formation and amphiphilicity. It has 
been pointed out that one of the great advantages of computer-aided molec- 
ular design is the possibility of relatively quickly assessing a variety of 
structures before committing valuable resources to synthesis (Sun and Co- 
hen, 1993). 

The structure obtained for an amphipathic sequence from apolipoprotein 
IV (181-198) is shown in Fig. 5. The amino acid sequence of this peptide 
was altered to enhance amphiphilicity. Apart from 4Asn --+ Gln, 5Glu + 
Asp, and "Asn -+ Gln, which are conservative mutations, six alterations 
were made to generate model peptide 5: 'Pro + Thr, 3Ala -+ Leu, 
'OPhe + Val, "Asn + Leu, I4Met + Thr, and l'Gly + Ala. These changes 
had the effect of polarizing hydrophobic/hydrophilic residues on opposite 
faces of the structure. In addition, the introduction of Leu and Val (strongly 
hydrophobic) would be expected to make the peptide even more hydropho- 
bic on its hydrophobic face. This is illustrated in Fig. 5. Since Leu is such 
a strong helix former, it would be expected to help the structure form a 
helix more readily than the parent peptide. 

The third peptide selected for modeling was aS1-casein (1-23), which 
had previously been reported as capable of emulsification (Shimizu et al., 
1983,1984,1986). The energy-minimized structure obtained for this peptide 
is shown in Fig. 5. It is clear from the "end-on" view of this structure that this 
peptide is not as amphipathic as that of melittin (Fig. 4) or apolipoprotein IV 
(181-198; Fig. 5). While there are generally hydrophobic and hydrophilic 
faces, there are clearly residues present on the "wrong" side of the helix. 
For example, 'Arg and 3Lys appear to be on the more hydrophobic side 
of the structure. Of the 23 residues, 19 were altered in several iterations 
to generate the highly polarized model peptide 6 .  The following substi- 
tutions were made: 2Pro + Ile, 3Lys -+ Val, 'Pro -+ Thr, 'Ile + Val, 
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FIG. 5. Energy-minimized structures of apolipoprotein IV (181-198), aS1-casein (1-23), 
and model peptides derived therefrom. (a) Apolipoprotein IV (181-1Y8), (b) model peptide 
5 ,  (c) aS1-casein (1-23), and (d) model peptide 6. Amino acid sequences are given in Table I. 
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FIG. 5 Continued 

'Lys + Ile, 'His + Thr, 'Gln + Trp, '"Gly + Ala, "Pro + Glu, I3Gln + 
Leu, I4Glu + Ile, 15Val + Gln, l6Leu + Glu, "Asn + Leu, '"lu + Leu, 
"Asn + Glu, '"Leu -+ Gln, and 23Phe + Thr. Model peptides 4, 5 ,  and 6 
now appeared to have the desired properties of amphiphilicity and were 
selected for synthesis and further study. 
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IV. SYNTHESIS OF DESIGNED PEPTIDES 

Solid-phase peptide synthesis was originally developed by Merrified 
(1963) and allows the rapid production of peptides of high purity and 
defined sequence (Stewart and Young, 1984; Barany et al., 1987; Fields and 
Noble, 1990). Because the peptide chain is attached to a resin, the technique 
lends itself to achieving high-efficiency coupling. Unreacted reagents and 
by-products of the reaction are conveniently flushed away from the resin. 
This facilitates high repetitive yields and the synthesis of peptides of maxi- 
mum lengths 20-30 residues, although longer syntheses have been reported 
(Ramage et al., 1989). By linking individually prepared peptides together, 
it is possible to prepare synthetic enzymes, such as RNase, that display 
enzymatic activity (Gutte and Merrifield, 1969). The basic approach is to 
establish a system in which reactivity of amino acid substituents is tightly 
controlled. The first amino acid is attached to a functional group (Stewart 
and Young, 1984; Barany et al., 1987) on the surface of an insoluble resin 
(the solid phase, e.g., polystyrene or polyamide). This is achieved by using 
a chemically activated form of the C-terminal residue. Frequently, an ac- 
tivated ester of the residue (such as a pentafluorophenyl ester) or a symmet- 
ric or mixed anhydride are used. Undesired side reaction between pairs of 
the C-terminal derivative that would result in the unwanted formation 
of a dipeptide is prevented by the presence of a “blocking” group of its 
-NH2 substituent. “Directionality” of the synthesis is therefore ensured 
by chemical activation of one group (-COOH) and masking of the other 
(-NH2). Although Merrifield originally used t-butyloxycarbonyl as an 
-NH2 blocker, the most commonly used blocking group at present is 9- 
fluorenylmethoxycarbonyl (F-moc). This may be removed by exposure to 
trifluoroacetic acid (TFA). The F-moc group and the TFA are washed from 
the resin and the second residue (i.e., that in the penultimate C-terminal 
position of the desired sequence) is then added. The activated -COOH 
group of this residue can now react with the deprotected -NH2 group of 
the C-terminal residue in a reaction catalyzed by dicyclohexylcarbodiimide 
or similar reagent. This results in an anchored dipeptide that is now amena- 
ble to deprotection and, by repetitive cycles of coupling and deprotection, 
may be extended to the desired length and sequence. At the end of the 
synthesis, the peptide is cleaved from the resin by treatment with hydroflu- 
oric acid and recovered. 

Note that residues with reactive side chains (i.e., Glu, Lys, Ser) need to 
have these groups protected during synthesis to prevent unwanted reaction 
(e.g., with &-NH2 of Lys, thiol group of Cys, hydroxy groups of Ser/Thr, 
etc.; Meienhofer, 1985; Patek, 1993). These may be removed by treatment 
with hydrofluoric acid and other reagents after synthesis is complete 
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(Meienhofer, 1985). It is clear that, since the coupling and deprotection 
steps require quite different chemical conditions, the chemistry of this 
synthesis lends itself readily to automation. The model peptides designed 
in Section IIIC were synthesized in an Applied Biosystems Model 431A 
synthesizer with F-moc (model peptide 5) and Fast-moc (peptides 4 and 6; 
Fields and Noble, 1990; Applied Biosystems, 1990) amino blocking 
groups, respectively. 

Two possible problems often arise with solid-phase synthesis of peptides. 
The first is the formation of deletion peptides due to a synthetic cycle not 
reacting to completion. This arises from incomplete coupling of a sterically 
hindered residue where the next residue added to the chain is small and 
couples efficiently. This can occasionally introduce variability into the cou- 
pling efficiency of each cycle of synthesis. The final peptide product may 
therefore be contaminated with significant amounts of one or more peptides 
lacking a single residue. This deletion peptide would therefore need to be 
removed after synthesis and recovery. Incomplete coupling is sometimes 
overcome by recoupling the difficult residue in a different solvent or by 
using a different coupling reaction. This phenomenon is sometimes difficult 
to predict as difficulties in coupling are occasionally sequence-specific. A 
second problem that may introduce heterogeneity into the peptide prepara- 
tion is incomplete deblocking. It has been estimated that the efficiency of 
deblocking is as low as 93% and this is one of the factors that limits the 
length of peptides with which solid-phase synthesis is possible (Meienhofer, 
1985; Patek, 1993). 

In order to detect these problems, monitoring of the synthesis is neces- 
sary. For example, ninhydrin tests may be carried out to quantitate unre- 
acted -NH2 groups. The F-moc substituent may be conveniently measured 
spectrophotometrically at 300 nm and gives a useful measure of extent of 
deblocking and for comparing different cycles in the same synthesis. After 
synthesis is complete, it is necessary to establish the purity of the peptide 
by high-resolution techniques such as high-performance liquid chromatog- 
raphy (HPLC), mass spectrometry (MS), or capillary electrophoresis. MS is 
especially useful for detecting incomplete deblocking and deletion peptides 
because of its ability to resolve very small mass differences. It is therefore 
often possible to specify which coupling cycle did not go to completion or 
which blocking group was not completely removed from such an analysis 
and thus to facilitate repeal of the synthesis with greater success. For 
purposes of illustration, HPLC and MS analysis of model peptide 6 are 
shown in Fig. 6. This demonstrates a single peptide present on HPLC 
analysis with a mass of 2324 (estimated mass: 2323). The synthesized pep- 
tides were also sequenced by N-terminal microsequencing (Applied Biosys- 
tems Model 477A) as an aid to assessing the success of synthesis. This is 
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FIG. 6. Analysis of model peptide 6. After peptide synthesis it is essential to characterize 
the purity of the product. (a) Reversed-phase HPLCon C-8 resin. Buffer A: 0.1% trifluoroacetic 
acid; buffer B: 70% acetonitrile, 0.065% trifluoroacetic acid. A gradient of 5100% B over 
30 min was used and peptide was detected at 280 nm. (b)  Time of flight MS analysis. The 
estimated mass based on amino acid sequence is 2323. 
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not as useful a criterion as HPLC and MS as the peptide may often be lost 
from the sequencer when it has been reduced to tetra- or tripeptide length. 
However, since N-terminal sequencing functions in the opposite “direction” 
to Merrifield peptide synthesis, it can give useful information on the later 
cycles of synthesis (which couple the earlier residues sequenced). Small 
amounts of incomplete deblocking or coupling are not as easy to detect by 
this technique alone as, for example, by MS, so it is essential that as many 
high-resolution analytical techniques as possible be applied to the peptides 
to ensure the investigator of successful synthesis before proceeding to  test 
their secondary structure or performance as emulsifiers (Bradley et al., 
1990). 

V. TESTING OF PEPTIDE EMULSIFICATION PROPERTIES 

Foods are complex biochemical systems that contain lipid and water as 
well as other nutrients such as proteins, vitamins, and carbohydrates. Water 
and lipid do not intermix because of their polar and apolar natures, respec- 
tively (Tanford, 1980). Emulsifiers are frequently present or are added to 
food preparations to forestall phase separation (Friberg, 1976). Contact 
between lipid and water is thermodynamically disfavored but the presence 
of emulsifiers can allow them to function long enough to give useful shelf- 
lives (Das and Kinsella, 1990). Formation of an emulsion requires a large 
increase of the interfacial surface of emulsified droplets. This makes the 
AG of formation of an emulsion positive (Das and Kinsella, 1990). However, 
the time required for emulsion breakdown (and phase separation) may be 
much longer than the shelf-life of the product. Emulsion stability is influ- 
enced by the net balance between attractive (van der Waals and London 
forces) and repulsive (electrostatic, hydration) forces (Parker, 1988; Dickin- 
son and Stainsby, 1988). 

A wide variety of chemical structures possess emulsification properties. 
For example, the phospholipid molecule, lecithin, and proteins such as 
BSA. Molecules such as gum guar play a role in emulsification by acting 
as thickeners resulting in emulsion stabilization. A common feature ob- 
served, in cases where detailed structural data are available for emulsifiers, 
is the presence of distinct nonpolar hydrophobic and polar hydrophilic 
regions in the structure (i.e., the molecules are amphipathic; Bourrel and 
Schlechter, 1988; Kachholz and Schlingmann, 1987). However, the molecule 
may possess a range of charge states being positively or negatively charged 
or zwitterionic. When mixed in a model system, oil and water separate into 
two distinct phases with an oil-water interface between them. Emulsifiers 
lower the surface tension at this interface because of their surface-activity 
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properties (Fisher and Parker, 1988). These properties are directly conse- 
quential on the amphipathic structure of the emulsifier (Lang and Wagner, 
1987). In forming an emulsion, then, the emulsifier may migrate to the 
oil-water interface and facilitate intermixing of the phases by stabilizing 
small droplets of oil (in an oil in water emulsion) or water (in the case of 
a water in oil emulsion). 

A number of experimental methods may be used to study emulsions 
(Das and Kinsella, 1990). One of the most important measurements is 
droplet size. This requires a means of microscopically measuring droplets 
and determining the range of droplets in the emulsion. Interfacial surface 
tension may be measured in a tensionemeter (Tornberg, 1978). 

In the present work, detailed measurements of this type were not carried 
out. A simple assay was used to determine emulsion stability (Carey et al., 
1994). Briefly, emulsifier was added to 10 ml of 1 : 1 rapeseed oil : 20 mM 
sodium acetate/acetic acid buffer, pH 4.38, and homogenized. The time 
taken for the phases to separate was noted. Blank emulsions generally 
separated completely in approximately 2 hr at 6°C while emulsions prepared 
with known emulsifiers such as lecithin and BSA or an emulsion stabilizer 
such as gum guar took several days to separate (Fig. 7). Emulsion stabilities 
with melittin and the three model peptides designed in this work are shown 
in Fig. 8. These indicate that model peptide 4 is particularly effective by 
this criterion. This peptide stabilizes approximately an order of magnitude 
better than the emulsifier/stabilizers shown in Fig. 7 (i.e., 0.2 mg/ml model 
peptide 4 gives similar emulsion stability to 2 mg/ml BSA). Model peptides 
5 and 6, though less effective than model peptide 4, were found to be as 
effective as conventional emulsifier/stabilisers. 

Note that model peptide 4 is also significantly more effective (by approxi- 
mately 10-fold) than its parent compound, melittin. Eleven of melittin’s 26 
residues are located near the N-terminus (giving a relatively large hydropho- 
bic surface area here, which is thought to be important for attacking biologi- 
cal membranes). In model peptide 4, this number was reduced to 8, covering 
less than a third of the available surface. Moreover, because changes were 
deliberately introduced to create more clear-cut polarity between the hydro- 
philic and hydrophobic faces, it was possible to achieve an increase in surface 
activity while introducing greater net water solubility into the peptide. 

Circular dichroism (CD) measurements were carried out to assess the 
actual secondary structure of the model peptides. Model peptide 6 was 
found to be only sparingly soluble in aqueous buffers and, accordingly, did 
not give a very good spectrum. Because of the amphipathic nature of 
emulsifiers, it is sometimes difficult to strike a balance between functional 
activity and water solubility. However, it was possible to determine the 
secondary structure of model peptides 4 and 5 by this method. The spectra 
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FIG. 7. Emulsification assay. The time required for oil-water separation was determined 
for a range of concentrations of the following known emulsifiers: (a)  BSA, (b) gum guar, and 
( c )  lecithin. 
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FIG. 8. Emulsification by amphipathic peptides. The time required for phase separation in 
a system identical to that of Fig. 7 was measured for a range of concentrations of (a) melittin, 
(b) model peptide 4, (c) model peptide 5, and (d) model peptide 6.  

obtained are shown in Fig. 9 and the data are tabulated in Table 11. Model 
peptides 4 and 5 form little ordered structure in aqueous buffer. However, 
the addition of TFE induces the formation of 90-100% order in the struc- 
ture. Interestingly, only approximately 33-45% of this structure is a-helical 
while some 60% is P-sheet. This was unexpected and suggests that the 
peptides are capable of existing in a variety of conformations and, presum- 
ably, are capable of interconverting between them. Despite their different 
emulsification stabilities (Fig. 8), model peptide 5 consistently displayed 
slightly higher order than model peptide 4. When CD measurements of a- 
helix were made in an oiYwater system, this observation still held true. 
This suggests that the two peptides do not assume the same structures in 
solution as predicted from their energy-minimized structures shown in Figs. 
4 and 5 (Carey et al., 1994). This is probably due to the shortcomings of 
the modeling approach used, which were highlighted earlier. Although 
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FIG. 8 Continued 

more detailed investigations of emulsion stability were not performed on 
these peptides, we have found with other melittin-derived model peptides 
that droplets in the size range 1-10 p m  are obtained with Coulter counter 
measurements (Ebeling et nl. 1997). 

Using naturally amphipathic structures as starting points, it has been 
possible to design peptides with enhanced emulsification stability by maxim- 
izing the amphipathic nature of the structure. These peptide emulsifiers 
were as good as or better than melittin, one of the most surface-active 
peptides known. 

VI. FUTURE DIRECTIONS 

A number of exciting developments suggest that the approach described 
in this paper could be fruitfully pursued in the future. The availability of 
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TABLE I1 
CIRCULAR DICHROISM OF MODEL PEPTIDES 

Pep t ide &Sheet (%) a-Helix (%) Random coil (%) 

Model peptide 4 
20 mM sodium acetate, pH 4.8 53 13 (14) 33 
Buffer: SO% TFE 58 33 (32) 9 

20 mM sodium acetate, pH 4.8 51 5 (0) 44 
Buffer: 50% TFE 55 45 (49) 0 

- (11) Buffer: Oil - 
Model peptide S 

- (27) Buffer: Oil - 

faster and more powerful molecular modeling systems together with greater 
knowledge of the behavior of model peptides in solution suggest the possi- 
bility of improved design of peptides. The commercial availability of 
blocked, conformationally constrained residues suitable for peptide synthe- 
sis (Balaram, 1992) underlines the possibility of generating families of 
peptides with an even greater propensity to form a-helix or @-sheet struc- 
tures than natural amino acids. A number of novel chemical options are 
also now available for peptide design. One of the more interesting of these 
is the concept of joining helices together into bundles by covalently linking 
their termini. The introduction of disulfide bridges may be achieved by the 
judicious introduction of Cys residues (Jackson et af., 1991; Rivett et af., 
1996). An alternative is the use of “branching” residues such as ornithine 
and lysine at helix termini. These may be acylated at non-a amino groups, 
thus providing amide linkages between different helices (Hahn et af., 1990). 
We are presently extending the work described here with studies of melittin 
analogs containing Cys residues. It is possible to generate peptide dimers 
and oligomers in this way and we have found that this affects surface activity 
(unpublished observations). 

Although CD and MS measurements give adequate structural data, it 
would be of interest to determine the structure with two-dimensional NMR 
measurements in solution. A necessary prerequisite of such a study would 
be the assessment of the effects of variables such as pH and salt concentra- 
tion on emulsification. These variables have been found to affect the struc- 

FIG. 9. Circular dichroism spectra (50% TFE) of (a) model peptide 4, (b) model peptide 
5, and (c) model peptide 6.  Because of the limited solubility of peptide 6 in aqueous buffers, 
the spectrum was poor and it was not possible to determine secondary structure accurately. 
Secondary structures derived for the other two model peptides are tabulated in Table 11. 
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tures of melittin (Bello et al., 1982) and models derived therefrom (Daggett 
et al., 1991; Moser, 1992). It should also be noted that surface activity alone, 
while important, is not the only property desired in a food emulsifier and we 
have not yet carried out studies on the more precise measures of emulsifier 
performance such as emulsification activity index, emulsification capacity, 
and emulsion stability (Das and Kinsella, 1990). In view of the impressive 
performance of model peptide 4 in the present study, this molecule is a 
tempting target for such studies. 
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