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Amphiphilic Secondary Structure: 
Design of Peptide Hormones 

The rational design and construction 
of biologically active peptides and poly- 
peptides is now an attainable goal 
through the applications of the tools of 
modern chemistry ( I ) .  Foremost among 
these tools is the technique of solid 
phase peptide synthesis (2). No longer is 
it necessary for a chemist interested in 
preparing a peptide 20 or 30 amino acids 
in length to spend a substantial portion of 
his career in ~ t s  construction. Rather, 
through the judicious application of mod- 
ern purification and analytical tech- 
niques such as high-performance liquid 
chromatography (HPLC), it is now pos- 
sible for a graduate student in the course 
of his thesis studies to prepare as many 
as five to ten peptides of this size and to 
characterize their physical and biological 
properties. Because of these technologi- 
cal advances, it is feasible not only to 
propose structural hypotheses for the 
construction of biologically active pep- 
tides and polypeptides but also to test 
thoroughly the experimental aspects of 
these proposals. 

Although we have increased our un- 
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they are linear (3),  and their conforma- 
tion depends entirely on their environ- 
ment; they can assume completely dif- 
ferent secondary structures in water, in a 
detergent micelle, or in trifluoroethanol 
or other organic solvents. v a n y  of these 
peptides play very specific roles as hor- 
mones, cofactors, signals for membrane 
translocation, and the like. The high ac- - 
tivity and the specificity of their action 
imply a well-defined structure tradition- 
ally associated with ligand-enzyme and 
ligand-receptor interactions, although 
their behavior in aqueous solution gave 

derstanding of tertiary structure in re- no evidence for any predominant struc- 
cent years, we have not yet reached the ture that could be associated with their 
point a t  which the folding of a peptide biological activity. Probing for the "ac- 
with a given amino acid sequence into a tive site" of many of these molecules by 

Summary. Peptide synthesis can be used for elucidating the roles of secondary 
structures in the specificity of hormones, antigens, and toxins, Intermediate slzed 
peptldes with these activities assume amphiphilic secondary structures in the 
presence of membranes. When models are designed to optimize the amphiphllicity of 
the secondary structure, stronger interactions can be observed with the synthetic 
peptides than with the naturally occurring analogs. 

tertiary structure can be predicted with 
confidence. In contrast, a solid founda- 
tion has been laid for the prediction of 
amino acid sequences that form certain 
types of secondary structures. The rec- 
ognition of the importance of these sec- 
ondary structures has led us to a new 
approach to the design of biologically 
active peptides such as hormones. 

A host of biologically important pep- 
tides composed of 10 to 50 amino acids 
are devoid of well-defined tertiary struc- 
ture. As a rule, they lack disulfide bonds, 

selective chemical modification gave dif- - 
ferent results from those seen in similar 
experiments with enzymes; it appeared 
that all parts of the molecule were essen- 
tial for high activity, although in some 
cases a number of amino acids could be 
modified without a major change in ac- 
tivity. The requirement that most of the 
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molecule-not only the part which comes 
into direct contact with the receptor-be 
present argues against the hypothesis 
that the biologically active conformation 
would be imposed on the peptide by the 
complementary tertiary structure of the 
macromolecule which is the target of the 
peptide; that is, the receptor or the anti- 
body upon which the peptide acts. In- 
deed, most ligand-macromolecule inter- 
actions that have been studied are limit- 
ed to the specific interaction of only a 
few amino acid residues. 

Many peptide hormones act a t  mem- 
branes that represent a characteristic, 
anisotropic environment due to the am- 
phiphilic nature of the dividing line be- 
tween the aqueous solution and the lipid 
bilayer of the membrane. It 1s then possi- 
ble that the amphiphilic environment 
could impose a secondary structure on 
the peptide. If such a membrane-directed 
secondary structure exists, it should be 
characterized by the amphiphilic distri- 
bution of the individual amino acid side 
chams. One face of the peptide should be 
occupied preferentially by lipophilic side 
chains (4) ,  such as Ile, Leu, Val, Phe, 
Trp, Tyr, and Met, whereas all hydro- 
philic residues, such as  Asp, Glu, Arg, 
and Lys should be located at  the oppo- 
site face. The free energy contribution of 
locating the amino acid residues in their 
optlmal microenvironment is consider- 

able, yielding additional stability (as 
much as 1 to  3 kcallmole) per amino acid 
residue. Thus, secondary structures 
which would only have marginal or no 
stability in an aqueous solution could 
very well become the particular confor- 
mation of the peptide once located in the 
membrane. Most important, secondary 
structures that are energetically too un- 
favorable to exist in aqueous solution 
could be easily generated in an amphi- 
philic environment, provided that full 
advantage is taken of the hydrophilic and 
lipophilic interactions of the amino acid 
side chains. Thus, one could hypothesize 
that the biologically active conformation 
of peptides acting in membranes could 
be any of the sterically allowed second- 
ary structures, namely, right- and left- 
handed a-helix, P-pleated sheet, 3,lO- 
helix, o r  n-helix. 

The search for the possibility of the 
occurrence of amphiphilic secondary 
structures in peptides needs only very 
simple tools. Once the amino acid se- 
quence is known, regular alternation of 
the lipophilic and hydrophilic residues 
indicates the possibility of an amphiphil- 
ic P-sheet. The possibility of amphiphilic 
a- or n-helices is detected by the con- 
struction of an "Edmundson wheel" (5) 
of the appropriate pitch and noting the 
segregation of the hydrophilic and lipo- 
philic residues on opposlte faces of the 

Apo A-I, 148-164 GHRF, human 

Fig. 1. Graphical method for searching for amphiphilic secondary structures. (A) P-Pleated 
sheet conformation of gonadotropin releasing hormone. (B) Axial projection of a potential a- 
helical conformation of residues 148 to 164 of apolipoprotein A-I. Residues in the white areas 
are hydrophilic. Those in the areas containing dashed lines are lipophilic. (C) Axial projection of 
a potential n-helical conformation of residues 1 to 22 of human growth hormone releasing 
factor. The segregation of the hydrophilic and lipophilic residues is shown. 

cylinder circumscribing the helix. Alter- 
natively, the helix can be projected in a 
two-dimensional fashion, which then 
shows more distinctly the interactions 
among side chains along the axis of the 
helix as  well as the occurrence of the 
hydrophilic and lipophilic domains. Fig- 
ure 1, A to C, shows the application of 
such constructions to  a peptide with a 
potential pleated sheet, an a-helix, and a 
n-helix. The prediction of the occur- 
rence of possible amphiphilic structures 
can then be further affirmed by calculat- 
ing the probability of secondary struc- 
tures by one or another of the semiem- 
pirical methods, such as the Chou-Fas- 
man method (6) and the calculation of 
the free energy changes associated with 
the transfer of lipophilic residues into a 
nonaqueous environment (7). 

Once the possible occurrence of an 
amphiphilic secondary structure is estab- 
lished, numerous experimental ap- 
proaches are needed to establish the 
existence of such a conformation. Indi- 
rect evidence can be derived from the 
fact that the peptide would bind readily 
to single bilayer phospholipid vesicles 
and would form stable monomolecular 
layers at the air-water interface (8) .  Also, 
the peptides should form readily "micel- 
lar structures," that is, small oligomers 
formed with a well-defined number of 
monomers, where the lipophilic domains 
are strongly interacting. The secondary 
structures of such assemblies can then 
be probed by conventional methods, that 
is, nuclear magnetic resonance spectros- 
copy, optical rotatory dispersion, or cir- 
cular dichroism. 

The ultimate confirmation of active 
secondary amphiphilic structures can 
come from the use of peptide synthesis. 
Indeed, in many instances one can pos- 
tulate that most amino acids in the pep- 
tide assume only a structural role and 
their replacement by other amino acids 
of the same lipophilicity should not im- 
pair the biological activity of the peptide 
(9). On the contrary, one could imagine 
that the amino acid sequence of the 
biologically active peptide is dictated not 
only by structural considerations but 
also by considerations of biocompatibili- 
ty, degradability, specificity, and lack of 
induction of immunoreaction. Thus, the 
naturally occurring peptide might be sub- 
optimal as far as the stability of the 
amphiphilic structure is considered. One 
could then optimize the structural re- 
quirements at the expense of other con- 
siderations and obtain a synthetic pep- 
tide with a higher biological activity than 
the naturally occurring peptide. 

A brief review of the early work in our 
laboratories which forms the basis of this 
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approach seems in order. We began our 
work by searching for peptide systems 
where secondary structural features 
might dominate the biological activity. 
From the outset i t 'was clear that such 
systems were likely to be found among 
the peptides that bind to phospholipids, 
membranes, o r  other amphiphilic sur- 
faces. There appeared to be a good pos- 
sibility that the peptides that bind to such 
surfaces, which have the characteristic 
of being hydrophobic on one face and 
hydrophilic on the other, might have 
complementary amphiphilic secondary 
structures. 

Model Apo A-l 

Synthetic Studies on Apolipoproteins 

and Peptide Toxins 

Significant clues to  the importance of 
amphiphilic secondary structures to the 
properties of surface-active peptides and 
proteins came from work on apolipopro- 
teins. Examination of the sequence of 
apolipoprotein A-I (apo A-I), the princi- 
pal polypeptide constituent of high den- 
sity lipoprotein (HDL) and of the molec- 
ular models of this polypeptide, led to 
the proposal (10) that there might be 
amphiphilic a-helical regions throughout 
a considerable portion of the apo A-I 
molecule. This suggestion was amplified 
by analyses made independently by 
Fitch (11) and McLachlan (12) in which it 
was suggested that the amphiphilic a -  
helical regions had a repeating character 
and that they might be on the order of 22 
amino acids in length. According to this 
picture, the a-helical segments were 
punctuated at regular intervals by pro- 
line or glycine residues acting as helix 
breakers. 

Model building of the amphiphilic a- 
helical structures revealed to us that they 
would provide a very reasonable mode 
for the interaction of surface active pep- 
tides like apo A-I with phospholipid vesi- 
cles and other amphiphilic surfaces. 
When a model of apo A-I was construct- 
ed we saw that the helices could be 
placed on the surface of an H D L  particle 
in such a way that the axes of the helices 
were roughly tangential to  the particle 
surface. The model showed that the hy- 
drophobic faces of the helices could pen- 
etrate into the particle in the spaces 
between the phospholipid head groups, 
allowing these faces to come into contact 
with the long hydrophobic chains of the 
phospholipids. The helices then had their 
hydrophilic faces oriented toward the 
aqueous environment. Whereas this pic- 
ture appeared to be attractive, an experi- 
mental test had to be performed to deter- 
mine whether amphiphilic a-helices were 

Fig. 2. Two-dimensional axial projection of 
the a-helical conformation of a model peptide 
designed to simulate the properties of apolipo- 
protein A-I. 

induced in the apo A-I molecule in its 
binding to phospholipid in the H D L  par- 
ticle. At the point when we began, the 
physical chemical methodology for ex- 
amining the secondary structures of pep- 
tides bound to membrane surfaces, while 
undergoing development, did not appear 
to us to  provide the most incisive ap- 
proach toward attacking the problem. 
Rather, it appeared to us that a more 
definitive picture might come from a 
synthetic organic study of the amphiphil- 
ic a-helix and its role in apolipoprotein 
binding to phospholipid surfaces. 

If it is argued that a secondary struc- 
tural feature like an amphiphilic a-helical 
region is crucial to the biological activity 
of a peptide such as  apo A-I, then a 
fundamental prediction which emerges is 
that this activity ought to be simulated 
by a peptide with a radically different 
amino acid sequence but designed to 
have essentially the same secondary 
structure (13). To  test this basic hypothe- 
sis, we designed a 22 amino acid peptide 
which represented an "idealized" ver- 
sion of the amphiphilic a-helical regions 
of apo A-I (Fig. 2). The peptide was 
constructed primarily of three types of 
amino acid residues with a high potential 
to participate in a-helical structures: 
Leu, a hydrophobic amino acid; Lys, a 
hydrophilic residue positively charged in 
the pH region near neutrality; and Glu, a 
negatively charged hydrophilic residue 
(9). The 22 amino acid model peptide 
was designed to be capable of forming an 
amphiphilic a-helix with a hydrophobic 
face covering about one-third of the sur- 
face and the hydrophilic face covering 
the remaining two-thirds. Most impor- 
tantly, it was designed to have minimal 
homology to any of the amphiphilic a- 
helical regions of the naturally occurring 

protein. The synthetic model peptide 
was shown t o  mimic successfully the 
properties of apo A-1, a 243 amino acid 
peptide (9, 14). The model bound compa- 
rably to  phospholipid surfaces, showed 
related a-helical character in water and 
water-trifluoroethanol solutions and 
showed similar aggregation behavior. 
Also, the model pepeide showed appro- 
priate biological activity, acting as  a 
good activator of the enzyme leci- 
thin:cholesterol acyltransferase (E.C. 
2.3.1.43), an important function of apo 
A-I (14). 

A peptide in which an amphiphilic 
secondary structural region was attached 
to a simple "active site" was the next 
most complex system examined (15). 
The bee venom toxin, melittin, an activa- 
tor of the enzyme phospholipase A2 and 
an effective hemolytic agent, contains in 
its major form a peptide segment about 
20 amino acids in length, which has the 
potential to form an amphiphilic a-helix 
when bound to an appropriate surface. It 
contains a proline residue part way 
through the sequence, which should 
cause a kink in the helix. The helical 
region is attached to a hexapeptide seg- 
ment which contains a cluster of positive 
charges (16). When the hexapeptide seg- 
ment is removed from melittin, the re- 
maining 20 amino acid segment, while 
capable of binding to erythrocytes, does 
not lyse them (17). Accordingly, a model 
was constructed in which the 20 amino 
acid segment starting at  the amino termi- 
nus was designed to have relatively little 
homology to the melittin sequence itself 
but to  have a comparable hydrophobic- 
hydrophilic balance and a somewhat ac- 
centuated potential for forming an a- 
helix (15). In this case, the helical por- 
tion was constructed with Leu residues 
as  the hydrophobic groups, and because 
it appeared that the charge was not an 
important factor in the helix, Gln and Ser 
residues were chosen as  the hydrophilic 
groups (Fig. 3). The hexapeptide portion 
attached at the COOH terminus to the 20 
amino acid peptide had the same se- 
quence as that in natural melittin. The 26 
amino acid model peptide constructed in 
this fashion proved to be both a highly 
effective lytic agent and a satisfactory 
activator of phospholipast A2 (18). 

Amphiphilic Secondary 

Structures in Hormones 

Our studies on apolipoproteins and 
toxins showed that the analysis of the 
structure of surface active peptides in 
terms of amphiphilic secondary structure 
yielded important new information. In 

20 JANUARY 1984 



view of the limited number of possible 
secondary structures and, as suggested 
by others, because of the likelihood that 
various peptide hormones might have a- 
helical regions, the question arose 
whether or not the amphiphilic second- 
ary features might play a major role in 
hormone structure (15, 19). When we 
considered the structures of peptide hor- 
mones and the vast amount of data on 
this topic, it seemed to us  that these 
compounds might be classified into three 
general categories. First, there are sys- 
tems such as the opioid peptide [ ~ e t ' ] -  

enkephalin where the whole hormone 
consists of a relatively short sequence of 
amino acids, an "active site" containing 
specific amino acids required for eliciting 
biological activity. In a second category 
of hormones consisting of peptides 
where the structures are rather complex 
and where, as  in the case of insulin, 
multiple disulfide bonds may be present, 
tertiary structure is very important. In a 
third category, however, the peptides 
either have no disulfide bridge or  have 
only a single bridge, and quite frequently 
have a length in the vicinity of 10 to 50 

Model melittin 

A SCT-I 

5 
H2N-Cys-Ser-Asn-Leu-Ser-Thr-Cys-Val-  

Fig. 3. Model melittin. 
Axial projection of the 
a-helical conformation 
of a model peptide de- 
signed to have melittin- 
like activity. 

MCT-I 

SCT-I MCT-I 
Fig. 4 (A). Amino acid sequences of salmon calcitonin (SCT-I) and a model peptide designed to 
have calcitonin-like activity (MCT-I) (20). (B) Axial projections of the potential a-helical 
conformation of residues 8 to 22 in SCT-I and MCT-I. 

amino acids. In this last category, it 
seemed quite likely that binding to the 
amphiphilic environment of a receptor 
might require the presence of an amphi- 
philic secondary structure in the peptide 
for the active site to be in the proper 
geometry to interact with the receptor. 
When we set out to search for such 
systems, it soon became rapidly obvious 
that there were many peptide hormones 
where sizable regions of the molecule 
could be forming amphiphilic secondary 
structures in appropriate environments 
(19). 

The amphiphilic structural regions of 
most of the hormones that we have ex- 
amined up to now are a-helical in nature. 
However, as will be discussed below, we 
have found systems where, we believe, 
the amphiphilic structures are T-helices 
or P-pleated sheets. The peptide hor- 
mones containing amphiphilic a-helical 
regions are treated first. 

Calcitonin 

We have proposed that calcitonin, a 
peptide with potent hypocalcemic activi- 
ty, consists of an "active site" amino 
terminal heptapeptide containing a disul- 
fide loop between Cys' and Cys7, an 
amphiphilic a-helical region from resi- 
dues 8 through. 2 2 ,  and a hydrophilic 
COOH-terminal region from residues 23 
through 32 (Fig. 4A for the sequence of 
salmon calcitonin, SCT-I) (20). To  test 
this hypothesis, a 32 amino acid peptide, 
MCT-I (Fig. 4A), designed to retain the 
structural characteristics of the amphi- 
philic a-helical region, but having an 
amino acid sequence from residues 8 
through 22 with minimal homology to 
any naturally occurring calcitonin, was 
synthesized. The axial projections of the 
amphiphilic a-helical regions of SCT-I 
and MCT-I (Fig. 4B) show that the resi- 
dues are segregated into opposing hydro- 
philic and hydrophobic faces. The physi- 
cal and biological properties of MCT-I 
were studied and compared to those of 
SCT-I. In aqueous solution, the model 
peptide MCT-I was slightly more a-heli- 
cal than SCT-I, and in an amphiphilic 
environment-the air-water interface-it 
formed a somewhat more stable mono- 
layer. Most important, MCT-I, while 
somewhat less effective than SCT-I, spe- 
cifically binds to  calcitonin receptors in 
rat brain particulate fractions and has 
potent hypocalcemic activity, as mea- 
sured using a rat bioassay. Taken togeth- 
er, the results obtained provide strong 
evidence that the region from residues 8 
to 22 of calcitonin has a primarily struc- 
tural role, interacting in the amphiphilic 
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a-helical form with the amphiphilic envi- 
ronment of the calcitonin receptor (20). 

We have recently undertaken work on 
a new calcitonin model, MCT-I1 (Fig. 5) 
(21). This model is basically similar to  
MCT-I in the region 8 to 22 except for 
the change of ~ r p ' ~  to Leu and of LeuZ2 
to Tyr. The amphiphilic a-helical seg- 
ment in MCT-I1 is expected to  be in 
closer structural analogy than that of 
MCT-I to the corresponding region in the 
very potent naturally occurring calcito- 
nin, SCT-I. Although our experiments 
on MCT-I1 are not complete, it appears 
that in its ability to bind to calcitonin 
receptors and in its hypocalcemic activi- 
ty it is approximately equivalent to the 
salmon calcitonin, despite the substan- 
tial nonhomology between the two pep- 
tides in the a-helical region. Our experi- 
ments thus demonstrate that the use of 
the secondary structural analysis of pep- 
tide hormones enables us to produce 
new peptide sequences that have activi- 
ties comparable to the most effective 
naturally occurring peptide hormones 
both in vitro and in vivo. 

Corticotropin Releasing Factor 

Corticotropin releasing factor (CRF), 
a hormone produced by the hypothala- 
mus, increases the rate of secretion of 
corticotropin by the pituitary gland. Re- 
cently, Vale et al. (22) determined the 
primary structure of ovine CRF (Fig. 6). 
The helical potential of CRF has been 
analyzed by the method of Chou and 
Fasman (6), indicating that two large 
sections of the molecule have very pro- 
nounced a-helical potential. Axial pro- 
jection of the amino acid sequence of the 
two regions of high helical potential, 
using an Edmundson wheel, shows that 
the hydrophilic and hydrophobic resi- 
dues are segregated on opposite sides of 
the cylindrical helix. The hydrophobic 
domain is nearly twice as  large as  the 
hydrophilic one. 

We have examined (23) the tendency 
of CRF to assume an amphiphilic sec- 
ondary structure when it is exposed to 
amphiphilic environments, such as the 
air-water interface and the surfaces of 
unilamellar phospholipid vesicles. In 
aqueous solution CRF exists predomi- 
nantly as  a random coil. When the pep- 
tide is a t  concentrations greater than 
1 0 - ' ~ ,  it shows a tendency to self-ag- 
gregate with a concurrent slight increase 
in the apparent a-helical content as mea- 
sured by circular dichroism. As expected 
from its potential amphiphilic structure, 
CRF binds readily to  the surface of sin- 
gle bilayer egg phosphatidylcholine vesi- 

cles. This binding fits a simple Langmuir 
isotherm with the following parameters: 
dissociation constant Kd = (1.3 + 0.6) 
x ~ o - ~ M  and capacity at saturation 
N = (1.1 0.1) x mole of peptide 
per mole of phospholipid. At the air- 
water interface CRF also forms an insol- 
uble monolayer composed of monomers 
of the hormone with a molecular area 
which suggests the presence of a com- 
pact secondary structure. In addition, 
this compactness is indicated by the low 
compressibility of the monolayer. In- 
deed, the collapse pressure, 19.0 * 0.1 
dynes per centimeter, of the monolayer 
suggests that the amphiphilicity of CRF 
approximates that of the plasma apolipo- 
proteins which, as  we have seen, com- 

Fig. 5. Amino acid sequence of second model 
peptide designed to have high calcitonin-like 
activity (MCT-11) (21). 

5  
H2N-Ser-Gln-Glu-Pro-Pro-lle-Ser-Leu-Asp- 

10 15 
Leu-Thr-Phe-His-Leu-Leu-Arg-Glu-Val- 

20 25 
Leu-Glu-Met-Thr-Lys-Ala-Asp-Gln-Leu- 

3 0 3 5  
Ala-Gln-Gln-Ala-His-Ser-Asn-Arg-Lys- 

40 
Leu-Leu-Asp-lle-Ala-NH2 

Fig. 6. Amino acid sequence of ovine CRF. 

Beta-endorphin, 13-3 1 

Fig. 7. Axial projection of a potential T-helical 
region of P-endorphin showing the segrega- 
tion of the hydrophobic and hydrophilic resi- 
dues. 

prise a class of proteins of the most 
pronounced amphiphilic character. 
Thus, the binding of C R F  to the cell 
membrane appears to  be accompanied 
by the induction of an a-helical second- 
ary structure and it is the predominantly 
helical form which is the biologically 
active conformation of the peptide (23). 
The design of models for this peptide 
hormone along the same lines as  our 
earlier studies on the apolipoproteins, 
melittin, and calcitonin should help elu- 
cidate the structure of CRF further. 

In an approach similar to those for 
calcitonin and CRF, we have analyzed 
(19) the structure of p-endorphin, a 31 
amino acid peptide hormone with potent 
opiate activities. Examination of the lin- 
ear amino acid sequence of P-endorphin 
has led us to  propose that three separate 
structural regions can be distinguished: a 
very specific opiate recognition site in 
residues 1 to 5 that is identical to 
[~et ' lenkephal in;  a hydrophilic spacer 
region in residues 6 to 12 and a 16- 
residue sequence between pro13 and 
Gly30, capable of forming an amphiphilic 
a- or  T-helix with half of its surface 
hydrophobic and the hydrophilic resi- 
dues being neutral o r  basic. As in the 
cases of calcitonin (20) and CRF (23), the 
hydrophobic domain in the proposed a- 
helical region of p-endorphin is continu- 
ous. However, in contrast to calcitonin 
and CRF, where this domain lies straight 
along the length of the helix, in the a- 
helical form of p-endorphin the hydro- 
phobic domain would twist along the 
length of the helix. As an alternative, the 
COOH-terminal region might be in a T- 

helical form and, in this case, the hydro- 
phobic domain would lie straight along 
the length of the helix (Fig. 7) (19). At 
present, we are not sure which of these 
models for p-endorphin is the correct 
one, and since most of our earlier studies 
were with a-helices, we have until now 
concentrated our efforts primarily on 
testing a-helical models for the COOH- 
terminal region of the hormone. 

Several model peptides have been syn- 
thesized and tested to evaluate the valid- 
ity of the amphiphilic helical structural 
hypothesis for p-endorphin (19, 24-26). 
These models include a peptide in which, 
in addition to the construction of an 
amphiphilic helical region from residues 
13 to 31 with a sequence having minimal 
homology to that of p-endorphin, a hy- 
drophilic spacer region from residues 6 
to 12 with minimal homology to the 
equivalent region of the natural hormone 
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was built (24). In a very stringent test for 
the structure of p-endorphin, we pre- 
pared and examined a peptide designed 
to be a "negative" mode1 (26). The latter 
peptide retains almost all of the proposed 
features of P-endorphin, the only differ- 
ence being that in an a- or a-helical 
conformation of the region 13 to 3 1, the 
amphiphilic character present in the pre- 
vious models is minimized. Our results 
with this model, as well as  with the 
earlier models which contained amphi- 
philic helices, provide evidence for the 
importance of an amphiphilic helical 
structure in P-endorphin residues 13 to 
31, which determines the resistance to 
proteolysis of the natural hormone and 
which makes some contribution to the 
interactions of the hormone with the 
opiate receptors 6 and IJ;. Indeed, the 
amphiphilicity of the COOH-terminal he- 
lical structural region was found to be 
essential for high opiate activity on the 
rat vas deferens (E receptors), whereas 
no such structural requirement appears 
to be necessary for interaction with the 
opiate receptors on the guinea pig ileum 
(26): 

Although our results d o  not allow us to 
choose between the a- or  a-helical mod- 
els for the COOH-terminal region of P- 
endorphin, our work illustrates the pow- 
er of the structural analysis we have 
developed in conjunction with our syn- 
thetic approach in establishing the re- 
quirements for receptor binding and bio- 
logical activity in pharmacologically 
complex situations like that encountered 
with P-endorphin. 

Growth Hormone Releasing Factor 

The a-helix is not a structure that is 
commonly encountered in globular pro- 
teins, probably because it is not compact 
and would be a metastable structure un- 
der the conditions where most x-ray 
crystal structure determinations are per- 
formed. Nevertheless, examination of 
molecular models of various peptide hor- 
mones leads us  to propose the possibility 
that amphiphilic a-helices may play a 
significant role in the binding of these 
molecules to membrane surfaces. Al- 
though the a-helical structures may not 
be very stable under conditions where 
close packing is crucial, the proposal 
that such structures may be formed 
when peptide hormones bind to mem- 
brane surfaces is reasonable. Examina- 
tion of the region 1 to 29 of human 
growth hormone releasing factor (hGRF) 
shows that this segment has an excellent 
potential to  form an amphiphilic 7-helix, 
as illustrated for the sequence 1 to 22 in 

Leu-Gln-Thr 

Fig. 8. Amino acid sequence of glucagon 
analog. 

Fig. 1C. We have shown that hGRF 
forms a very stable monolayer at  the air- 
water interface (27). Furthermore, it 
binds tightly to unilamellar phosphatidyl- 
choline vesicles. These observations are 
consistent with the hypothesis that 
hGRF forms an amphiphilic secondary 
structure, most likely a a-helix, in am- 
phiphilic environments such as  the air- 
water interface and phospholipid sur- 
faces. Measurements of the physical 
properties of a synthetic peptide de- 
signed to have the structural features 
proposed for hGRF would allow us to 
test further the concept of the a-helix. 

Glucagon 

The binding of glucagon to hepatic 
plasma membrane receptors is the first 
event in the action of this hormone (28). 
Linkage of the occupied receptor to the 
catalytic entity of adenylyl cyclase re- 
sults in elevation of the cytoplasmic cy- 
clic adenosine monophosphate (AMP) 
and in the resulting modulation of cell 
metabolism (29). The binding of gluca- 
gon to hepatocytes and plasma mem- 
brane vesicles has been analyzed quanti- 
tatively in terms of two noninteracting 
receptor populations (30). We have been 
engaged in preparing and characterizing 
several models for glucagon, including 
one in which the COOH-terminal region 
is an amphiphilic a-helix in which the 
aromatic residues of the natural se- 
quence have been preserved but the re- 
mainder of the helical region has been 
"idealized" (Fig. 8). When we employed 
rat hepatocytes, this model peptide was 
found to mimic (i) the activity of gluca- 
gon in binding to receptors, (ii) the eleva- 
tion of cyclic AMP, and (iii) the inhibi- 
tion of the incorporation of carbohydrate 
into glycogen (31). Binding of glucagon 
itself to the rat hepatocytes is consistent 
with the presence of two separate popu- 
lations of hormone binding sites with the 
association constants of 57 pM and 41 
nM. In contrast, we found that a single 
sigmoidal binding curve was obtained for 
the model peptide, extending over a con- 
centration range of only two orders of 

magnitude. Even at a 50 IJ;M concentra- 
tion of the analog only 50 percent inhibi- 
tion of the binding of 12'I-labeled gluca- 
gon to hepatocytes was observed. Our 
data fit a scheme where the model pep- 
tide competes with the binding of 12'1- 
labeled glucagon to only one of the two 
receptor populations present on rat he- 
patocytes. In other words, the binding of 
the model peptide obeys a single thermo- 
dynamic equilibrium with the dissocia- 
tion constant of 1.2 IJ;M. To  establish 
which of the two glucagon receptor types 
was respansible for the binding of the 
model peptide, we studied the inhibition 
of 12'~-labeled glucagon binding by unla- 
beled glucagon in the presence of the 
model peptide at  lO-'M. Under such 
conditions, the binding curve for gluca- 
gon became a single sigmoidal one which 
extended over less than two orders of 
magnitude of competitor concentration. 
The dissociation constant thus obtained 
for the binding of glucagon was Kd = 46 
nM, indicating that the hormone was 
interacting with its low affinity receptor. 
Thus, the use of the model peptide pro- 
vides conclusive support for the hypoth- 
esis that there are two distinct, homoge- 
neous populations of glucagon receptors 
in the rat hepatocytes. 

The model peptide has been very use- 
ful in helping us to understand the inter- 
action of glucagon with its receptors. 
These results, together with those previ- 
ously obtained with P-endorphin, show 
the power of the structural approach we 
have adopted not only in testing the 
conformatio~al requirements of a pep- 
tide to act as a hormone but also in 
permitting us to determine what parts of 
the molecule are crucial for binding to 
particular receptors in those cases where 
multiple receptors exist. 

Conclusions 

The results presented in this article 
provide a glimpse of new approaches 
that pepride synthesis offers for the elu- 
cidation of basic problems in biochemis- 
try. Direct extension of the present 
methods of design should yield answers 
to a host of important questions. To  cite 
a few: What is the relation between the 
extent of the hydrophobic domains and 
the biological activity? Is the size of the 
secondary structural domain critical o r  
can one extend it without any interfer- 
ence with the receptor macromolecule? 
Can one replace the structural amphi- 
philic domain with a non-peptide moiety 
of comparable amphiphilic properties? 
Models designed with these questions in 
mind should also possibly yield new 
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classes of molecules with interesting bio- 
chemical and pharmacological proper- 
ties. 

Further extension of our studies 
should involve the design of hitherto 
unobserved secondary structures of pep- 
tides. Judicious use of the stabilizing 
forces provided by the medium should 
allow one to stabilize energetically unfa- 
vorable conformations of the peptide 
bond, such as dihedral bond angles and 
even cis-peptide bonds which, in turn, 
should generate novel secondary struc- 
tures. 

On the basis of the available data it 
appears that peptides interact with their 
receptor macromolecules by a mecha- 
nism which is similar to that of informa- 
tion-bearing molecules of singular tertia- 
ry structure. In particular, the number of 
functional groups interacting with the 
receptor must be small and most of the 
amino acid components serve a purely 
structural role, namely, the proper posi- 
tioning of the ligand functions. 
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immensely complex and nonrepeatable 
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eye. Yet only once, when the definition 
of medicine was stretched to include the 
ethologists K.  Lorenz, N. Tinbergen, 
and K. von Frisch, has an evolutionary 
biologist won a Nobel Prize. 
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Balzan to honor her father, Eugenio Bal- 
zan, former head of Italy's leading news- 
paper, Corriere della Sera. After desig- 
nating two scientists (the ethologist K .  
von Frisch and the mathematician A.  
Kolmogorov), several scholars in the hu- 
manities, and leading fighters for "hu- 
manity, peace and brotherhood among 
peoples," the prizes were discontinued 
for 14 years and only reinstated in 1978. 
This year, and for the first prize desig- 
nated in zoology, the Balzan Foundation 
has rightly selected our greatest living 
evolutionary biologist, Ernst Mayr. 

Ernst Mayr was born and educated in 
Germany, receiving his Ph.D. in 1926 at 
the University of Berlin. Between 1928 
and 1930, as an assistant at the Zoologi- 
cal Museum of the University of Berlin, 
he led three expeditions to  study birds in 
various parts of New Guinea and the 
Solomon Islands. H e  emigrated to  the 
United States in 1932, where he worked 
until 1953 as curator of birds at  the 
American Museum of Natural History in 
New York. H e  then moved to Harvard 
as Alexander Agassiz Professor of Zool- 
ogy at the Museum of Comparative Zool- 
ogy, where he served as director from 
1961 to 1970. As professor emeritus 
since 1975, Mayr has worked continu- 
ously and relentlessly at  a pace that 
would exhaust most men half his age and 
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