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Over the years, fatalities due to microbial infections
have been reduced considerably due to the availability
of a large number of potent antibiotics. The mechanism
of action of these antibiotics involves either inhibition
of bacterial cell wall synthesis, protein and nucleic acid
biosynthesis or enzyme activities crucial to bacterial
metabolism. Unfortunately, in recent years, micro-
organisms have developed resistance to a large number
of therapeutically used antibiotics which were earlier
very effective. Hence, the search for new molecules
against which resistance may not develop easily is
imperative. Species across the evolutionary scale from
insects to mammals use peptides to combat bacteria.
The endogenous antibacterial peptides exert their
activity by permeabilizing the bacterial membranes. In
this review, the approaches that have been employed
in engineering endogenous antibacterial peptides to get
molecules with improved activity, the biophysical
properties that are responsible for activity and the
possible therapeutic use of these class of peptides are
discussed.
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SPECIES right across the evolutionary scale from insects
to mammals are susceptible to microbial infections'™.
Over the years, several antibiotics have been discovered
and/or synthesized that are very effective in combating
microbial infections in animals and humans*’. Thera-
peutically used antibiotics act by either inhibiting bac-
terial cell wall synthesis, protein and nucleic acid
biosynthesis or inhibiting enzymes whose activities are
crucial to bacterial metabolism®’. However, the endo-
genous molecular armaments that insects, amphibians
and mammals use to counter micro-organisms are pep-
tides which are composed of 20-50 amino acids®”. They
are synthesized as precursors by the cells’ protein syn-
thesis machinery which are processed to yield the
endogenous antibacterial peptides®®. Hence, they do not
contain p-amino acids or other unusual amino acids
like the well-studied antibiotics gramicidins”'™'' or
alamethicin and related peptides'®. Almost all the endo-
genous host—defense antibacterial peptides exert their
activity by a common mechanism, i.e. by permeabilizing
membranes®? unlike therapeutically used antibiotics. A
large number of them also act only on bacteria and not
on eukaryotic cells. In recent years, resistance to thera-
peutically used antibiotics '* has emerged as a very
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serious problem in clinical medicine*>!” making newer,
novel approaches to overcoming resistance imperative.
Since species separated by millions of years in evolution
use membrane-active peptides to kill bacteria, it is likely
that resistance may not develop easily to these class of
molecules. Hence, there has been tremendous research
interest in this class of host—defense peptides.

The primary structures of a large number of endogenous
peptides from insects to mammals have been deter-
mined®”'®, Investigations of their secondary structures
and membrane-binding and permeabilization properties
have been the subject of research in an effort to un-
derstand the molecular mechanisms of action as well
as target cell specificity”'*>", ‘Engineering’ these peptides
has also been another area of intense research with a
view to generating molecules with improved antibacterial
activity and also explore the possibility of using them
as drugs to treat microbial infections. The approaches
that have been employed in ‘engineering’ the biophysical
properties which are responsible for biological activities
that have emerged and the possible therapeutic uses of
endogenous and ‘designer’ antibacterial peptides are dis-
cussed 1n this review.

Primary, secondary structures and mechanism
of action of endogenous antibacterial peptides

Information about primary and secondary structures of
endogenous antibacterial peptides and their mechanism
of action have been important inputs in the engineering
and design of analogues, varitant and model peptides.
Hence, these aspects are briefly reviewed in this section.
The primary structures of a large number of endogenous
antibacterial peptides have been determined from insects,
amphibians and mammals. An examination of the various
sequences 1ndicates that they can be classitied 1ato two
groups, i.e. (1) lincar pepudes composed of ~20-50
restdues, (ii) peptides with one to three disulphide
bridges. Since details of the primary structures are
available in recent reviews® ™" only representative
scquences are shown in Table 1. A striking feature in
peptides belonging to both groups is the preponderance
of cationi¢ and hydrophobic residues, although there s
no primary structure homology. Most of the antibacterial
peptides have been isolated from the huemolymph of
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insects, skin, gastrointestinal tract of amphibians and
neutrophils, macrophages or small intestinal paneth cells
In mammals. A few peptides having antibacterial activity
and rich 1n cationic amino acids have also been
characterized from the seminal fluid of insects’’ and
bovine species’ . Peptide toxins like melittin
(GIGAVLKVLTTGLPALISWIKRKRQQ-CONH,} and
pardaxin (GFFALIPKIISSPLFKTLLSAVGSALSSSGEQE)
which are strongly haemolytic also possess potent
antimicrobial activities™ %, In addition to antibacterial
peptides composed of 20 or more residues, there are
few with only ~ 13 residues like indolicidin®’ and bac-
tenecin’®. The antimicrobial spectrum and the potencies
are highly variable. Cecropins and magainins act only
on bacterial cells and not eukaryotic cells whereas
defensins exhibit both antimicrobial and cytolytic activi-
ties. The antibacterial peptides exhibit a broad spectrum
of activity against gram-negative and gram-positive
microorganisms. Cecropins and magainins are more active
against gram-negative compared to gram-positive micro-
organisms. Since the assay methods in the different
studies vary, comparison of the minimal inhibitory con-
centration (MIC) 1n different studies may not be valid.
The MICs of these class of peptides are in the UM
range.

Although the primary structures of a large number of

antibacterial peptides are documented, detailed secondary

structures of only a few have been determined by nuclear
magnetic resonance (NMR) or X-ray methods. Detailed
below are structures of peptides that have been proposed

based on NMR or X-ray methods. In the presence of
structure-promoting solvents, cecropin A is proposed to
adopt helical conformation with a hydrophilic N-terminal
region (residues 1-21) connected by a hinge region
(residues 22-24) to a C-terminal hydrophobic a-helical
domain (residues 25-37)"°. A continuous helical segment
without the hinge has been proposed for cecropin P, a
member of the cecropin family isolated from porcine
small intestine®®. Magainin 2 also adopts helical confor-
mation in aqueous TFE mixtures®’. However, recent
studies in membranes employing Fourier transform in-
frared (FTIR) and solid-state NMR suggest two popu-
lations of the peptide, one in helical conformation and
the other in S-sheet conformation®®. Human defensin
HNP-3 adopts S-sheet structure in the solid state*? and
in solution®’. The structures of several defensins have
been determined in solution by NMR (the results have
been summarized in ref. 22). All a-defensins which
have a conserved disulphide motif adopt S-sheet structure.
P-defensins though possessing disulphide linkages dif-
ferent from a-defensins also adopt p-sheet structure.
Insect defensins have regions of S-sheet and a-helical
structure. NMR studies have indicated that a f-hairpin:
region composed of 18-residues is less flexible than the
rest of the molecule, suggesting that this region may
be an important determinant of activity. The toxins
melittin and pardaxin also adopt «-helical conforma-
tion>**. The central proline residue introduces a kink
in both the helices. The structures of antibacterial peptides
as deduced from NMR and X-ray studies are shown in

Table 1. Representative structures of endogenous antibacterial peptides

MIC (pM)*
Peptide Species Sequence E. coli S aureus
Cecropin' A H. cecropia KWLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-CONH, 02 > 200
Andropin! D. melanogaster VFIDILDKVENATIHNAAQVGIGFAKPFEKLINPK 140 11
Magainin-2* X. laevis GIGKFLHSAKKFGKAFVGEIMNS 1-7 na
Bombinin® B. variegata GIGALSAKGALKGLAKGLAEHFAN-CONH,
Dermaseptin® P. sauvagii ALWKTMLKKLGTMALHAGKAALGAADTISQGTQ 1.5 30
Seminalplasmin Bovine SDEKASPDKHHRFSLSRYAKLANRLANPKLLETFLSKWIGDRGNRSV 4 10
Indolicidin Bovine ILPWKWPWWPWRR~CONH, 10 3
Defensin (@) Human, HNP-]

AQYSRIPAjIAGERRYGTEIYQGRLWAFCS 10 3

Defensin (8) Bovine, BNBD-1 DFRSQHTNGGICLPNRCPGHMIQIGIEFRPRVKQTRSW act na

Defensin' P. terranovae ATCDLLSGTGINHSACAAHCLLRGNRGGYCNGKGVCVCRN na act
S I

Tachyplesin® T. tridentatus KWCFRVCYRGICYRRCR-CONH 1.5 6
R (; | 2 |

Protegrin-1 Porcine RGGRLCYCRRRFCVCVGR 30 30

L r ] 1
Brevinin 1-E R. esculenta FLPLLAGLAANFLPKIFCKITRKC 1 0.5

\insects; ®, amphibians; ¢, The MIC values are not directly comparable as the strains against which different peptides were tested are not the
same; act, active; na, not active; S—S bonds are indicated. |

820 CURRENT SCIENCE, VOL. 72, NO. 11, 10 JUNE 19397



b A . ekl I el il

Figure 1. Circular dichroism (CD), infrared and Raman
spectroscopy have also been employed to characterize
the conformation of some of these peptides’'s. The
acyclic peptides appear to favour helical conformation,
especially 1in structure-promoting solvents and lipid
vesicles. |

The amphipathic nature of structures and the presence
of cationic residues strongly suggest that interaction of
endogenous antibacterial peptides with membranes
mediates their biological activity. Both acyclic and cyclic
peptides like the defensins bind to lipid vesicles and
permeabilize them, resulting in the release of entrapped
solutes” % Electrical conductance of bilayer mem-
branes doped with these peptides shows characteristic
features of single channel conductance**. Direct inter-
action and permeabilization of bacterial membranes has
been demonstrated for peptides like defensins®*%!,
tachyplesins®?, magainins®>** and seminalplasmin®. The
recent observations that p-enantiomers of cecropins®,
magainins®’ and melittin®® show antibacterial activity
comparable to the L-enantiomers indicate that no chiral
recognition is i1nvolved in their mechanism of action.

While it is evident that the mechanism of action of
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endogenous antibacterial peptides involves membrane
permeabilization, the molecular architecture of the chan-
nels or pores formed in membranes is still debated
upon. Magainins are presumed to bind to the membrane
surface, which results in deformation and bending in a
toroidal fashion, resulting in the formation of pores
lined with polar head groups of the lipids*?® rather
than trans-membrane channels formed by peptide aggre-
gates like in alamethicin'’, Cecropin.P is presumed to
bind to the membrane surface and destabilizes the phos-
pholipid packing, leading to permeabilization. However,
defensins are presumed to form transmembrane channels
with the conducting unit being a dimer*’

Antibacterial activities of peptides that
correspond to segments of endogenous
antibacterial peptides

Table 1 indicates that several acyclic peptides are com-
posed of more than 25 residues which may not be
necessary for interaction with membranes. Attempts to
delineate short segments in these peptides that can bind

Figure §. Schuemane sketch of the secondary structures of peptides possessing m:lilm:.l*lcri‘ul m:lim'hy.
a, cecropin A; b, mclitting ¢, pardaxin, d, a-dcfensin; e, f-defensing f, insedt dulun:t.'m. Region
indicated by thick line in defensin structures correspond to f-haitpin conformation which appeins
to be conserved. N and C indicate amino and carboxy teemtmi. The structures are not on the

saine scuale,
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to lipid vesicles and exhibit antibacterial activity have
been successful. In SPLN (Table 1), hydrophobicity
analysis has indicated a 27-restidue stretch more hydro-
phobic than rest of the peptide. Synthetic peptides cor-
responding to the 27-residue segment and the 13-residue
segment (PKLLETFLSKWIG) exhibited antimicrobial
activity”* though with less potency than SPLN. The
short peptides bound to lipid vesicles and permeabilized
bacterial membranes like SPLN®'. Interestingly both pep-
tides exhibited haemolytic activity not observed 1n the
parent peptide.

Pardaxin is another molecule that has been investigated
extensively’®***, The N-terminal 1-18 residues are
essenttal for activity. Pardaxin and a peptide without
the C-terminal seven amino acids exhibited potent
antibacterial and haemolytic activities*>”°. However, a
peptide corresponding to the 1-18 segment showed
selective antimicrobial activity with haemolytic activity
even at high concentrations®, Peptides corresponding to
the N-terminal segment composed of 14 or 15 residues,
though could interact with model membranes did not
possess antibacterial or haemolytic activities®,

A synthetic peptide corresponding to N-terminal 18-
residue segment of dermaseptin showed antimicrobial
properties comparable to the parent 37-residue peptide®’.
Short peptides with deletions of amino acids from N
or C terminal regions corresponding to cecropins®™ "
and magainins>”"’® have not yielded bioactive molecules.
However, hybrid peptides composed of hydrophobic
segments from cecropins and melittins'™”"7”® have been
shown to possess antimicrobial activity. Thus, by judi-
cious choice of hydrophobic or amphiphilic segments
from antibacterial peptides, it is possible to generate
endogenous bioactive peptides.

Engineering of ‘short’ bioactive peptides to
improve potency and selectivity

Although peptides ~ 18 amino acids derived from longer
peptides and some naturally occurring peptides like
indolicidin ~ 13 residues long do have antibacterial
activity, some of them also lyse erythrocytes and other
eukaryotic cells. This property is not desirable if these
peptides are to be used as drugs. Hence, there have
been attempts to engineer such peptides to get desirable
biological activities.

The  13-residue  seminalplasmin-related  peptide
PKLLETFLSKWIG (SPF) bhad antibacterial and
haemolytic activities at comparable concentrations®. A
single amino change of glutamic acid to lysine resulted
in considerable increase in antibacterial activity over
haemolytic activity’”. The activity profiles of several
other analogues related to SPF* indicate that the aromatic
residues were not important for antimicrobial activity.
However, haemolytic activity was reduced considerably

822

when the aromatic residues F and W were replaced by
[.. Likewise transposing KT and SK residues also
favoured antibacterial over haemolytic activities.
Replacement of K by E resulted in complete loss of
biological activities,

Peptides having antibacterial and/or erythrocyte lytic
activities could also be generated from the inactive
N-terminal 16-residue segment of pardaxin, GFFALIP-
KIISSPLFK®!. The analogue GFFKLIPKIIKSPLFK-
CONH, showed selective antimicrobial activity
whereas the analogues GFFKLIAKIIKSPLFK-CONH,
and GFFAKIKKIIKSPLFK-CONH, exhibited both
antimicrobial and erythrocyte lytic activities. In peptide
amides corresponding to the 18-residue segment,
GFFALIPKIISSPLFKTL®, replacement of P(7) by A
imparted haemolytic activity in addition to antibacterial
activity. Antimicrobial activity but not haemolytic activity
was abolished when K residues were replaced by Q.

Indolicidin is a peptide isolated from bovine neutrophils
having an unusual amino acid composition®’. Five of
the 13 residues are W. There are also 3 P residues. The
trp residues are essential for both the biological activities
of indolicidin as replacement of W by I results in
specific antibacterial activity®’. The proline residues do
not appear to be essential for activity as their replacement
by A 1s tolerated. A similar study on the haemolytic
peptide crabrolin  (FLPLILRKIVTAL-CONH,) has
resulted in the identification of an analogue having
specific antibacterial activity®,

By making judicious change of amino acids, it is
possible to convert an inactive peptide to an active one.
For example, peptide corresponding to the ordered a-
helical segment of the haemolytic toxin o-haemolysin,
IISTIGDLVKWIIDTV does not have erythrocyte lytic
activity®®, Analogues where D have been replaced with
K showed potent antibacterial and haemolytic activities.
Replacement of one or two D residues resulted 1n
varying biological activities.

Several 15-residue peptides which are hybrids of melit-
tin and cecropin have also been obtained possessing
antimicrobial activities’"’®, The segments from cecropin
and melittin correspond to various hydrophobic regions
in the parent peptides. There have been attempts to
generate analogue with improved activity by replacement
of amino acids in the full length cecropin, magainins®™"*
(summarized in ref. 18) and pardaxin®’. Analogues of
magainins have been obtained with considerably im-
proved activity over the parent molecule’. However, in
some analogues, improved antibacterial activity also re-
sulted i1n increased haemolytic activities. In pardaxin,
introduction of bp-amino acids resulted in selective
antibacterial activity over haemolytic activity®. Selective
replacement of amino acids by p-isomers in melittin
also resulted in selective lysis of bacteria but not mam-
malian cells®,
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Apart from efforts to engineer endogenous peptides
by a rational approach to get short peptides with improved
selective activily, there have been attempts to generate
bioactive peptides by combinatorial methods®
Hexapeptides with good antibacterial activity, especially
against S. qureus have been reported. However, the
combinatorial method is restrictive and cannot be easily
used for the synthesis of peptides composed of even
10 residues due to the large number of combinations
involved.

Biophysical principles that govern the
biological activities of antibacterial and
haemolytic peptides

The membrane activity of several ‘engineered’ peptides
described in the previous section has been investigated
in detail’>® 646750830 "The peptides bound to lipid vesi-
cles and permeabilized them so as to cause the release
of entrapped hydrophilic molecules like calcein or car-
boxyfluorescein. Interestingly, peptides that possessed
both antibacterial and haemolytic activities were more
effective in permeabilizing model membranes compared
to peptides possessing only antibacterial activity. Now
erythrocytes and other eukaryotic cells have efficient
protein ‘pumps’ in the plasma membrane as a result of
which small osmotic imbalance can be tolerated”’’. Hence
effective permeabilization of the plasma membrane is
required for lysis in the case of erythrocytes. However,
the bacterial plasma membrane is the site of respiration”
and even a small perturbation of the membrane could
affect respiration. Thus, a peptide which 1s not an
effective membrane perturbant could have selective
antimicrobial activity. In many peptides the biological
activities correlate with model membrane permeabiliza-
tion. However, the molecular structure of the lesions
formed by these peptides in membranes is yet to be
established unequivocally.

The secondary structures of the various analogues and
variants have been studied almost exclusively by CD
spectroscopy’®*®. The spectra suggest predominantly heli-
cal conformation for the peptides in trifluoroethanol and
membrane environment. In water, almost all peptides
show spectra which are characteristic of unfolded con-
formation. Helical content has been estimated from 0,,,
values. Since there are inherent limitations 1n guantitating
secondary structure from CD data, the molecular struc-
tures of the peptides cannot be commented upon. How-
ever, as large number of related peptides with varying
activities have been studied, their results do permit some
correlation of structures with activity. A striking obser-
vation is that several peptides that have only antibacterial
activity have less propensity for helical conformation
than peptides which are strongly haemolytic in addition
to possessing antibacterial activity. In fact, several ana-
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logues of magainins’® that have enhanced antibacterial
activity are also haemolytic and are more helical than
the parent peptide. In melittin®*® and pardaxin®*3, intro-
duction of p-amino acids, which result in decrease in
helical content, show selective antimicrobial activity.
However, there are exceptions to the above mentioned
observations. For example, dermaseptin and its N-
terminal 18-residue peptide, though exhibit only antibac-
tertal activity show high helical content in tri-
fluoroethanol®”. However, it is evident that the acyclic
peptides adopt predominantly helical structure in hydro-
phobic environment and are largely unordered in aqueous
medium. Lower helical content also correlates with lower
membrane-perturbing ability. |

In summary, lower helical content and consequently
less membrane-perturbing ability favours specific
antibacterial activity. For haemolytic activity, high helical
content appears to be necessary. The presence of cationic
residues 1s essential for antibacterial activity but not for
haemolytic activity. Studies on peptides containing di-
sulphide bridges have largely been confined to the
naturally isolated ones. These peptides adopt S-sheet
structures and breaking of the disulphide bridges leads

to unfolding and loss of biological activities®®?.

Do endogenous antibacterial peptides or their
‘engineered’ variants have potential as

therapeutic agents?

The ‘endogenous’ host—defense peptides and the ‘engi-
neered’ synthetic peptides have broad spectrum antibac-
terial activities against a variety of gram-negative,
gram-positive microorganisms and fungi. Anti-viral
activity has also been observed in some peptides. Clini- .
cally isolated strains that are resistant to conventionally
used drugs are also susceptible to these peptides.
Magainins and their analogues have been shown to have
antiturnour activities against murine and human cell
lines”%. In vivo activity has been demonstrated in a
murine model’®. By suitable engineering based on bio-
physical principles, it i1s possible to eliminate cytolytic
activity against eukaryotic cells and also reduce the
length of the peptides substantially compared to endo-
genous peptides. The problem of inactivation of the all
L-peptides by proteases can also be overcome by selective
incorporation of p-amino acids or non-coded amino
acids. As they are part of the endogenous host—defense
mechanism, toxicity is unlikely to be a serious problem.
In the case of indolicidin which has cytotoxic activity
in addition to its antibacterial activity, entrapment in
liposomes reduced cytotoxicity considerably and was
effective in treating animals systemically infected with
Aspergillus fumigatus’’. By appropriate formulation, it
should be thus possible to reduce toxicity when present
and render the peptides suitable for systemic use. Heoce,
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these class of antibacterial agents have all the features
requisite for use as therapeutic agents. To-date, no
reports of hormone action or undesirable immune reaction
related to these class of peptides have been reported.
Yet, to-date either endogenous or engineered antibacterial
peptides have not found extensive use as antibacterial
drugs for systemic or even topical applications. The one
factor that could come in the way of their use as drugs
is the costs involved in bringing an antibiotic drug to
market®®. It appears that costs have to be less than US
$ 10 per gram to be competitive with other drugs in
clinical use®. However, the dictates of economy should
not come in the way of using peptides as drugs con-
sidering the serious problem of resistance to currently
used antibiotics, especially when the immune system 1s
compromised like in AIDS. Defensins have also been
shown to act against non-tuberculosis mycobacteria® and
hence could be active even against M. tuberculosis.
Since resistance to several currently used drugs by M.
tuberculosis is also being recognized as a serious health
problem®, there is an urgent need to try novel approaches
to combat bacterial infections. Even the fluoroquinolone
class of antibiotics are not refractory to the development
of resistance. Hence, antibacterial peptides that act by
permeabilizing membranes are promising alternatives to
currently used drugs. Economics should not overrule an
obvious scientific advantage.

I. Steiner, H., Hultmark, D., Engstrom, A., Bennich, H. and Boman,
H. G., Narure, 1981, 292, 246-248,
Lehrer, R. 1., Ganz, T. and Selsted, M. E., Cell, 1991, 64, 229-230.
Zasloff, M., Proc. Nail. Acad. Sci. USA, 1987, 84, 5449-5453.
Neu, H. C., Science, 1992, 257, 1064-1073.
Silver, L. L. and Bostian, K. A., Antimicrobial Agents and
Chemother., 1993, 37, 377-383. |
Lehrer, R. 1, Lichtenstein, A. K. and Gangz, T., Annu. Rev. Immunol.,
1993, 11, 105-128.
7. Saberwal, G. and Nagaraj, R., Biochim. Biophys. Acta, 1994, 1197,
109-131. |
8. Boman, H., G., Annu. Rev. Immunol., 1995, 13, 61-92.
9. Nicolas, P. and Mor, A., Annu. Rev. Microbiol., 1995, 49, 277-304.
10. Bodanszky, M. and Perlman, D., Science, 1969, 163, 352-358.
11. Kilhan, J. A., Biochim. Biophys. Acta, 1992, 1113, 391-425.
12. Nagaraj, R. and Balaram P., Acc. Chem. Res., 1981, 14, 356-362.
13. Davies, J., Science, 1994, 264, 375-382.
14, Nikaido, H., Science, 1994, 264, 382-388.
15. Spratt, B. G., Science, 1994, 264, 388-393,
16. Epstein, F. H., N. Engl. J. Med., 1991, 324, 601-612.
17. Swartz, M. N., Proc. Natl. Acad Sci. USA, 1994, 91, 2420-2427.
18, Muloy, W. L. and Kari, P. U., Biopolymers, 1995, 37, 105-122.
19. Hoffmann, J. A. and Hetru, C., Immunol. Toduy, 1992, 13, 411-415.
20. Gazit, E., Boman, A., Boman, H. G. and Shai, Y., Biochemistry,
1995, 34, 11479~11488.
21. Zimmermann, G. R., Legault, P, Selsted, M. E. and Pardi, A,
Biochemistry, 1995, 34, 13663-13671.
22. White, §. H.,, Wimley, W. C. and Selsted, M. E., Curr. Op. Str.
Biol., 1995, §, 521-527.
23. Hnistova, K., Selsted, H. E. and White, S. H., Biochemistry, 1996,
35, 11888-11894.
24. Ludtke, S. J., He, K., Heller, W. T., Harroun, T. A, Yang, L. and
Huang, H. W., Biochemistry, 1996, 35, 13723-13728.

VoA W N

b

824

25,

26.

27.

28.

29.

30.

31

32.
33.

34,

35.
36.
37.
38.
39.
40.

4].
42.

43,

44,

45.

46.

47,
48.

49.
50.

51.

52.

53.

34.
55.

56.

57.

58.

59.
60.

61,

Matsuzaki, K., Hanada, M., Fumakoshi, §S., Fujii, N, and Miyazima,
K., Biochim. Biophys. Acta, 1991, 1063, 162-170.
Matsuzaki, K., Murase, O. and Miyajima, K., Biochemistry, 1995,

34, 12553-125509.

Matsuzaki, K., Murase, O., Fujit, N. and Miyajima, K., Biochemistry,
1995, 34, 6521-6526.

Matsuzaki, K., Sugishita, K., Fupii, N, and Miyajima, K., Biochem-
istry, 1995, 34, 3423-3429, :

Hirsch, D. T., Hammer, J., Maloy, W. L., Blazyk, J. and Schaefer,
J., Biochemistry, 1996, 35, 12733-12741.

Lohner, K., Latal, A., Lehrer, R. 1. and Ganz, T., Biochemistry,
1997, 36, 15251631,

Samakovlis, C., Kylstein, P., Kimbrefl, D. A., Engstrom, A. and
Hultmark, D., EMBO J., 1991, 10, 163-169.

Reddy, E. S. P. and Bhargava, P. M., Nature, 1979, 279, 725-728.
Sitaram, N., Krishna Kumari, V. and Bhargava, P. M., FEBS Lett.,
1986, 201, 233-236.

Blondelle, S. E. and Houghten, R. A., Biochemistry, 1991, 30,

467 1-4678. .
Oren, Z. and Shat, Y., Eur. J. Biochem., 1996, 237, 303-310.

Thennarasue, S. and Nagaraj, R., Biopolymers, 1997, 41, 635-645.
Seisted, M. E., Novotny, M. J., Morris, W. L., Tang, Y. Q., Smith,
W. and Cullor, 1. S., J. Biol Chem., 1992, 267, 4292-4295.
Romeo, D., Skerlavaj, B., Bolognesi, M. and Gennaro, R., J. Biol
Chem., 1988, 263, 9573-9575.

Holak, T. A., Engstrom, A., Kraulis, P. J. et al., Biochemistry,
1988, 27, 7620-7629.

Sipos, D., Andersson, M. and Ehrenberg, A., Eur. J. Bicchem.,
1992, 209, 163-169.

Marion, D., Zasloff, M. and Bax, A., FEBS Lert., 1988, 227, 21-26.
Hill, C. P, Yee, J, Selsted, M. E. and Eisenberg, D. Science,
1991, 251, 1481-14%9.

Terwilliger, T. C., Weissman, L. and Eisenberg, D., Biophys. J,
1982, 37, 353-361.

Zagorski, M. U,, Norman, D. G., Barrow, C. J,, Iwashia, T,
Tachibana, K. and Patel, D. )., Biochemistry, 1991, 30, 8009-8017.
Wimley, W. C., Selsted, M. E., White, S. H., Protein Sci., 1994,
3, 1362-1373.

Christensen, B., Fink, Y., Merrifield, R. B. and Mauzerall, D., Proc.
Natl. Acad Sci. USA, 1988, 85, 5072-5076.

Duclohier, H., Molle, G., Spach, G., Biophys. J., 1989, 56, 1017-1021.
Kagan, B. L., Selsted, M. E., Ganz, T. and Lehrer, R. l., Proc.
Natl. Acad. Sci. USA, 1990, 87, 210-214.

Sansom, M. S. P., Prog. Biophys. Mol. Biol., 1991, 55, 139-233.
Lehrer, R. 1., Barbon, A., Daher, K. A., Harwig, §. S. L., Gangz,
T. and Selsted, M. E., J. Clin. Invest.,, 1989, 84, 553-561.
Selsted, M. E. and Quelette, A. J., Trends Cell Biol.,, 1995, 3,
114-119.

Matsuzaki, K, Fukui, M., Fuji, N. and Miyajima, K., Biochim.
Biophys. Acta, 1991, 1070, 259-264.

Rana, F. R., Macias, E. A., Sultany, C. M., Modzrakowski, M. C.
and Blazyk, K. J., Biochemistry, 1991, 30, 5858-5866.

Rana, F. R. and Blazyk, J., FEBS Lett., 1991, 293, 11-15.
Sitaram, N., Krishna Kumari, V. and Nagaraj, R.,, FEBS Len., 1992,
303, 265-268.

Wade, D.,, Boman, A., Wahlin, B., Drain, C. M., Andreu, D,
Boman, H. G. and Mermifield, R. B., Proc. Natl. Acad. Sci. USA,
1990, 87, 4761-4765.

Bessale, R., Kapit Kovsky, A., Gorea, A., Shalit, I. and Fridkin,
M., FEBS Lernt, 1990, 274, 151-155.

Juvvadi, P., Vunnam, S. and Merrifield, R. B, J. Am. Chem. Soc.,
1996, 118, 86898997,

Sitaram, N. and Nagaraj, R., J. Biol. Chem., 1990, 265, 10438-10442,

Sitaram, N., Subbalakshmi, C., Krishna Kumari V. and Nagaraj,
R., FEBS Lent., 1997, 400, 289-292.
Sitaram, N. and Nagaraj, R., Biochemistry, 1993, 32, 3124-3130.

CURRENT SCIENCE, VOL. 72, NO. 11, 10 JUNE 1997



SPECIAL SECTION: CHEMISTRY-BIOLOGY INTERFACE

62.
63.

64.
3.

67.
68.

69.

70.

71.

712,

73.

74.

73.

76.

77.

78.

79.

g0.

gl.

Shai, Y., Toxicology, 1994, 87, 109-129.

Saberwal, G., Ph D thesis, Jawaharlal Nehru University, New Delhi,
1992,

Thennarasu, S. and Nagaraj, R., Protein Eng., 1996, 9, 1219-1224.
Saberwal, G. and Nagaraj, R., Biochim. Biophys. Acta, 1989, 984,
360-364.

. Saberwal, G. and Nagaraj, R., Biochim. Biophys Acta, 1993, 1152,

43-50.

Mor, A. and Nicolas, P., J. Biol. Chen., 1994, 269, 1934-1939.
Merrifield, R. B., Vizioli, L. D. and Boman, H. G., Biochemistry,
1982, 21, 5020-5031.

Fink, J.,, Boman, A., Boman, H. G. and Mecrifield, R. B., Int. J.
Pep. Prot. Res., 1989, 33, 412421,

Wade, D., Andreu, D, Mitchell, S. H. et al.,, Int. J. Pept. Protein
Res., 1992, 40, 429-436.

Andreu, D., Merrifield, R. B., Steiner,
Biochemistry, 1985, 24, 1683-1688.
Andreu, D., Merrifield, R. B., Steiner, H. and Boman, H. G., Proc.
Natl. Acad. Sci. USA, 1983, 80, 6475-6479.

Callaway, J. E., Lai, J., Haselbeck, B. er al., Antimicrob. Agents
Chemother., 1993, 37, 1614-1619.

Fink, J., Merrifield, R. B., Boman, A. and Boman, H. G., J. Biol
Chem., 1989, 264, 6260-6267.

Zasloff, M., Martin, B. and Chen, H.-C., Proc. Natl Acad Sci.
U/SA, 1988, 85, 910913,

Chen, H.-C,, Brown, J. H,, Morell, J. L. and Huang, C. M., FEBS
Lett., 1988, 236, 462-466.

Boman, H. G., Wade, D., Boman, 1. A., Wahlin, B. and Merrifield,
R. B., FEBS Letr., 1989, 259, 103-106.
Andreu, D., Ubach, J.,, Boman, A. ef al.,
190-194,

Sitaram, N., Chandy, M., Pillai, V. N. R, and Nagaraj, R., Antimicrob.
Agents Chemother., 1993, 36, 2468-2472.

Sitaram, N., Subbalakshmi, C. and Nagaraj, R., Int. J. Pept. Prorein
es., 1995, 46, 166-173.

Thennarasu, S. and Nagaraj, R., Int. J. Pept. Protein Res.,
46, 480-486.

H. and Boman, H. G.,

FEBS Letr., 1992, 296,

1995,

CURRENT SCIENCE, VOL. 72, NO. 11, 10 JUNE 1997

82.
83.

24.
85.

86.
87.
8.
89.
90.
o1
92,
93.
94,
95.
96.

97.

98.
99.

ACKNOWLEDGEMENTS.

Subbalakshmi, C., Krishna Kumari, V., Nagaraj, R, and Sitaram,
N., FEBS Lett., 1996, 395, 48-52.

Krishna Kumari, V. and Nagaraj, R., J. Pept. Res., 1997, in press.

Dhople, V. M. and Nagaraj, R., Prot. Eng., 1995, 8, 315-318.

Shai, Y. and Oren, Z,, J. Biol. Chem., 1996, 271, 7305-7308.

Oren, Z. and Shai, Y., Biochemistry, 1997, 36, 1826-1835.

Houghten, R,, Pinilla, C., Blondelle, S. E, Apel, J. R, Dooley,
C. T. and Cuervo, J. H., Nature, 1991, 354, 84-86.

Blondelle, 8. E., Takahashi, E., Weber, P. A. and Houghten, R. A.,

Antimicrob. Agents Chemother., 1994, 38, 2280-2288.

Blondelle, S. E., Perez-Paya, E. and Houghten, R. A., Antimicrob.

Agents Chemother., 1996, 40, 1067-1071.

Mancheno, J. M., Quaderra, M., Martinez del Pozo, A., Biochemistry,
1996, 35, 98929899,

Pasternak, C. A., Bashford, C. L. and Mlcklem K. 1., J Biosci.,
1985, 8, 273-291.

Lugtenberg, B. and van Alphen, L., Bmch:m Biophys. Acta, 1983,

737, 51-115.

Cruciani, R. A, Barker, J. L. Zasloff, M., Chen, H-C. and
Colamonici, O., Proc. Natl. Acad. Sci. USA, 1991, 88, 3792-3796.

Ohsaki, Y., Gazdai, A. F., Chen, H.-C. and Johnson, B. E., Cancer
es., 1992, 52, 3534-3538.

Peck, K. A., Dar Veau, R. P. and Fell, H. P., Cancer Chemother.

Pharmacol., 1993 32, 109-115.

Baker M. A, Maloy, W. L., Zasloff, M. and Jacob, L. 8., Cancer

, 1993, 583, 3052-3057.

Ahmad, I, Perkins, W. R., Lupan, D. M., Selsted, M. E. and

Janoff, A. 8., Biochim. Biophys. Acta, 1995, 1237, 109-114.

Billstein, 5. A., Antimicrob. Agents Chemother., 1994, 38, 2679-2682.

Blanchard, J. S., Annu. Rev. Biochem., 1996, 65, 215-240.

I am indebted to a number of my

colieagues who have contributed to the studies described in this review
and whose work 1s cited. Partial financial support from the Department
of Science and Technology is gratefully acknowledged.

825



