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INTROD'CCTIO!\ 

It '" C\ idcnt that the creation of a ne'' e\qut'>itc structurl' is indl'pcn,.tblc lor 

the de\ clopment of no' cl functional materials. f-rom till' 'tc..'" point of thl' l'\<]lltsttc 

structure. the protcm is the perfect e\ample I HO\\l'\'l'l'. the mokcul,tr de'' gn l'f 

artificial proteins or pepttdcs for the construct ion of <:.pec:lltc pn,tl'i n I i kl' o.,t ntct urco., ,.., 

almost impossible under the current understanding of protctn o.,tntctttrl·:-.. ~) nthcttc 

proteins in which peptide molecules are forced to aggregate on ,, matrl\ h,tH' been 

proposed as a method to realiLe the protein-lil-..c structure '' tthout encounlcnng the 

above mentioned diflicultics.2 In this method. proteins arc con,adcn.·d as the self 

assembl} of peptide molecules tal-..ing various sccondar} o;tructurco., -;uc:h ,ts a hcli\ 

and 13 sheet structures. A I so. the proteins form the suprarnolccule~ r st ructurcs h) 

the self-assembl} of protein molecules of the same kind or of c..lifll'rcnt 1\tnds. and 

exhibit effectt\e functtOnalities) These facts indicate the tmport.tnn· ol ii'N'mhlin!2 

in the e\htbttton of functional it}. Therefore. it might be IX>..,..,thlc I or peptide 

molecules or their aggregates to construct the protein-lil-..e highcr-ordl·r structurl' to 

exhibit specific functtonaltties. if the molecular design to control thl' a~grrgatinn 11f 

peptide molecules is established. Furthermore. molecular assembltl'S exhtbiting 

novel functionalitics which are not seen in the indi' idual pcpttdc molecules might be 

produced. 

There are several structural motifs common to many natural proteins.! 

Among them. the a -domain structure, which is a bundle of a he lice-;, io; one of the 

most frequently occuring motifs in many kinds of proteins. lt has been o;hown that 

the a -domain structure is \ery stable and plays an important role in the c\hibition of 

protein functionalities.-'" On the other hand. specific secondar} structures found in 



proteins can be reproduced in oligopeptides or in polypcptides (, In particular. the 

molecular design of a hcli\-forming peptides has been established~ In the prec;;ent 

im est1gation. the construction of supramolecular assemblies of sy nthctic a -helical 

peptides \Vac; allcmpted in terms of the relation between the self assembling 

properties with the molecular structures. To attain the goal. it was necessary to 

align peptide molecules regularly so that the self-assembly of peptide molecules v.as 

1mestigated 1n the lipid bilayer assembly and at the aJr/\\ater interface. The 

intermolecular interactions between peptide molecules in the formation of molecular 

assembly \\as investigated by comparison of the bchaviors in the two different 

states. and the guidcli ne for the construction of supramolecular assembly of peptides 

was searched for. 

lt has heen pointed out that the primary· or secondary amphiphilic structure 

play ... an important role 111 the interaction of amph1phllic molecule \Vith lipid 

membrane .x J he primary amph1philic structure represents a peptide molecule in 

"lm·h hydrophiltc amino ac1d residues are separated from hydrophobic res1dues 

along the primary sequence. When the primary amph1philic peptides arc tal-.en m the 

lipid membrane. the) arc oriented ha'\ing the hydrophobic segments residing in the 

hydrophobic core of the ltpid membrane and having the hydrophilic segments 

res1ding at the polar region of the membrane surface or in the aqueous phase.<> On 

the other hand. the secondary amphiphilicity refers to an unequal distribution of 

hydrophilic and hydrophobic amino acid residues with regard to a secondary 

conformation such as a helix. In this case. the peptide molecules tend to be bound 

on the membrane surface.IO In general. amphiphilic peptide molecules taken in an 

anisotroptt' mcdlllm <tssumc a specific orientation according to their stmcture. In the 

pcpt1dc monolayer spread at the air/.,., ater interface. which is another anisotropic 
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circumstance. peptide mokcules aggregate under a spl'l·ilic oril'lltation to flmll 

supramolecular assembly with a specific structure. 

A two-dimensionnlcr)stallizallon of proteins can bt• d~mc b) using thl' pl·ptide 

monolayer prcpared at the .m/water mterface. Thl' 1\\o-dimensional cr)~tallinttion 

of protems at the <llfl"" atcr interface has been rcportl·d h) Ringsdorf. l't al. b) using 

lipid derivatt\t~s.ll The monolct)Cr of lipid derivatiH·s onl) Sl'n c ... to immobili1e 

protems at the mr/\\ater interface. In the case of peptide nwnola)crs. tht• structlll'l' 

of monolayer can be varied by designing peptide moleculcs and f'urtlll'lllWre the two 

dimensional crystalline <;tructure of proteins can he cnntrolkd b) thL' struclllrl' of 

monolayer matrix. I he preparation of peptide monolayer is \Cl) "lgnlllc<Jnl in the 

viev, point of the controlled synthesis of supramolecular asscmbl y. 

This thesis consists of two part<; including SI\ l'hapll'rs. In Part I or thi' 

thesis. the monohty er fomullion of a -helical peptidcs at the air/\\ atl'r intl·rface ''a" 

Ill\ estigated by the measurement of the surface prcssurc-arca ( TC -A) i ... othL·rm a11<.l 

the fluorescence micrograph. 

Chapter I describes the monolayer formation of helical peptidcs ( FigurL' 1 l 

CH3 I 
H C-C-0-C 

3 I 11 

CH3 0 

CH3 CH3 
I I 

NH-C-C-NH-C-C 
H 11 I 11 

0 CH30 

Boc-(Aia-Aib)x-OMe (BA 16M) 

Figure I Molecular structure of a helical peptide 
im estigated in Chapter I. 
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spread at the air /v,.:ater interface. which shows various states such as gas analogous. 

liquid and solid phases, depending on the surface pressure. These phases can be 

analy ;ed on the basis of the 7t -A isotherm which reflects mteracttons between the 

amphiphilic molecules. In the past. polypeptide monomolecular films at the 

airfv..,atcr interface ha\e been im estigated on their intermolecular interactions. 

especially molecular packing.12 However, their 7t -A isotherms did not show either 

phase transitton or collapse, possibly because of the molecular weight distribution or 

the unstable secondary structure against the surface pressure. In the present thesis. 

hydrophobic pcptidcs having a defined chain length and secondary structure were 

synthesired and the intermolecular interactions at the air/water interface was 

inve-;tigatcd (figure 2). furthermore. the helical peptides having various terminal 

groups "'ere synthesized and their monolayer properties at the air/water interface was 

investigated. 

elical peptide 

Barrier Monolayer 

... 

Figure 2 Schematic illustration of the formation of the peptide monolayer 
at the air/water interface. 

In Chapter 2. the properties of the peptide monolayer was investigated by a 

fluorescence microscopy. It has been reported that lipid aggregates at the air/water 

interface can be \isuali;cd as a dark solid domain from which fluorescence-labeled 
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lipid is e:xduded.IJ However. the 

formation of t\\ o-di menstonal 

domain based on the phase 

wmsttlon has never been obsen ed 

in proteins or pcpt1des. In the 

present Ill\ est1gat1on. the peptide 

deri\'ati' es were S}nthcsized. 111 

which the helix segment 1s 1dentical 

and a lluorcsccncc probe is 

introduced at a terminal, and peptide 

monolayers "'ere constructed. 

When the molecules of a 

hydrophobtc helical pepttde and tts 

derivattves modified at the N or C 

terminal \\.ere spread at the air/water 

Side 'IC\\ 

[ Op \ IC\\ 

I I I I 
I I I I 
I I I I 

I I 11 
11 11 

11 I I 

1-----111 11 ~ ------1 

~------~11 I ~1 ------1 

Figure 3 Schematic illustratton of pos'\tblc 
altgnment of heltcal pcpt1dcs at the 
air/\\ater tnterlacc tn the <;oltd state. 

interface. the phase transitions between a liquid state and a soltd state ''ere obsl'f\ ed 

depending on surface pressure. L'pon the phase transition from a ltqutd state to a 

solid state. a local mmimum of the surface pressure based on molecular 

rearrangement was also observed. In order to visuali;.c the pha'>e transttion the 

peptide monolayer containing a small amount of fluorescence probe "'as mvesttgated 

by fluorescence microscopy. 

In Chapter 3. various peptide monolayers, showing phase transitton from a 

liquid state to a -;olid state, were transferred onto substrates and charactcrit.cd by CD 

and IR spectroscop). Hydrophobic helical peptides having an adamantyl group at 

the N termmal and other helical peptides containing Leu rcstdues formed stable 

monolayers at the air/water interface. Langmuir Blodgett membranes of the 
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peptidcs ''ere prepared and the conformation in the membrane \\<IS investigated b) 

CD spcctroscopy. The onentation of the helical peplldes on the substrate 

detem1incd h) IR transmission and refraction·absorption spcctroscop) \\as 

compan.·d ''ith that at the air/\\ater interface. 

In Part 11 of this thesis. the t\\O-dimensional crystallization of a protein. 

strcptavidin (~A\). was induced by alignment of a -helical pcptides spread at the 

&~ir/watcr interface. I he confonnation. orientation and assembly fom1at10n of a 

biologically actiVL· natural pcpt1de. mastoparan X (MPX). was 1Jl\est1gated at the 

hiologJcal concentrations in phospholipid bilayer membrane. 

Peptide molecules are advantageous in designing functional molecules, 

because a \ariet) of side chams can be chosen and the conformations can be 

m\ cst1 gatcd 111 dctad. In Chapter 4. 1n an attempt to synthesate functional 

h)drophohH: lll'lical pcptadt·s and their monola)erc; at the a1r/v.ater mtcrface. a 

hiotin) I group wao; connected to the 'J terminal of the hydrophobic helical pept1des. 

and the t\\ o-dirnt•nsional crystallization of SA' ''as attempted accorumg to the 

Helical peptide 

Strepta\ id in 

Figure 4 Poss1ble structure of supramolecular assembl) of the biotm)l 

pept1dc strepta\ idin complex at the air/v.ater mterfacc. 
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specific interactions between biotin and SA' as sJ...ctched in F-igure 4. A ''at er 

soluble protein. SA". has four binding sites for haot111 and tht• dJssot'lation constant 

of the specific complex is C\.tremel) small (10 -1"' \11) 14 Tht• h1ot1n SA\ s)stem 

has been im cstigated as a model of the receptor-ligand pair on the cell surface.•"' In 

the present imestigation. the monola)er of biotinyl p~ptades \\ils prepan .. ·d at the 

air/\\ater interi'ace. and an aqueous solution of tluorest·ence-labekd SA\ \\as 

injected underneath the monola)er and the t'"o dm1rns1onal cnstallilatlon at thL' 

interface was investigated. 

A thin layer of proteins could be used as a functional molecular de\ ice. The 

self·organization of protein molecules at the air/water Interface can he a tcch111que to 

construct ultra· thin film of proteins. lt has been reported that the two duncnsional 

crystal is formed at the air/water interface b) the specafic llltcractJon of SA\ \\Jth 

biotinylated lipid spread at the interface.! I Although t\\O of the four hindlllg sites 

of SA\ are occupied by the biotin groups at the interface. the rt•st of them remains to 

be free •' in the aqueous subphase. The t\\O-dimensional cr)stal of ~A' can he a 

template for multi layer systems of proteins. H• In Chapter 5. the construction of 

functiOnal multllayer S) stems was attempted. For the construction. SA' was 

selected as a protean binding to the template layer to construct the second layer. 

because the molecular size and distance between the binding s1tes arc identical to 

those of the template layer. To construct a double la) er of SA' crysl<ll. a bis 

(biotinyl) tinker molecule was used (Figure 5). For the molecular design. the two 

biotinyl groups of the tinker molecule should not coordinate to two binding s1tes of 

the same SAv molecule or the neighboring SAv molecules in the same layer. 

Therefore, it is a supreme order that the tinker molecule has an appropnate chain 

length and chain rig1dit). A hydrophilic helical peptide was considered for the 

tinker molecule, because it takes a rigid secondary structure and the d1stancc between 

7 



the tem1inals can be regulated 

by the number of constituting 

residues. A water-soluble 

helical peptide containing A1b 

residucs ,unour.ting 213 of the 

total number of rcsidues \\as 

S}nthcs11ed and two biotin)! 

groups '"'ere connected to the 

both tcm1inals. J'he structure 

of nuorcsccncc labclcd SAv 

rnultilaycr structure bridged by 

the bis(biOtlnyl) peptide linker 

was investigHted 

fluorescence microscop). and 

the thickness of the mult1la)er 

''as assessed b) surface 

plasmon re-.onance. 

Bis(biotinyl) linker 

Figure 5 Schematic illustration of multilayer 
system of streptavidin bridged by the 
bis(biotinyl) peptide at the air/water 
interface. 

Some biologically active peptides forming amphiphilic a -helical structure 

have been found in the nature. and their structure plays an important role in the 

interaction with lipid membrane.H In Chapter 6. the mastoparan derivatives in the 

lipid bila}cr membrane were investigated. Mastoparan X (MPX), which is 

extracted from vasp venom. is a tetradecapeptide and has biological activities such as 

degranulation of mast cell. stimulation of G proteins, and activation of 

phospholipase A2 and ion channel formation. MPX shows arnphiphilicity upon 

fonning a helical structure. having hydrophilic residues localized on one side of the 

hcli \ rod and hydrophob1c residues localized on the other side.l7 This kind of 
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structure has been re\ caled to pia) an important role 111 bJOiog1cal ;t<:tn illcs such as 

Cf)lhfOC)le Jysis.IX An MPX derinlll\ e. MPX A. havtng an anthr) I group 

introduced in the s1dc chain of the C-terrmnal residue. "as ") ntht'sllcd On the 

bas1s of the e\citcd cncrg) transfer from the Trp·' rc.,iduc to the anthr) I group. the 

conformation. oncntation and aggregation of MPX A in lipid mt·moranc "t're 

im estigated Throughout the expenments. the posstbillt) of a 'ertical om•ntat1on of 

an amphiphilic helical peptide. such as MPX. to the l1pid bila)er mt·rnhrane \\,ts tht' 

focus of interest. lt is notable that these experiments \H're earned out .lt llllt-romolar 

concentrations, where MPX is biologically acti\c.1'1 

The present investigation was carried out to ~)btain fundamental knowledge 

concerning supramolecular assembl) of pcptides. It 1s hclie,ed that the lo-no"' ledgl' 

is useful for the design and S) nthesis of molecular de\ icl'. '' hich might he rtalited 

by a no' el supcrsecondar) structure of nonnatural pt'ptldt• .t'>Sl'mOI) . l'lll' 

expenrnental results,., ill be descnbed in the folio" ing chc~pters. 
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Part I MonolaJer Formation of a -Hdic~ll Pcptidt•s Spn•ad 

at Air/Water Interface 



Chapter 1 

Monolayer Properties of H) dropho bic a -Helica l 

Peptides Ha' ing Vari ous End Groups 

at Air/Wate r Interfa ce 

Introduction 

Hydrophobic helical peptides arc often found in watt'r soluble globular 

proteins (e.g. hernoglobin) I and the transmembrane region ol mt'mbrane 

proteins (e.g. bacteriorhodopsin).:! Several helices assoc1ate together 111 tht' 

protein. forming a '>0 called heli\. bundle.\\ hich IS one of the ma.Jor structural 

motifs of naturally -occurnng protems. It is. therefore, Important to stud) 

interactions between helices in terms of the formation of a tcrt1ary strtlt'ture or 

the stability of the protein.J s 

The monolayer technique is a unique means to im estigatc Intermolecular 

interactions, because it detects intermolecular forces acting in a 10\.\ dimension­

al array of molecules/' When amphiphilic molecules arc spread at the air/water 

interface, they show various states such as gas-analogous. nuid expanded, 

nuid-condensed, and solid-condensed phases, depending on the surfact' 

pressure.7 These phase::. can be analyzed on the basis of 7t A isothcnn 

which renects electrostatic interactions or molecular packmg between 

amphiphilic molecules in each phase.6.8 The relationship between the structure 

of amphiphiles, especially the polar head group, and the surface properties ol 
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monolayers have been investigatcd.X.'> Synthettc poly( a -amino acid)s have 

been shown to form monomolecular films at the air/water intcrface.t0- 16 

Howe\ cr. their 7t -A tsotherms did not show phase transitions or sharp 

collapses. A possible reason is the distnbution of molecular weight. which 

causes irrcgularittes of molecular packing. Another possible reason is 

lll'\tabilit) of the secondary structure against the surface pressure. In the 

present chapter, hydrophobic heltcal pcptides having a defined chain length 

anJ vanous terminal groups were S)' nthesiLed and their behavior at the 

air/v.ater interlace '"as imestigatcd. 

The monolayer fom1ation of a mixture of different types of pcptides was 

also analy 1eJ to kno'" the nature of the interhelix Interactions. Since the 

primal") c;equcncc of one help, 111 the helix bundle is not necessarily the same as 

the other. there should be se' era! factors which contribute to the stability of the 

hl'll\-bundlc structure depending on the composing amino acids. This 

knowledge wtll be important for construction of a helix monolayer with a 

11{,, l'l functton . "here a fe,., helices \\tth different functional groups associate 

togl'ther. 

Peptides containing a aminoisobutyric acid (Aib) tend to form a helical 

,tructure because of the stcric hindrance around the a -carbon atom of Aib 

rc-,idues in other conformations. t ~ for example, a hexadecapeptidc, Boc-

(Ala Aib)H-OMc (HAI6M), has been revealed to take an a-helical structure in 

thl' ery<>tallinc state b) X-ray diffraction. IX The dimension of the unit cell was 

9 ~X 9.3 X 25 7 A." hich is in good agreement "ith the calculated value for a 

complete a -helical structure. I" t<> This peptide and the derivati\CS having 
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\ arious end groups \\ere S)' nthe,iied and thctr monolayer propcrtH~s at the 

air/water interface were investigated. 

Materials and Methods 

Peptide Prepar·ation 

The structures of S)' nthetic peptides '"ith their abbre' iations arl' shO\\ n in 

Figure l. All the peptides '"ere sy nthesi1ed by a com emional liquid-phase 

method and identified by IH NMR. and the punt} \\as checked by ILC ustng 

two different solvent systems. TLC was pcrformeJ on silica gel plate 60 

f254. 0.2-mm thick. (Merk.) with the sohent S)<>lem (A) chloroform I 

methanol I acetic acid (90 : I 0: 3 v/,·1,) or (8) ethy I acetate methanol (8:) 15 

0 
Boc-(Aia-Aib)8 'eH ~ 

BAI6M 

ot=\ 
Boc-(Aia-Aib)x \A_!/ 

BAI6B 

0 
-.OOH-CH2-CH 2-CO-(Aia-Aib)x 'cH.3 

COOHA16M 

0 
Boc-Sarr(Aia-Aib )H 'eH .~ 

BS3AI6M 

() 
TFA · 11-(Aia-Aib)x 'eH\ 

HAI6M 

of=\ 
TfA · H-(Aia-Aib)x ~ 

HA16B 

0 
Boc-(A ia-Aib)~ . H 

BAI60H 

TFA H-Sar3-(Aia-A ib)XqCH ~ 
HSJAI6M 

figure l Molecular structure and abbre\iation of the helical pepttdcs 
used in this chapter. 
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vlv). Peptides on the plate were vtsualiLed by spraying ninhydrin or o-

tolidmc.~l' 

Aib-OBzl 

BcnJ.) I ester of A1b ''as prepared from Aib (Tokyo Chemical Industr) 

Co. Ltd.. rokyo) and p-toluenesulfonic ac1d (Tos-OH) monohydrate 

suspended m a bent.yl alcohol I toluene (1 : 3 vlv) mixture. Tos-OH·Aib­

OCH..,C(,H<; (Tos•Aib OBzl) was obtained as a white crystal after the 

conventional S) nthetlc procedure .2 t 

Aib-OMc 

SOCI~ was added dropwise into methanol cooled with an ice bath and 

Aib was dispersed in the solution. The reaction mixture was sti rred for 15 h 

at room temperature. follo\ved b) C\ aporation. The crude product was 

precipitated b) addition of dieth)l ether. The obtained powder was recrystal­

lized from isopropyl alcohol/isopropyl ether. 

BA16M, BA16B, HA16M and HA16B 

BA 16M and BA 168 were synthesized from 8oc-Aia and Aib-OMe or 

Aib-OB1I. respectively. b} the previous procedure22 with some modifications. 

The Boc group of BA 16M and BA 168 was removed with TFA to obtain 

HA 16M and HA 168. respectively. TLC: BA 16M; Rt{A) 0.70, Rt{ B) 0.65. 

BAI6M: R1{A) 0.65. R1{8) 0.61. HA16M: Rt{A) 0.25, Rt{B) 0.18. 

HA 16B: R1{A) 0.28. R1{B) 0.20. 

BA1 60H 

The benzyl ester in BA 168 was removed by the catalytic hydrogenation 
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in OM I- solution with palladium carbon. follo\H'd b) gel filtration \\ ith a 

Scphadex LH-20<PharmacJa. Uppsal.t. S\\eden) column b~ using methanol ts 

the elution soh ent.. The maJor I ract10n was collected and conccntratt•tL 

followed b) rccrystallit.at•on from methanol. to obtain BA 160H TLC: R1<A) 

0.35. Rt< B) 0.30. 

COOHA 16M 

HAI6M ''as renctt•d \\ith 5lold molar suct·inic anh)dridl' in p~nd1nt· at 

40 ( for 14 h. follO\\ed b) gel filtration cl'> described abO\C, to obtain 

COOHA16M. TLC: R1{A) 0.50. Rt{t3) 0.45. 

BS3A 16M a nd HS3A 16M 

Boc-Sar\ OH was S)nthesi1cd b) step'' ise elong,llion as rcportl'd 

elsewhere.:!\ HA16M ''a" connected to Boc Sar\-OH using <l coupling 

reagent. DCC I H0Bt,2~ in DMF. follo\.\ed b) purification '"ith gel filtratron 

as described above to obtain BS3A 16M. HSJA 16M ""a-; prepared from 

BS3A 16M in the same , .. ay as the synthesis of HA lnM from BA 16M. T l .C: 

BS3A l6M; Rt{A) 0.65, R,(8) 0.60. HS3A 16M: Rt(A) 0.40. R1(f3) 0.25. 

Method 

The peptide samples were dissolved in chloroform I methanol (9 . I 

vlv)(Merck analytical grade) at concentrations of ( 1.5 3) X 10 ~M. The 7t 

A isotherm was recorded at a constant rate of reducing area of 0.37 cm:.!ls with 

a home-made Langmuir trough.2'i The peptide solution was spread on the 

aqueous phase by using a micros)ringc. and equilibrated for 15 min before 
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compresston. Tht• Milliporc water. 50 mM citrate buffer (pH L5 5.0). and 

c;o mM phosphate buffer (pH '5.5 11.0) ""ere used for the aqueous subphase. 

b1ch expcnmcnt ""as repeated several times to checl-.. the reproductbility. 

Circular dtchroi'>m CD) of the peptides "'as measured in ethanol I \\ater 

(<:>5 : 5 \ /\') at room temperature on a JASCO J-600 CD spectropolarimeter 

using an optical cell of I cm path length. 

Results 

Conformation 

The CD spectra of all the S)nthesiied pcptides shm\cd n double-

minimum profile. which IS characteristic of an a -helical structure.:!(, The 

belt\ content of BA 16M \\as cstJmated to be cu. 60 % from the molar ellipticit) 

at 222 nm,:!"'.:!X while it forms a perfect a -helical structure in the solid state.17 

1t i'> 1-..no'' n that the helical structure of peptides is destabili1ed in highly 

d~t:lcctric cm ironment.:!'J [he low helix content 111 solution should represent a 

conformational destabilization in the polar solvent. The Cotton effects of 

l lA 16M. BA 1 nOH and COO HA 16M at 222 nm were scarcely affected by the 

addition of h) drochloric acid or aqueous sodium h) droxide under different 

ionintion '>t<ltc" of the end group'> (Table 1). It IS, therefore. concluded that 

each peptide ta!...es an a -helical confom1ation in ethanol containing 5% water 

and that the conformation is stable irrespective of the charge state of the helix 

termltlal. lhts obscn ation is in sharp contrast to the pre\ ious reports \0.31 

that the heli:-.. confonnation is affected b) the interaction of the tenmnal charge 

"ith the macrodipole of the heli\. 
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Table I. The molar ellipticit) I 8 J of the helical 
peptides at 222 nm in ethanol/"' atcr (95/5, \ I\). 

Compound 1 8 j(deg•cm:!/dmol) 

BA16M 

HA16M 

BA160H 

COOHAI6M 

-3.28X 10' 

-2.47X 10" 

-2.63 X 10' '1 

-2.36X 10" 

-2.68XI0'h 

-3.18X 105 

-3.22X IO"n 

a addition of equimolar NaOH. 
b addition of equimolar HCI . 

Fully Protected Helical Peptide, BA 16M, at the Interface 

rc -A isotherms of BA l6M on the water subphase at I 0, 20, and 30 C 

are shown in Figure 2. The inflection point appearing in the TC A isotherm. 

which corresponds to the maximum value of the area elastic modulus. A(d TC 

/dA), was independent of the temperature (Table 11 ). The irregular bumping 

was observed in smaller areas than the inflection point, indicating collapse of 

the monolayer.~2 The area at the inOection point coincides with the sectional 

area of this helical peptide along the helix axis (239 A2), ""hich has been 

determined by X-ray anal)sis.l"' The rc-A isothem1, therefore. indtcatcs that 

the peptides take an a -hel ical structure at the air/water interface and orient the 

helix axis parallel to the interface. In the region between the inflection point 
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and the starting point of the irregular bumping, interdigitation should occur 

such that the side chain of the a -helix is allowed to penetrate to the neigh­

bor.l5 Further compression collapsed the monolayer. 

In the n; -A isotherm. a mound was observed at around 300 A2. The 

local maximum appeared at higher pressure as the temperature was raised. 

The same sort of temperature dependence has been observed with the phase 

transition from the fluid-expanded state to the fluid-condensed state of lipid or 

fatty acid monolayers)J The mound was observed either in the compression 

experiment after aging equilibration ( 160 min) or in both compression stages 
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Figure 2 7t -A isotherms of BA 16M on water subphase at 10 (---), 
20 (-- )and 30 (-----) oc. 
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during a compression to 13 mN/m. depression and compression process. It 

was found to become smaller with decreasing compression speed. indicating 

that the mound is due to kinetic effects as reported on the monolayer of 

azacrown derivati ves.J~ The mound near!) \ani shed and a plateau le\ cl 

appeared in the n; -A isotherm at extreme!) slo-., compression. Therefore. the 

mound should not result from destruction of monolayers but from rearrange­

ment of the molecules in the monolayer. The depression from the top of the 

mound to the bottom represents the phase transition from a liquid to a solid 

state. It is well-known that the phase transition of an insoluble monolayer can 

be observed with a fluorescence microscope by using a fluorescence probe 

added to the monolayer. ~5 . .\(, The domain formation of the monolayer 

containing a fluorescence-labeled helix at a concentration of I or 2 mol ~ ''as 

observed under a fluorescence microscope when the compression was held at 

the mound.J7 In addition, fluorescence anisotropy was observed. These 

observations support the phase transition from a liquid to a solid state around 

Table 11. Inflection point and phase transition point in the pressure-area 
isotherms of the completely protected peptide. BA 16M. 

Inflection point Top of mound 
Subphase Temp. 

CC) 
area pressure area pressure 
(A2) (mN/m) (A2) (mN/m) 

Water 10 254.2 11.6 3 12.8 4.7 

Water 20 255.6 11.5 299.5 6.1 

Water 30 256.3 11.8 282.0 8.9 

0.5 M NaCl 20 257.8 15.6 292.8 9.0 
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the mound regton in the 7t A curve. ln the solid state. the hehx rods should 

be arranged regularly, while they mtght be dispersed irregularly or form small 

cr)sWIIinc domains in the liquid state}8 

The surf ace pressure at the inflection point and at the top of the mound 

was higher on the 0.5 M NaCI aqueous subphase than on the water subphase 

at the same temperature. 20 C (Table 11). lt is hard to explam the higher 

collapse pressure or phase transition pressure in terms of the interaction of ions 

with BA 16M, \\ hich is a nonionizable peptide molecule. It is considered that 

the collapse pressure was increased by the "salting out" effect W,-Hl under high 
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1-igure 3 7t A isotherms of BA 16M on 50 mM phosphate buffer (pH 11) 
( ). 2.5 mM ( .. ---)and I 00 mM ( -) sodi urn diphosphate 
solutton (pH I I ) at 20 C. 
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ionic strength in the subphase 

Sodturn diphosphate has been shO\\n to affect the protein structure 

strongly.--! I The surface pressure in the 7t -A isothem1 began to inneasc at a 

large surface area m the presence of I 00 mM sodium dipho.,ph,lh.' in the 

aqueous subphase (Figure 3 ). suggesting that the pepttde undcn\l'lll tht' 

transition from an a helix to a random coil conformation. 

Amphiphilic Helical Peptides with a Ter m ina l Amino Group, 

HA16M a nd HA16B 

In the 7t A isotherms of HA 16M and HA 168 on a water subphac;e or on 
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Figure 4 7t A isotherms of HA 16M (--) and HA 168 ( ---) on water 

subphase at 20 C. 
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a buffered subphase (Figure 4), the phase transition from a liquid to a solid 

state was not observed. The surface area at the inflection point was similar to 

Table Ill. Inflection point and phase transition point in the pressure-area 
isothem1s of the amphiphilic peptides with amino group at 20 C. 

Inflection point 
Compound Subphase 

HAI6M Water 

HAI6M pH 9.3a 

HA16M pH 4.0b 

HA16B Water 

HAI6B pH 9.3a 

HAI6B pH 5.5a 

HAI6B pH 4.0b 

HAI6B pH 9.3c 

HAI6B pH 7.7c 

HAl6B pH 5.5c 

HAI6B pH 4.0d 

aSO mM sodium phosphate buffer. 
h50 mM sodium citrate buffer. 

area 
(A2) 

253.7 

255.2 

258.5 

253.5 

255.6 

250.0 

256.4 

252.0 

255.6 

255.6 

254.2 

t50 mM sodium phosphate-0.5 M NaCl buffer. 
d50 mM sodium citrate-0.5 M NaCI buffer. 

pressure 
(mN/m) 

5.5 

8.8 

6.0 

8.5 

10.9 

9.5 

10.0 

14.5 

11.0 

9.0 

9.3 

that of BA 16M. Therefore. HA 16M and HA 168 also taJ...~ an a -hdical 

confom1at1on and onentthe helix a\.JS parallel to the inter1'act'. 

The collapst• pressure at higher pH than 7.7 ''as h1gh~r than that at lo" 

pH at the same NaCI concentration (Table Ill. botlom four hnes). This is 

probabl) due to d1sappearance of electrostatic repulsion bct\\l'Cll ammonium 

groups at high pH. The terminal ammo groups of both peptides might he 

deprotonated at pH 9.3. ""hi eh is much higher than the pA a 'alue of an a 

amino group of amino acids. Under an) conditions HA 16H collapsed at 

higher surface pressure than HA 16M. 
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Figure 5 re -A isotherms of BA L60H on various pH subphasc containing 

0.5 M NaC'l at 20 C. pH 4.0 (- - -),pH 5.0 ( - ), 
pH 5.5 ( -)and pH 9.3 ( --) 
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Amphiphilic Helical Peptides with a Terminal Carbox)·l Group, 

BA160H and COOHA16M 

The intlcction point in the n: -A isotherms of the abme pepttdcs (Figures 

5 and 6 and Tables IV and V) was observed at the area comparable to that of 

BA 16M (Table 11 ). These peptides should take an a -helical conformatton at 

the air/water Interface and orient the helix axis parallel to the tnterface. The 

phase transitton from a liquid to a solid state was observed always in the 

isotherm of BA 160H and sometimes in that of COOHA 16M. 
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In the cac;e of BA 160H. the local maxtmum pressure of the nwund 

increased , .. ,rh tncreasing pH of the aqueous ~ubphase tn the prcst·ncc of 0 5 

M NaCI (Table IV). The Increasing surface pressure at the phase transttton 

should be explatncd b) repulsiOn bet\\ een lik.el) chargt·d end groups I ht· 

tem1inal carbO'\) I group of the peptide ma) be toniLed around pH 5 '\ though 

the pKa value of the carbox)l group at the C tem1inus of pcptidcs ts 3.4. 

Since the pK a \ alue of pol) clectrol) tes de\ iates from the standard 'aluc due to 

dense distribution of dissociative group along the molecule. ·t2 the p/\a value of 

Table IV. Inflection point and phase transition point in the pressure area isotherm<; 
of BA 160 H at 20 C. 

Subphase 

Water 

pH 9.3a 

pH 5.5•1 

pH 4.0h 

pH 9.3c 

pH 5.5c 

pH 5.0<1 

pH 4.0d 

pH 3.5d 

Inflection point Top of mound 

area pressure area pressure 
(A2) (mN/m) (A2) (mN/m) 

262.5 12.5 320.5 4.3 

253.9 12.2 273.7 10.8 

262.5 I I. I 276.5 8.8 

264.5 12.2 324.5 3.4 

243.8 17.2 253.9 15.5 

256.3 15.2 271.1 11.3 

262.5 16.1 290.9 8.9 

264.8 14.6 306.8 6.2 

268.7 15.6 310.7 6.3 

a5Q mM sodium phosphate buffer. b5Q mM sodium ci trate buffer. 
'50 mM sodium phosphate-0.5 M NaCI buffer. 
d50 mM sodium citrate-0.5 M NaCI buffer. 
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the tenninal group of peptides should shift to higher \alue in monolayer. The 

inflectiOn point , however. "'as not influenced significantly by changing the pH 

of the subphasc. 

On the other hand, the 7t -A isotherm of COOHA l6M changed 

dramatically \\'ith the change of pH (Table V). The phase transition occurred 

at low pH. but did not occur at pH 9.3. This observation suggests that the 

monolayer of COOHA 16M undergoes phase transition only when it is 

unioniled. 

Table V. Inflection point and phase transition point in the pressure-area isotherms 
of COO HA I 6M at 20 C. 

Inflection point Top of mound 
Subphase 

area pressure area pressure 
(A2) (mN/m) (A2) (mN/m) 

Water 236.2 8.6 319.5 2.3 

pH 9..3a 265.7 8.4 

pH 5.5a 238.7 11.7 253.2 8.7 

pH -l.Qh 249.1 11.7 325.1 3.6 

pH 9.3c 256.5 13.3 

pH 5.5• 230.4 14.8 260.6 10.2 

pH 5.0d 239.3 14.0 263.0 10.0 

pH 4.5d 243.4 12.8 282.3 6.8 

pH 3.5d 236.9 12.5 306.3 3.5 

a5Q mM sodium phosphate buffer. bSQ mM sodium citrate buffer. 
l5Q mM sodium phosphate-0.5 M NaCI buffer. 
d5Q mM sodnml citrate 0.5 M NaCI buffer. 
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Amphiphilic Helical Peptide with Sar Residues, BSJA 16M 

The 7t -A 1sotherm of BSJA 16M (Figure 7 ) did not -.hov. <Ill) t'\ idt·nn· 

for phase transition. and it was similar to that of HA 16\11 or COOH \ I6M ,H 

high pH. In the case of the deprotected compound. HS3A 16~1. tlw surf,tcr 

pressure scarce!) HH:rcased "1th compression. 
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Figure 7 7t A isotherm of BS3A 16M on water subphase at20 "C. 

Mixture of Peptidcs 

Although the monolayer of HAI6M did not undergo phase trans•t•on 

from a liquid to a solid state m the 7t -A isotherms. the monolayer of an 

equimolar mixture of HA 16M and BA 160H underwent phase transition on a 
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pure water subphase (Figure 8). However. the phase transition was detected 

nc1thcr at pH <1.0 nor tn the presence of 100 mM NaCI. These results '>uggt:st 

that the electrostatic mteraction between the ammonium group of HA 16M and 

the carbox) late group of BA 160H stabilizes the molecular pacl..:1ng in the 

monolayer. At pH 4.0 the slope of the re -A isotherm began to mcrease at the 

molecular area of 130 A2, .... hich is half the molecular area at the innection 

point in the re A isothcm1 of pure BA 160H. Therefore. the monolayer of the 

mixture is full) phase separated under this condition. 
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Figurl' 8 re A isotherms of the equimolar mixture of HA 16M and BA 160H 
on water ( ). I 00 mM NaCI (-- - ). 50 mM phosphate buffer of 
pH 9.3 ( -)and 50 mM citrate buffer of pH 4.0 (---)at 20 oc. 
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In the case of the mixture of HA16M and COOHAI6M (Ill). thl' phasl' 

transition was not obscr-.cd under any conditions (f-igure 9), 111 ~:ontrast to thL' 

mixture of HA 16M and BA 160H. though the same kind of interactiOn might 

occur in both mixture S}Stcms. Smce the monola)er of HA 16~1 or ioni:t:L'd 

COOHA 16M did not undergo phase transition. the clcctrostatJc mtcractwn 

alone is not enough for the phase transition of the monola}cr. At pH -+.0. the 

area at the innection point is approximate!) half that in the pure COOHA 16M 

monolayer, suggesting that the phase separation of the monola)cr as obscrH'd 

in the mixture of HA 16M and BA 160H took place. 

30 
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Figure 9 re -A isothem1s of the equimolar mixture of HA 16M and COOHA 16M 
on water ( ), 50 mM phosphate buffer of pH 9.3 (- ) and 50 

mM citrate buffer of pH 4.0 (---)at 20 ·c. 
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fhc monolayer of an equimolar mixture of BA 160H and COOHA l6M 

undcrvvent phase transition on a pure water subphase and an aqueou!> ~ulutiun 

buffered at pH 4.0 {Figure I 0). The monolayer of each component peptide 

underwent the phase trans1tion under these conditions. On the other hand. at 

pH 9.3. the monola)er of the mixture did not sho''- phase transition. This is 

probabl) because the molecular packing of COOHA l6M in the monolayer is 

not so stable as to undergo phase transition at pH 9.3. 

The monolayer of an equimolar mixture of BA 16M with BA l60H on a 

water subphasc gave a re -A isothenn having the phase transition (Figure ll ) 
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Figure 1 0 re A isotherms of the equimolar mixture of BA 160H and 
COOHA 16M on water(--). 50 mM phosphate buffer of 
pH 9.3 (---- ) and 50 mM citrate buffer of pH 4.0 (---)at 20 oC. 
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similar to that of the BAI6M or BA160H monola)er. HO\\C\l'r.thc mi\turc 

of BA16M and COOHAI6rvt sho".s a different beha,ior Apparent!). the 

interaction of BA 160H with a fully protected peptide. BA 16~1. is diffacnt 

from that of COOHA 16\1 "ith BA 16M. although both BA 160H .mJ 

COOHA 16M ha\c a tcnninal carbox) I group. In the case of the 1111\lllre of 

BA 16M and HA 16M. the re A 1sothenn has an inflection point at a molecular 

area of around I 30 A:., which is half the molecular area at the inllel·t1on point 

of the pure BAI6M monolayer. indicating a complete phase separation 111 the 
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Figure 1 1 re A isothenns of the equimolar mixture of BA 16M and C'OOHA 16M 
(---).BA 16M and BA 160H (-----),and BA 16M and HA 16M ( ) 
on water at 20 C. 
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rnonola}er. 'f'o compare Figure 10 with Figure 7. the electrostatic interaction 

between the end groups of HA 16M and BA 160H should promote tht: 

molecular packing in the monola)er. 

Discus sion 

I he pcplldes S) nthesiLed in the present investigation v.ere shO\.,. n to take 

a perfect a helical conformation at the air/water interface, although the helix 

content was around 60 % in ethanol/water (95/5 v/v). Since the helical 

structure is stabili1.ed in the environment of low dielectric constant, the major 

part of the peptide should be exposed to air when the peptide molecules are 

spread at the air/...,.ater interface. It is worth noting that the peptides oriented 

the helix a\is parallel to the air/water interface. The helical structure is 

-;tabtlited b} intramolecular hydrogen bonds. However, three amide protons 

and carbonyl groups, respective!), at the N- and C-terminal ends of the helix 

arr free from Intramolecular hydrogen bonds:H These amide groups should 

he hydrated <ll the a1rh.vater interface. This should be the reason for the helices 

to tal-l· an onentation parallel to the interface. The extent of hydration at both 

ends of a peptide chain should be different according to their hydrophilicity, 

and should also affect the molecular packing of the monolayer. The strong 

h)dration at the chain ends should be the reason for the absence of phase 

trans1tion in the rnonolaycrs of HA 16M. HA 168, BS3A 16M, HSJA 16M, and 

COOHA 16M (at high pH). although these peptides take an a -helical 

conformation (rabic 11). In general. the negati"e charge at theN terminus and 

the posit I\ c charge at the C terminus is considered to stabili7e the helical 

structure as a result of the Interaction \\ith the macrodipole of the helices. ~o.' I 

3~ 

The monolayer of COOHA 16M fom1ed onl) expanded aggrt·gatrs at higher 

pH (Table V), but condensed aggregates at a IO\\ er pH. C\l'll though tht· 

neoati\c charoe on thr N termmus m1oht stabilize the helical stmcturr at high 0 0 0 

pH. Therefore, the deformatiOn of the helical structure due to the terminal 

charge cannot explain the expans1on of the monola)er. On the otht·r hand. thr 

monolayer of HA 168 carrying a tem1inal benL) I group. which 1s bulky and 

hydrophobic to inhibit hydration of the terminal amide bonds. -;ho\H'd much 

higher surface prec;sure at the inncction point than HA 16M. Th1" ob"rn t1t1on 

gives support for the explanation considering destabiliLation of the monolayer 

by the hydration of the peptide terminus. In the case of HSJA 16M, a strong 

hydration of the N terminal reg1on prohibited monolayer formation of tlw 

peptide molecule. 

The n: A isothcm1 of the BA 16M monolayer sho-wed a mound at thr 

molecular area of around 300 A 2. The isotherm was re\ ersible at larger areas 

than that at the mound. Therefore. the mound is not caused b) the formation 

of a multilayer as pre\IOUSI) reported for homopol)mers of a amino 

acids.l2.13 The mound should ha\ e resulted from the molecular rearrangement 

from a liquid to a solid state. The peptides might be dispersed megularl) 111 

the liquid state. However, it is considered that the peptide forms smaller 

aggregates in the liquid state, which grow to a larger crystal in the solid slate. 

This explanation is based on the high tendency of the peptide to associate 

together, which was shown by the previous report that the hexadecapcptidc 

and the longer peptides associate together in an ordered form when incorporat 

ed in a lipid bilayer membrane . ..+..+ 

The bchavior of the binary peptide system is complex. When the 
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monolayers of individual peptides show a mound in the 7t -A isotherm, the 

two components mix homogeneously at the air/water inteiface. Examples are 

the combmations of BA I 6M and BA 160H. and BA 160H and COO HA I 6M at 

low pH. Howe\ er, phase separation occurs, when one component shows a 

mound in the 7t A isotherm and the other does not. Examples are the 

combinations of BA16M and HA16M, BAI60H and HA16M at low pH or 

high ionic strength, BA160H and COOHA16M at high pH, and COOHA16M 

and HA16M at low pH. However, the combination of BA160H and HA16M 

is an exception of this category. Although the monolayer of BA 160H shows 

a mound in the 7t-A isotherm and the monolayer of HA16M does not, these 

peptides are mixed homogeneously due to electrostatic attraction acting 

between the two components. This is the first interesting example showing 

that the nature of the terminal group of a helix peptide has a strong influence on 

the interhelix interaction. and hence the packing of helices. Proteins forming 

an ion channel such as a Na + channel have been shown to be composed of 

several strands of helices. -+5 Since these helices are embedded in the 

phospholipid bilayer membrane, each helix should suffer on internal pressure 

of ea. 30 mN/m.-+C> However, each helix does not necessarily have to be 

resistant to this pressure by itself. if interhelix interactions take place favorably 

as exemplified b} the monolayer of a mixture of BA160H and HAJ6M on the 

pure water subphase . 
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Chapter 2 

Two Dimensional Assembly Formation of H~ drophobic 

Helical Peptides at the Air/Water Interface: 

Fluorescence Microscopic Stud) 

Introduction 

Two dimensional cr)stallilation of biological macromolecules. especial I) 

proteins, has attracted much attention \\ilh respect to the molecular mcchanrsm 

of assembly formation! and the de\elopment offunctronal thrnlaycrs.:! It has 

been reported that t\\ o dimensional protein crystals fom1ed by adsorption onto 

a mercul) surface~ or lipid monola)er surfaces."'" Ho,,e, er. rn other <.'ascs. 

for example. at the atr/water interface. proteins are denatured easily.<• 

The author has synthesi1ed various hexadecapeptides that tal...c a helical 

conformation.<> and studtcd their properties at the air/water interface. tO, II '1 he 

peptides stayed at the interface having the helix axis oriented parallel to the 

surface. Interestingly, some peptides undergo a phase transition from a liquid 

state to a solid state, whereas polypeptides of inhomogeneous molecular 

weight do not. 

Several amphiphiles such as lipids and fatty acids having long all...yl 

chains fom1 monolayers at the air/water interface and undergo phase transrtion 

depending on temperature and the molecular density at the surface.t2 fhc 
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phase separation in the monolayers can be visualized via fluorescence 

microscopy by incorporation of a small amount of fluorescence probe into the 

monolay cr. U 17 The solid domains are dark m the fluorescence micrograph 

due to cxclusJon of the fluorescent probe. while the fluid domains are bright. 

I he shape of the solid domains is mostly elliptical. needle like or spiral 

according to the molecular structure of the amphiphiles and the composition of 

the subphasc. The dark domains have been identified to be two dimensional 

crystals by electron microscopical analysis H In the present chapter. the 

phase-translllOJJ behavior of a helical peptidcs at the air/water interface was 

studied by fluorescence microscopy. The formation of two-dimensional 

crystal of the helical peptidcs \\as discussed in terms of molecular properties of 

the peplldcs. 

Materials and Methods 

Materials 

1 he molecular structure of the peptides synthesized are shown in Figure 

I. BAI6M. BAI6B. HAI6M, HA168, BS3A16M, HSJA16M. BAI60H 

and COOHA 16M \\ere prcpCired as described in Chapter I. BioS3A 16M and 

BioA 16M \\Cre synthesi?ed by the reaction of the amino end group of HA l6M 

and HS3A 16M with biotin aminocapronatc N-hydroxysuccinimide (Sigma, St. 

Louis. USA). respectively. The fluorcscein-5-isothiocyanatc (FITC)­

Iabelcd peptide was prepared by the reaction of FITC (Molecular Probes, 

Eugene. USA> "ith HA16M in ethanol. The obtained crude peptides were 

purified by gel filtration through a Sephadex LH20 (Pharmacia) column using 

methanol as the elution solvent. The major fraction was collected and 
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concentrated, followed by recrystHIIi?ation from methanol to obtain 

BioS3A 16M, BiuA 16M and FlTC-A 16M. rcspecti\dy. A callunic dye. I. I. 

3. 3, 3'. J'-hexamethy lindocarbocy <mJne 1odide ( Dil(' 1) \\ :ts purchasL'd from 

Molecular Probes. l-ugcne. USA. 

0 
COOH e H2-CH1 CO (Aia-Aib)x 'eH~ 

COOHAI6M 

0 
Boc-Sar3 (Aia-Aib)s 'eH~ 

BS3A 16M 

TF-A· H-Sar3 -(Aia Aib)R QCH \ 

HS3AI6M 

0 
Hoc (Aia-Aib)x 'eH\ 

BAI6M 

Tl-A·H (Aia -Aibr~?cH \ 
HAI6M 

or-=\ 
Hoc (Ala Aib)H V"L!i 

BA loB 

o='. ~~s 11 ° 0 0 /='\ 
'-~ '~(Ala-Aib)H 'eH TFA·H (Ala Aib )H ~ 
11 () J 

BioAI6M HA loB 

o ='.. ~~. 11 - ~ <J_ ,O, B (AI A'b)'O, 
' '\.rvv---Sar3-(Aia Aib)x CH, oc a- ' x H 
11 ·' 0 BioS3AI6M BAI60H 

Figure 1 Molecular structure of hydrophobic helical peptidcs. 

Methods 

re-A isotherms were measured with a home made Langmuir troughi'J 

with the surface area of 490 cm2 al 20 C. The experimental procedures arc 

described in Chapter I. 

The fluorescence microscopy was combined with a Langmuir trough 

with a surface area of 250 cm2, whose set-up has been reported previously.2<> 
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A one cm diameter tenon ring with a small sltt was used to provide a separated 

area in the plane of monolayer surface to eliminate the flow of the monolayer. 

The small slit allows the surface pressure in the small compartment equilibrated 

with that of the \\hole trough.20 In order to observe the monolayers by 

fluorescence microscopy, HTC-A 16M (I or 2 mol%) was added in the 

spreading peptide solutions. In the cases of negatively charged peptides, 

BA l60H or COOHA 16M, 2 .u I of an aqueous DiiC1 solution (2.8 X 10 7 M) 

was tnjected into the compartment (800 .u I) of the subphase underneath the 

monolayer in a gas-analogous state. followed by 10-min incubation for 

equilibrium.21 The monolayers. which were spread at the air/water interface 

at a surface density of 900 A2/molecule. were compressed at the rate of 0.14 -

0.5 cm2/s and obsen ed by fluorescence microscope with a cut-off filter for 

sulforhodamine.21.22 

The Langmuir-Biodgel! transfer of the monolayer2J onto mica plates ( 1 

X 3 cm) \\as carried out at a dipping rate of 1.0 cm/min at the surface pressure 

where phase transition occurs. 

Results 

Protected Helical Peptide, BA16B 

The Tt A isothenn of BA 168 on water at 20 oC is shown in Figure 2. 

A mound was observed at 300 A2 in the isotherm similarly to that of 

BA16M.JO The mound is ascribed to the phase transition from a liquid state 

to a solid state of the monolayer. The mound in the isotherm became smaller 

with decreasing compression speed, indicating that the mound is due to kinetic 
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Figure 2 Tt -A isotherm of BA 168 monola) er on the surface of'' at er 

at 20 C. 

effects. The shape of the isotherm and the molecular area of the mound were 

identical in the larger (490 cm2) trough and the small (250 cm2) fluorescence 

trough. Therefore, the s1ze effect of the trough is neghgJble. The obsen a 

tion by fluorescence microscopy revealed the presence of dark leafy dormuns. 

when the monolayer containing FITC A 16M ( l mol%) was held at the surface 

pressure corresponding to the top of the mound (Figure 3). The doma1ns 

were enlarged as compressiOn proceeded. and finally the field of vie'"" became 

nearly dark. The identical domain formation was observed in an cxpenment 

without the teflon ring separating the small compartment. The monolayer of 
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Figure 1 f--luorescence micrograph of BA 168 monolayer containing RTC 
A 16M ( I mol%) deposited on the surface of \\ater. The 
monolayer was held at the surface pressure corresponding to the 

top of the mound in the 7t -A isotherm. 

BA 16M behaved similarly to that of BA 168 under fluorescence microscope. 

fhe darl-. domains should ha\e been caused by exclusion of FITC-A 16M from 

the domams composed of BA 16B. It is notable that faintly bright regions 

\\ere observrd in the dark domains, which looked like veins in a leaf or small 

patches. fhc bright regions showed fluorescence anisotropy, indicating that 

the arrangement of the fluorescence probe is regular in the domain. The 

monola)er of BA 168 m a condensed state is, therefore, considered to be 

composed of large crystalline domains. 

Helical Peptides With a Terminal Carboxyl Group, BA160H and 

COOHA1 6M 

The 7t A isotherms of BA 160H (Figure 4a) and COOHA 16M (Figure 
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Figure 4 n -A isotherms of(a) BA 160H and (b) COOHA 16M 
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(pH 4.0) (---)at 20 °C. 
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4b) spread on water showed a mound or a plateau region at the molecular area 

of cu. 300 A2, respectively. The i<:otherm was measured on water, a 50 mM 

phosphate buffer solut1on (pH 9.3) and a 50 mM citrate buffer solution (pH 

4.0) as subphase. A mound related eo phase transirion was observed in the 

isotherm of BA 160H under any conditions. On the other hand, a plateau 

reg1on appeared in the isotherm of COOHA16M when an acidic subphase was 

used, but 1t disappeared on the alkaline subphase. 

In the case of BA 160H, dark leafy domains which are quite similar to 

those of BA 168 were detected when the monolayer containing FITC-A I 6M (I 

mol%) was held at the surface pressure corresponding to the top of the mound 

on the surface of water, a phosphate buffer or a citrate buffer solution (Figure 

~a. b and c). The bnght regions appearing in dark domains, which looked 

like \:eins. showed fluorescence anisotropy. 

The leafy domains of BA l60H obsen ed by the fluorescence microsco­

py are also seen on a mica plate. when the monolayer containing FITC-A l6M 

(2 mol%) was transferred onto the mica plate b} the vertical dipping method 

after holding at the surface pressure of the local minimum that is found aside 

the mound (Figure Sd). It indicates that the domains are stable enough for the 

transfer process despite the relative!} low surface pressure of the monolayer. 

The monolayer of COOHA16M containing FITC-Al6M (2 mol%) held 

at the phase transition pressure on water (Figure 6a) and an acidic buffer 

solution (Figure 6b) also showed dark domains under fluorescence micro­

scope. However, domains were not detected on an alkaline buffer solution, 

which corresponds to the disappearance of phase transition from the isothenn. 

The shape of domains of COOHA16M deposited on water was needle-like. 

The same pattern of fluorescence microscope as BA 160H was observed when 

48 

Figure 5 Fluorescence micrographs of BA160H containing HTC A 16M 
(2 mol%) on the surface of (a) water, (b) an acidic subphase and 
(c) an alkaline subphase. The monolayers were held at the surface 
pressure corresponding to the phase-transition pressure. . 
(d) Fluorescence micrograph of BA 160H monolayer translerrcd 
onto the surface of a mica plate by holding the monolayer on water 
at the phase transition pressure. 
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1--'igur~ 6 f-luorescence micrographs of COOHA l6M monolayer containing 
f-lTC A 16M (2 mol%) on the surface of (a) water and (b) an acidic 
subphasc. The monolayers were held at the surface pressure 
corrcspondi ng to the phase-transition pressure. (c) A uorescence 
micrograph of COO HA J 6M monolayer transferred onto the surface 
of a m1ca plate by holding the monolayer on water at the 
phase transition pressure. 
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transferred onto a mica plate (Figure 6c). 

The monolajers \'>Cre stained b) other fluorescent probe. DtiC1• which 

1s bound strongly by a negati'>ely charged <iurface duc to electrostatiC 

interactions.2~ A dye solution was injected into the subphase of the 

monolayers in a gas-analogous state. The d)c dtffused •mmcdJatel) 111 the 

subphase and bound to the monolayer. The monolayer fluoresced uniformly. 

indicating that dye molecules bound to the negatively charged end-groups of 

peptides. which were spread at the a.r/water interface. When the monolayer 

was compressed to induce phase transition, dark doma10s of leafy shape 

(BA l60H. Figure 7a) and of needle-like shape (COOHA 16M. Figure 7b) 

appeared. The domains were enlarged as the compression proceeded. and 

finally occupied the entire surface area. 

Figure 7 Auorescence micrographs of (a) BA 160H and (b) COOHA 16M 
monolayers on the surface of water. DilC 1 was injected into the 
aqueous subphase. The monolayer was held at the surface pressure 
corresponding to phase-transition pressure. 
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Biotinylated Helical Peptides, BioA16M and BioS3A16M 

The 7t A isotherms of BioA l6M and BioS3A 16M monolayers on the 

surface of water are shO\'vn in Figure 8. The BioA 16M monolayer on water 

or on a 0.5 M aqueous NaCI solution 11 showed a mound related to the phase 

transition. On the other hand, the BioS3A 16M monolayer on water did not 

show the mound in the isotherm, although it appeared when spread on a 0.5 M 

aqueous NaCI solution.! I The BioA 16M monolayer containing RTC-A 16M 

(2 mol%) exhibited dark elliptical domains on the surface of water or a 0.5 M 

aqueous NaCI solution when it was held at the surface pressure corresponding 

to the top of the mound (Figure 9a and b). On the other hand, the 

BioS3A 16M monolayer containing RTC-A 16M (2 mol%) produced bright 

domains of a spindle shape on water (Figure 9c) and dark rectangular domains 

on a 0.5 M aqueous NaCI solution. (Figure 9d). 

The monolayer of other peptides, HA16M, HAJ68 and BS3A16M, 

which d1d not show phase transition in the 7t-A isotherms,IO did not form any 

domains on water, alkaline and acidic solution. 

Discussion 

It is described in Chapter 1 that some hydrophobic a -helical 

hcxadccapeptides show a mound at the molecular area of ea. 300 A2 in the Tt ­

A isothcm1. The appearance of the mound was ascribed to the molecular re­

arrangement due to phase transition from an expanded state to a condensed 

state. This is confirmed by the fluorescence microscopic observation of the 

monola}ers as described above. Monolayers of the peptides containing 
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Figure 9 Fluorescence micrographs of BioA 16M monolayer containing FITC­
A 16M (2 mol%) on the surface of (a) water and (b) a 0.5 M aqueous 
NaCI solution, and BioS3A 16M monolayer containing FITC-A 16M 
(2 mol~·) on (c) water and (d) a 0.5 M aqueous NaCI solution. The 
monolayers were held at the surface pressure corresponding to the 
phase-transition pressure. 

FITC-A 16M formed dark domains \\hen held at the surface pressure 

corresponding to the top of the mound or the largest ~nd of the pi.Heau rcg1on 

in the 7t -A isotherm. On the other hand. other peptides. which did not shO\\ 

phase transition. did not produce an) domains detectablt.• l'ia lluorescencc 

microscopy. The domain formation ma) be related" ith the t\\O dlmCtl'\IOnal 

crystallization of peptide monola)ers because bnght regtons 111 the dark 

domains, due to small amount of incorporated labeled pcpttde. shO\\Cd 

fluorescence anisotropy. 

The HA16M, HA16B, and BS3Al6M. which showed neither phase 

transition nor domain formation, possess the more hydrophilic N terminal 

region than the other peptides. Probably, the hydrophilic part of these 

peptides is pulled into the subphase due to strong hydration. resulting 111 

disturbance of the crystallization of the monolayers. This explanation 1s 

consistent with the observation that the BioS3A I 6M monolayer fom1cd 

domains on a 0.5 M aqueous NaCl solution but not on \o\oater. In the saline 

water, the peptide should be expelled from the aqueous phase due to salting­

out effect, leading to tight packing of peptide molecules in the monolayer. 

The dark domains in the presence of DiiC• appeared upon compression 

of monolayers of COO HA 16M and BA 160H (Figure 7). This observation is 

explained by desorption of dye molecules from the monolayer, but not by 

concentration quenching of DiiC1 on the basis of the following consider­

ations. DiiC 1 is reported to bind to an outer leaflet of the vesicles composed 

of negatively charged phospholipids at ea. three lipids/one dye ratio. 

Although the fluorescence was quenched at the lipid/dye ratio, it recovered the 

i~nsity upon dilution to the ratio of six lipids/one dye.24 The molecular area 

occupied by a phospholipid at the vesicle surface is 74 A2.25 1t ts, therefore, 
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calculated that the molecular density where the dye undergoes self-quenching 

is less than 222 A2/dye, and the self-quenching is negligible at areas larger 

than 444 A2/dye. The dye has two positive charges, and COOHA16M and 

BA l60H bear a carboxylate ion at the gas phase. Since the binding of DiiC 1 

to the monolayer is determined mainly by electrostatic interaction,24 the amount 

of the dye bound to the monolayer of COOHA 16M or BA160H should be less 

than half of the peptide. The molecular density of the dye is, therefore, .500 

A2/molecule at most, which is calculated from the molecular area occupied by 

the helical peptides of 2.50 A2. Consequently, the dark domain should not be 

caused by self-quenching of the dye in the tightly packed state. This 

observation indicates that the peptides in the domain have no lonoer neoative 
b 0 

charges, because of protonation of the carboxylate ions upon crystallization of 

the monolayer. 

Interestingly, the shape of the monolayer domains chanoed accordino to 
b b 

the nature of the peptides. The shape of domains, however, might be affected 

by impurities in the monolayer,26 which influence the formation of nuclei for 

the crystallization as reported for lipid monolayers. This possibility can be 

excluded in the present case, because the addition of a small amount of RTC­

A 16M and a cationic dye DiiC 1 yield similar domain shapes of the two types. 

In addition, the domain structure was so stable that the shape was kept 

unchanged during transfer onto a mica plate. It is, therefore, considered that 

different shapes of domains in the monolayers should be attributed to different 

molecular structures of the peptides. 

Helical peptidcs possess a macrodipole moment along the helix axis.27 

Since the peptides studied here have the helix axis oriented parallel to the 
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interface,I O the dipole moment also takes a horiLOntal orientation. Theoretical 

considerations have shown that the molecules having a dipole moment oriented 

horizontally yield a needle-like solid domain at the air/v.ater interface, when the 

contribution of dipolar interactions to the anisotropic line energ} bctv.cen an 

ordered and a disordered domain is more significant than that of short-range 

nonpolar interactions.28 Therefore. COOHA 16M. which formed needle-like 

domains on the water subphase, is considered to possess a stronger dipole 

moment than other peptides, BAI6M, BA168, and BA160H. forming the 

leafy elliptical domains. This consideration leads to the follov. ing speculation 

on the molecular arrangement of COOHA 16M tn the monolayer. 

COOHA l6M should form a side-by-side dimer in a parallel arrangement with 

intermolecular hydrogen bondings bet\\Cen the carbox) lie groups, thus 

strengthening the dipole moment of the helix peptide. On the other hand, 

BA16M, BAI6B. and 8Al60H should lie side by side in the monola)Cr with 

an antiparallel orientation. This speculation is consistent with the molecular 

properties of COOHA 16M for the following reasons. COOHA 16M does not 

form solid domains on the surface of an alkaline solution. indicating that the 

crystallization of the peptide is disturbed by hydration of the N-terminal region 

as described before. IS However, COOHA 16M deposited on the surface of 

water and an acidic solution fom1ed solid domains, probably because of 

dehydration of the N-tenninal region due to intermolecular hydrogen 

bondings. In the case of BA 160H, theN-terminal region has a hydrophobic 

Boc group, and the dissociation of the C-terminal carboxylic acid is sup­

pressed by the interaction with the negative pole of the helix macrodipole. 

Therefore, BA 160H should be hydrophobic enough to produce solid domains 

without intermolecular hydrogen bondings on the surface of an alkaline 
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solution. 

These pcptides are the first examples to form two-dimensional solid 

monolaycrs at the air/water interface without the help of long alk}l chatns 10 

the molecule. Domams \\Cre detected in the monolayer upon phase transition. 

and the shape of the domain was related with the molecular structure and the 

pad>~ng of the peptides in the monolayer. Various types of two dimensional 

cry')tals of the pept1dcs with a defined secondary structure were found to be 

fonned simply by the Langmuir technique, which should be useful for 

developing a supramolecular assembly. 
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Chaptl' r 3 

Monolayer Formation and ~1o lecular O rientati on o f 

Va rious Helical Peptides at the Air/Wate r Interfa ce 

Introduction 

Hydrophobic helical peptides Me one of the secondar) units construct­

ing the core region of globular or membrane proteinc;.l ~ A<>sembl) of ht'l1ces 

f rcquentl y occurs in natural proteins} -l Studies on interaction het\.\ l't'n 

helices and factors go\(~ming the molecular packing of helices are important in 

understanding the fonnat1on of tert1ar) structure and/or the stabilit) of prott•in 

structure.5.6 The monolayer technique IS a useful means for the studH.'s. 

because it detects intermolecular forces operating in a two dimensional arra~ of 

molecules and the 7t -A isothem1 pro.,ides infonmll1011 on the mokcular 

pacJ..ing.7.~ 

The helical hexadecapeptide, BA 16M, forms a monolayer at the interface 

with a parallel orientation of the helix axis to the interface,'J which is revealed 

by the comparison of the 7t -A isotherm \.,.ith the molecular stmcturc deter 

mined by the X-ray analysis.IO The monolayers of BA 16M and some of 1ts 

derivatives with different terminal groups showed a phase transition from a 

liquid state to a solid state as the surface pressure increased.'>.ll The 
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nuorc"cence microscopic imestigation re\ealed that these molecules form a 

two-dimensional Cl) stal at the a1r/water interface and the morphology of the 

monola) crs IS different according to the end group of the helical peptide .I:! 

In the present chapter. ten kinds of helical peptides (Figure l) ""ere 

newt) synthcs1Led to study interactions between hclicec; in the peptide 

monola)'l'r fanned at the air/water interface. All of the peptides have Aib 

residue. ·1 his residue is effective to induce the helical confom1ation. because 

the stenc hindrance around the a -carbon atom of Ai b residues makes other 

fflAla-Aib>.?vQ 
AdmA 168 

.... 0, 
Ala-Aib)x H 

() 
AdmA 160H 

I I 

Hoc <Ala Aio>tm~ 
I I 

BA 16FB 
O I I 

Tl-A· H-(Aia Aib)c \0-1 

I I 

HA 16FB 

OF\ 
Boc-(Lcu-Aib)~ \;~ 

BL168 

CZF\ TFA·H-(Lcu-Aib~ ~ 

HL168 

0\ 1\ 
HCI- H-Sarr(Leu-Aib )~ ~ 

HS3L168 
0 

Boc-(Lys(Z)-Aib){ 'cH
3 

BKZ16M 

QF\ 
Boc-McAia-Pro-McAia-Aib-(Aia-Aib)~ ~ 

0 
TFA· H-(Lys(Z)-Aib)~ 'eH 

.~ 

BMAI6B HKZ16M 

hgurc I Molecular structures of helical peptides synthesized in the present chapter. 
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confom1ations difficult to occur.IJ.I4 Fi' e of those peptide" have a common 

repeating sequence of Ala Ai b and vanous end groups hm ing dlllen.•nt 

hydrophobic1t1es. other two a repeatmg sequence of L)c;(Z) A1b. and the rest a 

repeatmg sequence of Lcu A1h The modification of tennmal groups was 

designed to prO\ 1de a primal)' amphiphilicll) for the heh\. ~ome biologit·alt) 

acti\e peptide honnoncs possess a primal) amph1phd1c1t) to promott• 

distribution to phospholipid bilayer membrane v. ith a parallel oncntatiun to the 

bilayer normal. I ".1 <, The orientation of hydrophobic peptides "Prl'Hd at the 

air/water interface may be changed by the primary amphiphilicit). In this 

respect, the ammonium groups in HAI6FB. HKZ16M and HLI6B and the 

trisarcosine sequence in HS3LI6B at theN-terminal should be cffccti\c to gl\ c 

a primary amphiphilicity. These peptides were spread at the air/v.ater mtcri'ace 

to measure their re A isothem1s and transferred onto c;uuable c;ub-,tratl's for 

spectroscopic anal ys1 s. 

Materials and Methods 

Peptide Preparation 

Boc amino acids were purchased from Kokusan Chemical Works. Ltd. 

(Tokyo. Japan). HOBt . DCC and TFA were purchased from Peptide 

Institute. Inc. (Osaka. Japan). Aib-OBzl was synthesized as described in 

Chapter I. All the peptidcs used in this chapter were prepared by the 

conventional liquid-phase synthesis using as coupl ing reagents DCC and 

H0Bt.I7 TLC was performed on a silica-gel plate 60 F254. 0.2 mm th1ck 

(Merk) with the solvent system (A) chloroform I methanol I acetic ac1d (90: 10 

: 3 v/v/v) or (8) ethyl acetate I methanol (85 : 15 v/v). Peptidcs on the plate 
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were visualized by spraying ninhydrin tR or o-tolidtne I J 08!1 with DCC and HO Bt. Alter purif~ tng b~ the l.H 20 C~)lumn. H\.lA 168 

v.:as rcCI)'italltzed from a methanol t<.oprop) I ether (3: I ' ') lllt\ture. fLC: 

AdmA16B and AdmA160H R1{A) 0.65, Rt<B) 0.85. 

Roc-(Aia Aib)K OR.d was s;nthesized as described in Chapter l. The 

hen:t.) I cc;ter \\as removed by the catal) ttc hydrogenation in a 2-meth) I !­

propanol solutiOn with palladium carbon. f hc Boc group \\aS remo\ed b) 

treatment with ·n·A. TFA·H-<Aia-Aib)s-OBzl or TrA•H (Ala-Aib)g-OH \\ as 

dissolved in pyridinc and reacted with 5 fold mole of 1-adamantancarbonyl 

chloride Cl okyo Chemtcal lndustr). Tokyo. Japan) at room temperature for 24 

h. follo"'cd b) gel ftltratton with a Sephadex LH-20 (Pharmacia. Sweden) 

column b) using methanol as the elutton solvent. The major fraction \\ as 

<.:olkctcd and concentrated, followed by recl)<>talhzation from methanol to 

tlhtain AdmA 168 or AdmA 160H. respectively. TLC: AdmA 168; R1{A) 

0.60. R1{8) 0.81. AdrnA 160H; Rt{A) 0.43. R1{8 ) 0.58. 

BMA16B 

A rert-butylO\ycarbon; I .\ -meth} 1-L-alanine (Boc-MeAia) was 

synthesi1ed from Boc Ala and CH~J.:!O Boc McAia and Aib-OBzl "'ere 

coupled in a DM F- solution. follo .. ,ed b) purification with a si lica-gel column. 

l he product dipeptide wa<. treated " ith 4 N HCI in a I .4-dioxane solution to 

remove the Boc group. Hoc-Pro .. vas connected to the free N terminal of the 

dtpcptide to obtain a tripeptide. After puri fy ing by the LH-20 column and 

removing the Boc group. Boc MeAia .... as connected to the N terminal of the 

tripept ide. The tetrapeptide \\ as purified by the LH-20 column. The 

tetrapeptide \\ as h)drogenated as descri bed above to obtain Boc-MeAia Pro­

MeAl a Aib-OH (8M40H). BM40H was coupled with TFA•H-(Ala-Aib)6 -
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BA l6FB and HA 16FB 

Aib-OCH~C F,:; (Aib-fB) was symhesi:tcd l'nllll Aib and 

pentalluorobcn:t)l alcohol <PrB) ('I ok.~o ChemH.'ctl lndu-;tn l'ok)o. Japan) 

using p-tolucnesulfonic acid as a cat<ll) st 8oc Ala ''as coupkd with At b 1-H 

lo obtain a dtpcptide. The dtpeptide v.as treated ''ith 4 N HCI in a 1.4· 

dioxane solution and connected to thl· C terminal of Bnc·(AI.t Atb)- OH \\tth 

DCC and HOBt. followed by the LH 20 column and ret'l) stallllatton fn,m 

methanol to obtain BA 161-H. HA 16f;B '' ,ts prepared by remt)\'i n g Bo<.: group 

from BA16FB with TFA. l'ollo\\Cd by rccl)stallization from llll'thanol. T I .C: 

BA 16rH: Rr<A) 0.46. R1<B> 0 50. HA loi-B: R1<Al 0.11. Rt< H l 0. 10. 

BKZ16M and HKZ16M 

BKZ 16M was prepared by the same procedure as BA 161\.1 from Ro<.: ­

L}s<Z> and Aib-OMe.to The rC<.:I)stalltJation was carned out 111 a methanol / 

isoprop) I ether (I: I v/v) mi \tu re BKZ 16M "a<> treated with ·r r A to obtain 

HKZ16M. TLC: BKZ16M: R1<A> 0..59. R1<B) 0.91 HK716M: R1<Al 

0.38. R1{ B) 0.42. 

BL16B, HL16B and HS3Ll6B 

BL16B \\as prepared b} the same procedure as Boc-(Aia Atblx-08!1 

with mtnor modifications. BLI6B was treated wtlh ·r I-A to remove Boc 

group to obtain HL1 6B. Boc Sar, OH was synthes11cd b) a srepwi'>c 

65 



elongation as reported before.21 HLI6B was connected to Boc Sar~-OH. 

followed by punficat1on by the LH-20 column to obtain BS3LI6B. 

B"i3LI6B was treated .. vith TfA to obtain HS3LI6B. TLC: BLI6B: R1{A) 

0.50 JUB> 0.89. HL16B. R1{A) 0.30. R,(B) 0.62. HS3LI6B. R1{A) 0.38. 

R1( B> 0.65. 

Methods 

BLI6B, HLI6B and HS3LI6B were dissolved in chloroform and other 

peptide samples were dissolved in chloroform I methanol (911 vlv) mixture at 

the con cent rations of ( 1.5 - 3) X I 0 -..J M. The re -A isotheml was recorded at 

a constant rate of reducing area with a Langmuir trough having the surface area 

of 900 cm~. The peptide c.:.1lution was spread on the aqueous phase b) using 

a microsynnge. and equilibrated for 15 mm before compression. Double 

dJsttlled water .... as used for the subphase. 

J-or IR transmission and reflection absorption spectra (RA$),22 .21 the 

monola) er .. , as transferred onto a CaF2 plate ( 2.5-cm diameter) or a slide 

glass coated with silver (2 X 5 cm) at a constant surface pressure. The 

transfer rates were nearl) unit). The IR spectra were recorded by a Nicolet 

Model 710 J-ouner transform infrared spectrophotometer equipped with an 

MC[' detc<:tor with the resolution of 4 cm '· For RAS measurments. a 

Harrick Model RMA I DGIVRA reflection attachment was used at an incident 

angle of 8S . with a Hitachi wire grid polarizer. 

CD spectra of peptides in ethanol I water (95/5 v/v) and of the films 

transferred onto quartt plates ( 1.2 X 2.5 cm) were measured at room 

temperature on a JASCO J-600 CD spectropolarimeter. An optical cell of 0.2-
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cm path length \\as used for the peptide solution at the concentration of l.'i X 

I0-5 M. and six pteces of the plates \\Cre fixed in a cell holder tn series with an 

interval of 1-mm thick spacer. The intensit} of the Cotton effect was 

normalized for the mole number of peptides in an unit area. 

Results 

The CD spectra of AdmAI6B. BMAI6B. BKZ16M and BLI6B in an 

ethanol I water (95/5 v/v) mixture are shown in Figure 2. All the pept1des 

possess a double-minimum pattern of spectrum that is characteristic oJ an a 

helical structure.2-J The helix content of the peptides was about 70 ~. and the 

helical structure was not serious!) influenced by modification of the II.J or C 

terminal. 

The re A isotherms of AdmA 168. AdmA160H and BMA 16B at 20 C 

are shm.,.n in Figure 3. and those of BA l6FB and HA 16FB in Figure 4. I he 

inflection point appeared in the re -A isotherms around 260 A2/molcculc 

(Figures 3 and 4). The irregular bumping and decrease of the surface 

pressure at a constant surface area were observed at smaller areas than that at 

the inflection point. indicating a collapse of the monolayer. The area at the 

inflection point of the re -A isotherms is very close to the sectional area of 

BAI6M along the helix axis (239 A2), according to X-ray analysis. to Thic; 

observation indicates that the peptides take the a -helical structure at the 

air/water interface with a parallel orientation to the interface. 
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Figure 2 CD c;pcctra of AdmAl6B (-- ). BMAI68 (---). BKZ I6M (- • -) 
and ( ) 8Ll6B in an ethanol I water (95/5 \/v) mixture at the 

concentration of 1.2 X l 0 5 M at room temperature. 
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The re -A ic;otherms of BA16FB and HAl6FB (Figure 4) arr quite.• 

similar to those of BA 168 and HA 168. respecti' el) (see Ch<lpter I ). 

Substitution of the benzyl group with the pentafluorobenl) I group (hd not 

affect the molt!cular oricntatton and pack.ing of the monolayer. 

The re-A isotherms of BKZI6M and HKZI6M (figure 5) show a quite 

clear inflection around 430 A ~/molecule. This inflection represents a collapse 

of the monola)er, becauc;e the surface pressure bumps trrcgularl) and 

decreases when the surface area JS kept at a constant value ,., hi eh is smaller 

40 

E 
7. 30 
E 

':) 

V 
~ ·-.... 
:::) 

./'!10 

-~-- ... .. .. --~-' • .... 
'....... "' -.... 

'· 

zoo 

· , I 
' I 

\ 
~ 1 

::=- - ~ - = 

400 600 
Molecular area (;\2/rnolcculc) 

Figure 3 re -A isotherms of AdmA 168 (- ), AdmA 160H ( ·- ) and 
BMAI6B ( · -)on double-distilled water at 20 C. A mound ic; 
indicated with an arrow. 
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than that at the inflection point. The inflection point of BL168, HL16B and 

HS3LI6B appears around 310 - 320 A2/molecule in the isotherm (Figure 6), 

which is also ascribed to collapse of the monolayer. These values of the 

surface area represent the sectional area of each helix, indicating that the 

peptides take a parallel orientation to the interface irrespective of the nature of 

end groups and amino acid residues. 

A mound is observed in the 7t-A isotherms of AdmA 168, BA16FB, 

HLI6B, and HS3Ll6B at the initial part of the sharp increase of the surface 
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Figure 4 7t -A isotherms of BA 16FB (-)and HA 16FB( ---)on double­
distilled water at 20 oc. A mound is indicated with an arrow. 
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pressure (indicated by an arrow in Figures 3, 4 and 6). The mound is 

explained in terms of phase transition of the monolayer from a liquid state to a 

solid state as observed in the case of BA 16M.').l2 Although any mound was 

not observed in the isotherm of BLI6B, the steep slope indicates the occur­

rence of a solid state of the monolayer. On the other hand, monolaycrs of 

AdmA160H, BMA16B, HA16FB, BKZ16M and HKZI6M are considered to 

stay in a liquid state, because the slope of the isothem1 is gentle and the 

collapse pressure is relatively low. 
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Figure 5 7t -A isotherms of BKZ16M (-)and HKZJ6M (---)on 
double-distilled water at 20 oc. 
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The monolayers were transferred onto quartz plates at a constant surface 

pressure which is smaller by 2 mN/m than that at the inflection point, and CD 

spectra of the monolayers \\Crc measured (Figure 7). The intensity of the 

Cotton effect at 222 nm changed by 15 % upon rotation of the quartz plates, 

probabl) due to linear dichroism,::!S CD spectra are the same among the 

pcptides, AdmA 168, AdmA 160H. BKZI6M and BLl6B, sho .... ing a -helical 

conformation.25 No significant dtfference was observed in the CD spectra 
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Figure 6 re A isotherms of BL16B (---) .. HL16B (-)and HS3L16B (--) 
on double distilled water at 20 oc. A mound is indicated with an 
arrow. 
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bct\\CCil AdmA 168 in a solid state and AdmA 160H 1n a liquid state, Indicating 

that the d1ffcrent monola}cr states bet\\ ccn AdmA 16B .llld AdmA 16011 1s not 

due to conformational difference. 

RA.S and IR transm1sston spectra of AdmA I6B an.• sho" n in ~ig.un .. · K 

The monolayers were transferred onto Ag and Car~ pl.lle, respect in:!). at I 7 

? . OOOE-t 0? r-'_.,. t ..-;--..,....,.--,1.., t-t r' 1 t 1 r! r t 1 r r r r' r 1 • r t 1 r • r r' I' • 1 1 1 1 '1' 1• r 1 t 1 r t 1 r 1 1' 1 t 1 r t t ' "" .. -
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Figure? CD spectra of AdmAl6B (- ), AdmAl60H c ), BKZ16M 
(- • -)and BLI6B (- ) monolayer transferred onto a quart/ plate 
at the surface pressures smaller by 2 mN/m than those at innection 
points. 
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Figure 8 RAS and IR transmission spectra of AdmA 168 monolayer 
transferred onto a slide glass coated with sih er and a CaF2 plate. 
respectively. at a surface pressure of 17 mN/m. Incident angle 
of RAS was ss·. 
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Figure 9 IR transmission spectra of AdmA 168. BKZ16M and BLI6B 
monolayer transferred onto a CaF2 plate at the surface pressures 
smaller by 2 mN/m than those at in1lection points. 
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mN/m. The absorbance ratio of amide 1 band at 1660 cm I and amide 11 band 

at 1550 cm I was srgr11ficantly d1fferent in the two spectra. Notably, the 

amide 11 band at 1550 cm I was stronger than the amide I band at 1660 cm I in 

the RA C) Ihis result 1s explained 1n terms of orientation of peptide molecules 

on the substrates. The absorption having a transition moment perpendicular to 

the optical path ax1s, which is parallel to the substrate surface, appears strongly 

in the transmission -;pectrum. On the other hand. the absorption having a 

trans1tton moment perpendicular to the substrate surface absorbs the p­

polarilcd light, which produces an electric field parallel to the incidence plane, 

intensively in the RAS21 The transition moment of amide I absorption lies 

apprcciabl) in parallel to the heltx axis and that of amide 11 absorption m 

perpend1cular to the helix axisY• Consequently, the helical peptide is 

concluded to have the helix ax1s oriented perpendicularly to the normal of the 

substrate. and therefore. in parallel to the air/water interface. 

The monolayers of BKZ 16M and BL16B were also transferred onto a 

CaF-2 plate at 11 and 18 mN/m, respectively, which are smaller by 2 mN/m 

than those at the inflection point. and IR transmission spectra were measured 

(Figure 9). The absorption of amide I band is strong, and the absorption 

wm en umber is the same as that of AdmA 168 and is characteristic of hel ical 

structurc.2~ Therefore. BKZ16M and BLI6B are also concluded to take the 

a -helical structure at the interface having their helix axis oriented parallel to 

the interface. 
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Discuss io n 

The n; A isotherms of the peptide<; '>pread on \'\ .ttcr are rlassi ficd i ntn 

following three groups: i) a '>teep slope: BLI6B 11) a ..;teep slopt• '' ith 

inflertion (or a mound) at the initial pan of the slwrp IIH.'rea"l' of o.;urfa<:l' 

pressure: AdmA16B. BAI6FB. HL16B. and HSJI 1611. iti) a gctllll' <;lope 

with a relatively lo'' collapse pressure: AdmA 160H. BMA JoB. HA.l6F-H. 

BKZ16M. and HKZ16M. The monolayers of cla"s t) and ill) art• 1n .1 ..,ol1d 

and a liquid state, respecti,el). and in the class ii) monola)ers the phast.' 

transition from a liquid state to a sohd state is obsen t'd upon compression. 

Sim:e all the peptides take a helical structure in the monolayer. tht• different 

bchaviors of the isotherm arc due to different molecular stru<:lllres of the 

pcptides. 

fhe isotherm of BLI6B ts s1milar to that of stcanc acid.~X indtcallng that 

BL16B is easily packed into a two-dimensional crystal. The cross section of 

the peptide at the inflection point was compared with that of molecular 

model.29 According to the theoretical model under the assumption that the 

side chains take a fully extended conformation, the longest distcHJce from the 

cent er of the hcl ix to the edge of the 6 methyl group of Lcu rest due and that 

from the center to the edge of the {3 -methyl group of Aib residue IS estimated 

to be 7.5 and 5.8 A, respectively. The length of the helix along the helix axis 

should be equi,alent to that of BAI6M (25.7 A). because both have the same 

secondary structure. The molecular area at the inflection point is in good 

agreement with the product of the helix length by the sum of the external radii 

( 13.3 A). It is indicated that the side cha111s of Leu residue of a helix penetrate 
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into a groO\e of other helix, so that an interdigitation state appears. fhe 

molecular pad.mg of BL16B should be so tight due to interdigitation that a 

soild monolayer of BL16B is formed. 

An ammonium group at theN terminal of HL16B and HSJLI6B might 

disturb the molecular pack.ing of the peptide. However, this effect is 

overcome b} the 1nterdig1tation effect upon compressiOn, and the phase 

transition of the monolayer tak.es place. 

On the other hand, the cross-section at the inflection point of BKZ 16M 

and HKZ 16M (430 A2/molecule), which was estimated from the CPK model, 

indicates that the side chains of Lys(Z) residue lie on the surface of the helix 

rod "1thout interdigitation. The bulky side chains of Lys(Z) residue might 

stcricall) hinder the molecular packing. resulting in a liquid monolayer. 

AdmA 160H and BMA 16B did not fom1 a solid monolayer, although 

BA 160H and BA 168 formed it with accompanying phase transition. 

AdmA 160H has a hydrophobic adamant} I group at the N terminal and a 

hydrophilic carboxyl group at the C terminal. This structure IS regarded as a 

pnmary amph1philic11y. The peptides with a primal) amphiphiliclt) tend to 

oril·nt themsch es parallel to the normal of the lipid bilayer."> As a conse­

quence. thl' heli\ a\is of AdmA 160H take an oblique orientation to the 

:m/"'ater interface. resulting in a liquid monolayer. In the case of BMA 16B 

monolayer, three rcsidues succeeding the N-terminal group should extend to 

the air phase. because they do not have amide proton. The amide proton and 

carbonyl group at the N or C terminal, respectively, of a helix are free from 

intramolecular hydrogen bonding and tend to be hydrated. Therefore. the 

hcli\ a\IS of BMA 168 should be more oblique against the interface than that of 

BA 168. resuhmg in a liquid monolayer. Jt is expected that peptides having a 
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high degree of primal) amphiphiliclt} \\ill orient themseh es pcrpendlcularl) to 

the interface. 
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Chapter 4 

T he Molecular Recognition of Bio tiny l H) drophobic Helica l 

Peptides with Streptavidin at the Air/Wa te r Interface 

Introduction 

Peptide~ are regarded as the ideal unit for construction of biolog1cally 

functional molecular systems, because they tak.e a defin1te confom1at1on I and can be 

functionalized by chemical modifications at side chains2 or chain terminals. 1 lt has 

previously been reported that a hydrophobic peptide, Boc (Ala Alb)x OMe, took an 

a -helical conformation as evidenced by X-ray diffractiOn analysis of the crystalline 

structure.~ In Chapter I, the analogues modified at the chain terminus are shown to 

form a stable monolayer at the air/water interface. The monolayer technique is the 

basis of the Langmuir-Biodgett method, which might be useful for the preparation of 

functional thin layers. 

The biotin and streptavidin (SAv) system is a well known biological receptor/ 

ligand pair,6 having a specific and strong interaction (KcJ = 10 '" mol/1).7 Many 

lipid derivatives having a biotin group were spread at the air/water interface, and 

upon adding SAv to the subphase. two-dimensional crystal of SAv was formed at 

the interface, due to binding of SAv to the lipid.X 

In the present chapter. the monolayers of hydrophobic helical pcptides carrying 

a biotinyl group at theN terminal were prepared at the air/water interface. Using the 

monolayers as the matrices, the two-dimensional crystallization of SAv was 
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attempted. 

Materials and Methods 

Materials 

1\vo kinds of peptides having a biotin group. BioS3A 16M and BioA 16M 

(Figure I) were S) mhesiLed as described in Chapter 2. A hydrophilic peptide 

spaccr. tri.,arcosinc. is inserted between the amino terminus of the helical peptide and 

the hiot1n group in BioS3A 16M, but the spacer peptide was not used in BioA 16M. 

The inactive SAv was prepared by treatment of SAv with 5-fold M of biotin in 

water to block its binding sites followed by the gel filtration through a G-25 column. 

Strcptavidin was labelcd with FITC (rlTC-SAv) 10 or rhodamine (Rh-SAv)ll b) the 

method described 111 Chapter 2. 

O~~rs H 0 0 
N 1'0vyN~(Aia-Aib)g 'CH~ BioA16M 

0 

o:(~rs H 0 0 
Ni-Vv1r:-.:~Sar3-(Ala-Ai b)~ 'CHl BioS3A I6M 

0 

Figure I 

Methods 

Molecular stmcture of the biotinyl peptides, BioA J6M 
and 8ioS3A 16M. 
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CD 
CD of the two peptides \\aS measured 111 ethanol \\ater (<J5: 5' v) at f0()11l 

temperature using an optical cell of 1-cm path length. 1 he other conditions were the 

same as employed in Chapter I. 

n; -A isotherm measurements 

7t -A isotherm was measured by a homcmade Langmuir trough \\ ith 490 cm2 

of the surface area. I 2 The experimental procedures are descnhed 111 Chapter 2. 

The interaction of BioS3A 16M or BioA 16M with SAv was invcc;tigatcd on the 

trough in the follov.ing procedure. After the b1otin) I pept1des were spread on 0.5 M 

NaC'I solution to the surface molecular area of 1800 A2/molecule. an aqueous 

solution containing 1 mg of SA\ or inact1ve SA\ was inJected into the suhphase ( .::;()() 

ml) and the mixture was incubated for an hour at 30 ' C. followed by cooling down 

to 20 C. A compression \\as begun at the rate of 0.17 cm2/s. The h) stercs1s 

experiment was carried out in the following order: (I) compression to 8 mN/m: (2) 

immediate relaxation of pressure to attam the largest surface area: (3) incubation for 

20 min at 20 oC; (4) compression at the rate of 0.17 cm2/s to the smallest surface 

area. 

Fluorescence microscopy 

The solution of BioS3A 16M or BioA 16M as varying concentrations was 

spread at the air/water interface in a small trough ( 10 cm2) to the range of 1500 500 

A2/molecule (a gas-analogous state). FIT(' SAv was injected into the aqueous 

subphase (0.5 M NaCI), followed by incubation for I 18 hours. 1 he domam 

formation of the labeled SAv was observed by the fluorescence microscope.lr, 
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Results and Discussion 

The CD spectra of both pcptides (hgure 2) showed the t;pical double­

minimum pattern 1n ethanol I water (9.5: 5 ' lv). indicating that both peptides take an 

a helical conformatiOn.'> fhe isotherms of both peptides show an innection point 

at 2')() A" 111 the absence of the protem in the subphase. \'>'hich should be collaps1on 

........ 
0 
E1 
~ 
E 
u 
0/) I 

V 

\ 
-o 

"' ~ \ 
X I 

~ ...... 
u ·o 
c. 

::3 
V 

la 
0 
::E 

-3.0 

200 Wavelength (nm ) 260 

Figure 2 CD spectra of BioS3A 16M ( -- ) and BioA 16M (- -) in ethanol I water 

(95: 5 vlv) at the concentration of 1.1 X I 0 s M by using a CD cell 
'' ith I cm path length. 
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point of the monola;er (Figure 3. without protein)." fhe molecular area of the 

innection \\as m agreement w1th the cross sect1on along the hel1cal a\ls olthe hl'IH .• II 

part. which was determined b; X-ra; anal; sis.--1 fhe observatiOn strong!) suggcsts 

that the heltcal part of both BioS3A 16M and BIOA lo\1 oricntcd the helical ci\IS 

parallel to the interface . .:; 

It is notable that a small mound was obsen ed around 300 A: in thl.· isothcrms 

of both peptides under the compression process (see hgure 8 111 Chapter 2). Sllll'l' 

peptides havmg a definite cham length tend to a<>s<X·iate together in an ordcrly 

form.!~ BioS3A 16M and BioA 16M arc considered to form regular clusters e\ en in 

the liquid phase. When the small clusters arc forced to contact tight!; '' ith ead1 

other at the transition pressure from the liquid to solid phase by compression. the 

clusters might be merged into a large domain accompanying rcorientat10n of the 

peptides. This is considered for the explanation of the mound observation in the 

isotherm in contrast to the biotin}lated lipids. n: A isotherms of A1oSJA 16M 

(Figure 3a) and BioA 16M (Figure 3b) with active or inactive SAv were measured. 

Nonspecific interaction of SA\ with the interfacial film can be estimated from the 

effect of the inactive SAv on the isotherm.8 The addition of inactive SAv caused a 

shift of the isotherm curve to the larger area, indicating nonspec1fic adsorption to the 

monolayer. It seems that higher amount of the inactive SAv was adsorbed to the 

biotinyl peptide monolayer than to the biotinyl lipid monolayer,H probably because 

the biotinyl peptide is more similar to SAv than the biotinylatcd lipid in chemical 

properties. TheN terminus of the helix part in BioS3A 16M should be pulled into 

the water subphase due to the hydrophilic spacer, trisarcosine, more strongly than 

that in BioA 16M. This should explain why BioS3A 16M showed slightly larger 

shift than BioA l6M in the n: -A isotherm upon interaction with inactive SAv, which 



(a) 

20 

(b) 

20 

Figure 3 

100 500 I~ 
Molecular area (A2/molccule) 

100 500 1000 
Molecular area (A2/molccule) 

7t -A isotherms of (a) BioS3A 16M and (b) BioA 16M interacting with SAv 
or inactive SAv or in the absence of SAv. The curves of compression. 
e\.pansion and recompression in this order are shown together with arro"s 
in the presence of active SAv. 
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reflects the degree of nonspecific interaction. BloS3A loM c\.poscs a larger 

molecular surface to the water subphase. "hich promotes access of <.,trepta\'ltlin in 

the subphasc to the peptide. The specific mteract1on '"as estimated b) the dJilcrer1l'l' 

between the isotherms in the presence of acti' e SA v ant! i nact1' e SA'. Ob' 1 oust). 

the presence of active SA\ increased the molecular area more strik.mgl) than the 

presence of inactive SAv. indicating the specific binding of SA\ to both pcptideo.;. 

BioS3A 16M and BioA 16M, at the interface. The 7t A isothcm1s were measured 

upon compression. expansion. and recompression in the pre">ence of actn e SA'. but 

no hysteresis was detected in the complex formation (hgure 3). The agreement of 

the recompression cune \\ith the first comprcssron one in f-igure 3,, and b means 

that the protein-peptide complex monolayer is stable. Appro\imatcl) 2/1 of the 

biotinyl peptides 111 the monolayer should ha\C been bound to SAv, tak.1ng the 

following points into considerations: (I) One molecule of streptavidin occupies thl' 

area of about 3500 A2 at the interface in the two dimensional er) stal. I' (2) Two of 

the four binding sites of SAv should contribute to the intcrfaclcll bind1ng.x ~~ I" (3) 

The surface pressure begins to increase by the interaction with the active SAv at the 

area of 1000 A2/molecule or a little higher value (Figure 3. "ith SA'). The amount 

of SA v bound to the monolayer of BioS3A 16M was nearly the same as that bound to 

the monolayer of BioA 16M. The biotin moiety of BioSJA 16M should sta} at the 

aqueous phase due to the presence of hydrophilic spacer. result1ng in an eac;} access 

to SA v in the aqueous phase. 

In the case of BioS3A l6M, domains of the FIT(' -SA' \"ere observed ( hgurc 

4), which displayed distinct fluorescence anisotropy on irradiation of polariLed 

excitation light. The anisotropy is caused by the m1croscopic orientation of the 

fluorescence probe attached to the SAv molecule and strongly suggestc; that the SAv 

molecules are highly ordered in the domain. Therefore, the domain should be 
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(a) 

(b) 

Fluorescence probe 

-- Streptavidin 

Figure 4 (a) Fluorescence micrograph and (b) schematic representation of the 
complex of BioS3A 16M and FITC-SAv at the air/water interface. 
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constituted by the two-dimensional crystal of SA'·' Wht•n the Rh SA\ \\,\ ... ll"t'(L a 

similar anisotropic domain formation \Vas ObSCr\ CU. Hm' e\ cr. in the t'ase of 

BioA 16M. which has a shorter spat·cr chain brt,,een tht.• hdi:... peptiut' and the hl~)ttn 

moiety, the domain for111ation \\as not observed. ,\m! Oil I) the homogL'Ill'OUS 

fluorescence ''as done with either f-ITC ~A' or Rh ">A'. The Tt -A ist't ht.•rm of 

BioA 16M '"as similar to that of BioS3A 16M. rcflccttng s1milar binding bt•h,t\ iors 

with SA v (Figure 3 ). Therefore. two-di mens tonal cr) stal of SA' ''as not formed 

from 13ioAI6M. because the short spacer chain in 13JOA16M dtd not alto\\ thl' 

crystalline arrangement of SAv. This result is dil'frrt·nt from the case of the 

btotiny lated lipid monolayer performrd beforc.x The btottll) I,Ht•d lipid ''lthout a 

proper spacer did not induce formatiOn of two d11nensJOnnl crystnl of SA'. bt.•cause 

SA' could not btnd to the biotin group of the liptd '>pread at the atr/\\CHer tntcrlace.x 

In the case of the peptide monolayer. ho\ve\er. the peptide BioA 16:vt did not tnducc 

fomwtion of two-dimensional crystal of SA'. although SA v b11H.ls to the peptide 

simtl.trly to B1oSJA 16M. as e\ idenced b) the 1sotherms sho'' n 1n hgure ~ fhe 

different result on two-dimensional crystal formation between the biotinylatcd lipid 

and peptides is ascribed most!) to the different molecular area occupied at the 

airf,,ater interface. The molecular area of SAv factng to the interface, \\htch 

contains two binding sites for biotin at the distance of 20 1\, is esttrnated to be 55 X 

-l5 A2.1 7 The helical peptide was spread at the air/water interface with a parallel 

orientation of the helical axis to the interface." The length of the helix is 25.7 1\,4 

\\hich is longer than the half of the shorter side of SA" cross sect1on factng to the 

interface. Therefore. the peptide bound to SA v might cause stcric hindrance. 

pre\enting another peptide from bmding to a nearby SA'. Thts should be the case 

for BioAI6M and inhibit the crystallization of SAv. On the other hand. the 
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molecule of BioS3A 16M with a longer flexible spacer chain may reserve the 

molecular flexibility C\Cn after binding to SA\, \\hich enables it to accommodate the 

aligned helices which arc bound by SA vs accompanying the crystallization of SAv. 

1 he hydrophobic helical peptide with a biotin group behaved as the molecular 

recognition untt at the air water interface. The spacer between the biotin group and 

the amtno end of the peptide chain is necessary for the biotinyl peptide monolayer to 

function lil.e lipid-based amphiphiles. The difference between BioS3A 16M and 

B10A 16M 1n the fonnallon of the protein two-dimensional crystal should be ascribed 

to the spaccr length. However, we cannot exclude other effects of the spacer 

insertion into the biotin peptide on the two-dimensional crystal formation. For 

C.\amplc. the molecular polarit), the affinit) for the water phase, and the packing 

properties of the peptide might be changed by the hydrophilic spacer and therefore 

might result in the different pacl-ing state of SAv. 
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Chapter 5 

Bilayer Formation of Streptavidin Bridged b~ Bis (biotin)'l ) 

Peptide at the Air/Water Interface 

Introduction 

An ultrathin protein layer is an attractive system to de\ clop a molecular de' ice 

based on the function of protein.! A comement method to obta111 these protctn 

layers is their preparation as monolayer-; at the atr/liqutd interface. For instance. 1t 

has been reported that SAv formed two dtmensional crystal utHJemeath the 

monolayer of biotinyl ltpids spread at the atr/water Interface.:! In the two-

dimensional crystal. two of the four binding sites for biotin in the SA\ molecule arc 

occupied by biotin groups of the lipids. the two remalllmg ones arc free for further 

binding and exposed to the aqueous subphase.' Therefore. the SA\ layer can be 

regarded as the template of a highly ordered binding matrix for biottnylatcd 

materials. The formation of a monolayer of a biotinylated tab fragment of a 

monoclonal antibody underneath the template SA v layer has been reported recently. -1 

Concana\alin A "'hich is a water-soluble protein with specific binding sites for a 

sugar was bound to the template with an intervening tinker molecule having a biotin 

group on one end and a sugar moiety on the other, resulting in a protein multtlayer." 

With regard to these results the monolayer technique seems suitable for the assembly 

of functional protein multilayers. The ordered structure of the first layer has an 

template effect on the second protein layer. inducing an ordered structure of the 
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!alter. In this regard. a bilayer system of SAv (Figure I) should be interesting. 

because the distance bet\-\een the binding sites of SAv in the second layer is the same 

as that in the first template layer. Here, it should be noted that a linker molecule to 

connect the first and the second SA v layers should possess a suitable chain length 

with an appropriate rigidity to avoid coordination of two tenninal biotinyl groups 

with neigh boring b~nding sites of SA\ in the first template layer. 

Figure I Schematic representation of the SAv bilayer system. 
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Hydrophilic helical pcptides taJ..c a rigid secondar) structure. and thl' end to 

end distance is \ariable b) changing the number of amino acttl rl''H.Iue~ . 

Therefore. the helical pcptides are suitable for the linJ..cr molecule In thl' prl'-;ent 

chapter. a bisbiotinyl helical peptide ''as used as the llnker peptide. 1t is \\l'll 

knov. n that the peptide containing Aib resitlue has a strong tcndenc) to fonn a helical 

structure. because the dihedral angles of Aib arc constrained tn the helical rl'gwn due 

to the stenc hindrance around a -carbon atom of At b. c, I he re fore. the llnJ..cr 

peptide. 1 . containing Aib rcsidues in the amount of 213 of the total rest due" ''as 

designed and synthcsiLetl (Figure 2). The formation of the protein hilayt·r 

connected by the linker peptide was investigated b) the surface plasmon resonance 

(SPR) and the fluorescence microscop) 

11 ~~ 
o=< s 11 ° \Ut' ~, <, '~ {) 11 .... >= 

~ '~Lys-Aib-Aih)~ ~ <, ~ 
() 

Peptide 1 

() ~~~~>=() 
• . A A A u 0/'l'v" ' 

IIS/VVVV'V'~ "\,., V () 11 

Btottnyl thiol 2 

Biotinyllipid 3 

Figure 2 Molecular stntcture of the compounds, bis(biotiny I) helical 
peptide 1 , biotinyl thiol 2 and biotinyllipid 3 . 
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Materials and Methods 

Materials 

Hoc <Imino acids. DCC. HOI:3t and BoczO were purchased from Kokusan 

Chenm.:ctl Works ( l"okyo. Japan). Biotin ammocapronate ,\ hydroxysuccinimide 

''as purchased from Sigma (St. Louis, USA). Synthesis of the biotin thiol 2 and 

the biotlll)llipid 3 has been described elsev.here.2 ' RTC SAv and inactive SAv 

\\ere prepared by the method descnbed m Chapter 4. 

Peptide prcpata tion 

Hoc A1b '"as prepared by the reaction of Aib with Boc20 in DMF Aib-OMe 

"as synthesized by the method described in Chapter I. The peptide tinker, 1, was 

sy nthesi1ed by a conventional liquid phase synthesis using DCC and HOBt as 

coupling reagents (Scheme l ). rhe crude peptide was purified by the partition 

chromatography using a Sephadex G.SO column. which was equilibrated with the 

upper phast' of !-butanol I acetic acid I water (4: I : 5) and eluted with the lower 

phase. rract1onc; of the main peak \\ere collected and concentrated by e\aporation. 

I LC \\as pcrfom1cd on a silica-gel plate 60 F254. 0.2-mm thick (Merk. Oannstadt. 

C~enmmy >in the sohent system (A) butanol I acetic acid lwarer ( 10: I : 3 vlvlv) or 

(B) ethyl acetate pyridinc I fom1ic acid I water (63 : 21 : 10: 6 \l\l\lv) with 

'isualin\11011 by spraying ninhydrin. TLC: Peptide 1; R1{A) 0.43. R1{ 8 ) 0.55. 

CD 

CD spectra of the pcptides were measured in distilled water . .500 mM aqueous 

l\<1CI o;;olut1on or 50 mM phosphate buffer solution (pH 4.5. 11.0 and 7.0) at room 
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temperature usmg an optical cell of 0.5-cm path length. The other experimental 

conditiOns were the same as employed in Chapter l. 

Titration of SA v with biotinylated compounds 

A 10 mM solution of 2-(p-h]droxyphenylaw)benLOic acid in I N NaOH (30 

J..tl) \"as added to SAv solution (3 mg/10 ml ofO.l M phosphate buffer solution). 

The mixture was diluted by adding the same volume of 0.1 M phosphate buffer 

solution and was placed in a UV-VIS cell. The titration curve was obtained from 

the absorbance at .500 nm of the solution by adding of small amounts of aqueous 

solution of peptide 1, biotin or biotinylated suger.5 

Fluo r escence micr oscopy 

The protem bilayer was formed at the air/water interface in a small trough (10 

cm2) by the following procedure: ( l) the biotinyl lipid (Figure 2) was spread on the 

aqueous subphase (0.5 M NaCI) at a concentration of .500 A2/molecule; (2) an SAv 

solution was injected into the subphase and the temperature was kept at 30 ·c for 30 

min. followed by cooling to 20 "C. The subphase was replaced with a new 

aqueous solut1on. With procedures ( l) and (2), the first SAv layer was formed over 

the whole area of interface.--! (3) A 4.2X 10 H M aqueous solution of peptide tinker 

1 was added to the subphase, and was incubated at 20 ·c for 120 min. The 

subphase was replaced with brine. (4) The aqueous solution of FITC-SAv R was 

injected into the subphase. 

SPR 

A metal surface with a free electron, e.g., gold, ts irradiated through a 

lOO 

Krctschmann pnsm with light. The nonrad1atl\ c surlace 1s c:\cited 

electromagneticall) (surface plasmon) along the metal-d1dcctric intl'rl·ace. l'hl' mode 

of e\citation depends on the optical propert1es of the mterl.ace. lhc 1ntens1t) of the 

reflected light reached a minimum at the incident angle, at wh1ch the energ) and 

momentum of the incident li2ht satisfies conditions for resonant!\ e"<citino surface 
~· • 1:' 

plasmon. When the optical propert1es of the mterface arc influenced b) ad ... orption 

of organic substances etc .. the incident angle giving the reflection minimum varies. 

The thickness of the adsorbed la\ er can be est1mated from the e\tcnt of the chanoc of • 1:' 

the angle and the refractive index of the layer. The experimental procedure was as 

follo\>\s: ( l) adsorption of biotin thiol 2 (Figure 2) and 11 -mercaptoundecano1 on a 

gold substrate evaporated onto a slide glass (incubation of the glass \\ ith 0.5 mM 

thiol mixture in I : 4 molar ratio for 16 h); (2) substitution of the aqueous phnsc with 

I JJ. M of SAv solution and incubation for 30 m in; (3) substitution with 9.1 X I 0" M 

aqueous solution of peptide tinker 1 and incubation for 15 min: (4) substitution with 

I JJ. M aqueous SAv solution and incubation for 14 h. 

followed by careful rinsing with water. 

Results a nd Discussion 

Conforma tion of the peptide tinker 1 

Each operation was 

The CD spectrum of the peptide tinker, 1, in pH 7.0 buffer solution at a 

concentration of 3.0 X 10 r, M showed the double minimum pattern (figure 3), 

indicating a helical conformation.H Although the pattern was distorted at the higher 

concentration than 1.5 X I 04 M in the buff er solution probably because of the 

aggregation of the peptide, the CD spectra showed the compatible pattern in water, 
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0.5 M NaCI. pH 11 and pH 4.5 buffer solution at a concentration of 3.0 X 10 6 M. 

Fluorescence microscope 

After tncubation of an SA\ bila}er system (see the experimental procedures for 

tluorcsccncc mtcroscop) at 20 C for 15 h, bright domains were observed by 

tluorc"ccm:c mtcro"cop} (Figure .f). IO The bright domains were not observed in 

the control experiment which was carried out without operation (3 ). This result 

1 . OOOE+ 015 tTrl Trrl n r rr to n 1 n r n • r 1 r 1 1 l " t rnTTTf t 1 t t r 1 n t 1 1 1 t t t t 1 1 ~ 

--I. ,.. -
t: 

! 

~ 
Q) 

:: -
~ 
L: 

~ 
:! 

~ ~ 

j 

- 4 . OOOE+015 ~~~ 1111 raJ~ 1111111 d 11 L ll l-l-1-aJ u a-1.11 1 a.t.La~~-d 11..1 1 I~ 

Figure 3 

200.0 280 . 0 
Wavelength (nm) 

('[) spectrum of the peptide tinker, 1 , in 50 mM phosphate buffer solution 
(pH 7.0) at a concentration of 3.0 X 10 6 M. 
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Figure 4 Auorescencc micrograph of SAv bilayer at the air/water interface. 
The bilayer system; biotinyllipid, SAv, peptide linker 1 and HTC SAv, 
illustrated in Figure l. The polarization of the incident light was shifted 
by 90· between two photos. 
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verifies that the first SAv layer was not substituted with ATC SAv injected in the 

procedure (4). and that the bright domains were formed b) the second SA\ layer 

formed underneath the first SA\ layer with inten ention of the tinker peptide 1. It ts 

notable that the bright domains of the second layer showed fluorescence anisotropy. 

indicating the formation of a two dimensional crystal of SAv.2 

Determinat ion of the thickness of adsorbed layers 

The protein btlayer was examined by SPR.It The thickness of the adsorbed 

layer after each operation was measured and is summarized in Table I. It is obvious 

that the thickness of the organic layer increased with SA v or tinker adsorption to the 

surface. The thtclness of the first SAv layer was estimated to be 34 A. which is 

comparable to the pre\ious results.l2 1-1 The increase of the thickness of the second 

layer was not observed in the control experiment when the inactive SA v, which had 

been saturated wi th biotin. was used in place of active SAv in procedure (4) (see the 

cxprimental procedure for SPR). Therefore, SPR observation indicates the 

formation of bilayer structure of the protein. in which one protein layer was 

connected to the other through peptide tinker 1. 

Table I. 

+SAv 

34 

The thickness data of the SA v bilayer 
detennined with SPR (A) 

+1 

36 

+SAv 

46 

The SPR measurement revealed that the thickness of the first SAv layer was 34 

A, v. hich is shorter than the protein thickness of 45/\ detennined by X-ray analysis 

of SA\. The effective thickness is underestimated because we calculated the 

10-+ 

thickness by usmg the cffecti\ e refraction indc\ of n l..f5. "hi~.:h "as 

expenmentall) detem11ncd for a bulk protctn. Ho" ever. it ha-; been intllc.IIL'd l)\ 

electron microscop) and tmage proccssmg that the t'' o-dimL·nsional Cf) o;t,ll of ~.\, 

fonned at air/'' at er interface contains much \\ atcr.l :! , 1 I l'hcreforc. thl' tntt.' 

refracti\ c index of the SAv layer should he less than I A5. On the other hand. thl' 

effecti\e thickness of 10 A for the second SA\ la)cr indicates that a part1al 

adsorptton of SA' occurs on the first SA' la) cr. fhe parttal adsorption t·an hl' 

,.-... 

E c:: 
0 
0 
IJ) 

0.03 

~ 0 .0 2 ..._, 

~ 
I 

0 .01 

0 . 00 .____......__...L-__......__...J__........_ _ __J_ _ __J 

0 2 4 6 
[Biotinylated materiai]/ [SAv] 

Figure 5 Titration of SAv with peptide 1 <0>. biotin ( L) or biotinylatcd sugcr ( • ). 
Biotinylated suger has been reported in ref. 5. 
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explained b) coordination of two terminal biottns of a tinker peptide with binding 

sites of SA\. Th1s explanation is supported b) the titration experiment of SAv w·ith 

peptide 1 (Figure 5), showing that SAv bound only 3 fold molar bisbiotinyl 

compound. although SAv bound 4-fold molar biotin. 

The length of the helix of 1 is 27 A and the radius of the helix section should 

be larger than 5 A, ac;suming a perfect a -helical structurc.l6.17 fhc distance 

between the biotin-binding sites of the SA\ has been reported to be 20 A,l5 and that 

of nc1ghbonng SA' molecules in the t\\O-dimensional crystal hac; been reported to be 

about 4S A from two dimensional projection map of the crystai.J Therefore, both 

biotin mo1et1es of the same peptide tinker will not occupy simultaneously the two 

bindu1g s1tes of the same SA\ molecule nor of the neighboring SA' molecules 

insofar as the perfect helical conformation of the tinker peptide is maintained upon 

binding to SA\. The backbiting ic; onl) possible if the helical structure is disturbed. 

In order to 1mpose perfect!) the second SAv layer undemeath the firc;t SA' layer, 

stabiltLation of helical c;tructurc of the tinker peptide should be the key point for 

further work. 
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Chapter 6 

Self-Assembl) of Mastoparan X De rh ath e Ha\ ing 

Fluorescence Probe in Lipid Bila)'er Membrane 

Introduction 

Conformation. orientatiOn and aggregation of biological!) acti\e peptide" 111 the 

phospholipid bila)er membrane are important infom1at1on for understandlllg the 

structure-function relationship of the peptide.! For example. helical pcptidcs hanng 

a primary amphiphilic structure form ion channel in lipid membrane by aggregation 

of the pcptides spanning across the membrane.2 ~ It is \\ell "-no""n that peptide 

hormones take a regular conformation in lipid membrane. \\hich is esscnt1al for 

interaction with the receptor in the membrane . .:'i 

Mastoparans, which are tetradecapeptides isolated from wasp venom. show 

various biological acti\ ities such as degranulation of mast cell.<• stimulation of G 

proteins,? and facilitation of phospholipase A2.x lon channel formation b) t.tk.1ng a 

helix-bundle structure in lipid membrane has also been suggested.'> ('l)IO and 

NMR 11.12 spectroscopy have shown that mastoparans ta"-e partially helical 

conformation of an amph1philic structure in lipid membrane. These spectroscopic 

methods, however, require much higher concentrations of peptide than in b1olog1cal 

conditions. For example, mastoparans degranulate mast cell at micromolar 

concentrations,l3 while approximately lOO-fold concentration is requi red for NMR 
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measurement. The interacllon of peptides with phospholipid bilayer membrane is 

sensitively influenced by the peptide concentration. 1-or example. the orientatiOn of 

magainin in a lipid bilayer membrane was changed with val)ing the concentration.l-l 

It b. therefore. important to study the mteract1on of mastoparans vv ith a hpid bilayer 

membrane by other sensitrve spectroscopic method. In this chapter, fluorescence 

'ipcctroscopy is used to investigate the confonnation. orientation and aggregation of 

the peptide at the biological concentrations. 

The ant hi) I group was connected to the C-tem1inal residue of mastoparan X 

C MPX). v.,hich has a Trp residue at the third position.(' MPX A. therefore, 

po~'>csses two different fluorescent probes at both ends of a chain (Figure I). The 

confom1at•on of MPX-A V\ as estimated b} measuring intramolecular excitation 

encrg) transfer from the Trp residue to the anthry I group. The orientation of MPX­

A 111 lipid bilayer membrane was assessed by fluorescence quenching of the probes 

b) a watL'r soluble quenchcr. f-urthermore, the aggregation of MPX in lipid 

membrane was iO\ cst1gated by measuring intermolecular energy transfer from MPX 

to 1- MPX A. in\\ hich the Trp residue was formylated to be non-fluorescent. Is 

Lcu Asn-Trp Lys-Gly-Leu-Ala-Ala-Lcu-Ala Lys-Lys-Leu-Ser(Ant)-NH2 

MPX-A 

CHO 
I 

Leu Asn-Trp Lys-Gly Leu-Aia-Ala-Lcu-Ala-Lys-Lys Leu-Ser(Ant)-NH2 

F MPX A 

Molecular structure of MPX derivatives. 
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Materials and Methods 

Materials 

Bee-protected ammo acids. 25~ HBr <\Cetic acid. DCC and HOBt \\ere 

purchased from Kokusan Kagaku, Tokyo, Japan, and BOP reagent. TI-A. Tt-MSA. 

and 9-hydroxymethylanthracene were purchased from WAKO Pure Chemi<.:<tl~ lnd .. 

Osaka, Japan. MPX was obtained from Peninsula Lab .. Co .. USA. DMPC and 

5' 12- and 16-do,yl stearic acids \\Cre purchased from s.gma. St. LOUIS, LISA 

Peptide preparation 

The synthetic route of MPX A and F MPX-A is shown •n Schl·mc I. Roe 

Ser(Ant)-NH2 ...,as obtamed by the reaction of Boc Ser NH 2 \\ ith 9 

bromomethylanthracene,H' which was prepared from 9 hydroxymethylanthracenc by 

treating with PBr1. The first fragment composed of SIX residues of the N-term111al 

part of MPX-A and F-MPX-A was synthesized by the conventional liquid phase 

method using DCC and HOSt as the coupling reagents. The second fragment 

composed of seven residues of the C-tenninal part was synthesized by the solid 

phase method using oxime resin developed b} Kaiser, et al.17 The protected second 

fragment was cleaved from the resin by incubation with H-Ser(Ant) NH2 for 25 h. 

Both fragments \.,ere purified with a Sephadex LH-20 column using DMr as the 

elution solvent and recrystallization. The two fragments were coupled by using 

DCC and HOBt to obtain a fully protected peptide, Z-MPX A. The product was 

purified with a Sephadex LH-20 column using DMF as the elution solvent, and was 

treated with hydratine monohydrate to remove the fom1yl group.IH The Z group 

was removed by the treatment with TFMSA to obtain crude MPX-A.I'J On the other 

hand, Z-MPX-A ...,as treated with HBr I acetic acid to obtain crude 1- MPX A.2o 
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Scheme I Synthetic scheme of MPX-A and F-MPX-A: (a) the 1st fragment, 
(b) Boc-Ser(Anl)-NH1. (c) the 2nd fragment (d) fragment condensation. 
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F..ach crude product "'a~ purified b} the partition chromatograph~ usmg a ~t·phade\ 

G50 column, which was equilibrated \\ith the IO\\er phase of I butanol I an•trc acid I 

water (4 : I . 5) and eluted "' ith the upper phase. J-ract1ons ol the ma111 pe.t"- ''ere 

collected and concentrated by evaporation_:! I fhe rest dues "ere f u11hcr pun fied b} 

a re' erse-phase HPLC column (Cosmosil SC 18. Na"-alai I esque Inc .. K)oto. 

Japan) using acetonitrile I water (3/2 v/v) mixture containing 0.1 % 11 A as the 

elution solvent.22 MPX-A and 1-- MPX A were identified by NMR spcctro-;cop) 

and amino acid analysi<.>. 

Liposome preparation 

Small unilamellar vesicles (SUV) composed of DMP(' were prepared b) 

sonication of the lipid dispersion in a phosphate buffer (50 mM. pH 7.0) follo\\ed 

by ultracentrifugation at I 00.000 g as reported prc' iousl).:! \ !'he lipid 

concentration was determined by the phospholipid assay kit. Dia Color PL (Ono 

Ya"-uhin. Osa"-a. Japan).24 All measurements using the SUV \\Cre earned out at 30 

C, which is above the phase-transition temperature of DMPC liposome.:!' 

Method s 

CD, UV and nuorescence spectra were measured on a JASCO J-600 

spectropolarimeter using a cell with an optical path length of 2 mm. a JASCO 

UVIDEC-1 UV/VIS spectrophotometer and a Hitachi MPF-4 nuorophotometer. 

respectively. Auorescence depolarization was measured by an equipment installed 

on the MPF-4 nuorophotometer according to the method as reported prevrously.2(, 

The stock solution of peptide (ea. 3 mM) in twice disti ll ed TMP was prepared, and 

the accurate concentration was determined with the absorbance of ·1 rp or the anthryl 

group. 
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The dissociation constant of the peptide-containing DMPC vesicles was 

determined from the increase of the fluorescence intensity of the peptide by the 

add1t1on of DMPC \ es1cles according to the method reported previOUS!) .27 

f-luorescence quenching experiments \vere carried out as follo\'.s. A dry film 

of DMPC containing various doxylstearic acids was dispersed in a phosphate buffer 

( ')() mM. pH 7.0). The dispersion was sonicated for 5 min at 35 C. The peptide 

( 1.1 J..t M) .... as mcubated with the liposome <IDMPCI = 0.37 mM) for 15 min. and 

the fluorescence intensity was measured at 30 C. The excitation and monitor 

wavelengths were 280 and 350 nm for the Trp residue and 360 and 415 nm for the 

anthryl group. respective!). 

Ruorescencc quantum yield of Trp residue in MPX was detcm1ined using 

quinine sui fate in IN sulfunc acid as the standard substance.2H Excitation energy 

tran<;fer efficiency was determined from the excitation spectra of the energy acceptor. 

the anthryl group2<>. The distance between the Trp residue and the anthryl group 

''as estimated on the bas1s of the h>rster's theory .10 

Results a nd Disc ussio n 

Distribution to lipid membrane 

F-luorescence spectra of MPX-A were measured with increasing amount of 

DMPC .. esicks (Figure 2). Emission of MPX-A in a buffer solution appeared at 

3')(.) and 415 nrn upon excitation at 280 nm. The latter is assigned to the 

fluorescence of the anthr) I group due to the excited energy transfer from the Trp 

rcs1due. The cnw;sion of Trp at 3.50 nm in a buffer solution shifted to a shorter 

, .. avclength and <;trcngthened the intensity by the addition of OMPC vesicles. 

indicating distribution of MPX A to the phospholipid bilayer membrane. The 
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Figure 2 Auorescence spectra of MPX A with varying concentrations of 

DMPC vesicles: 0, 77, 150, 230 and 380 J..t M from the bottom to the top. 
Excitation wa\e1ength: 280 nm. [MPX-A I= 1.1 J..t M. 
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dissociatiOn constant, Kd, of MPX A with DMPC' membrane was calculated from 

the intensity change .. -.·ith varying lipid concentrations. I<(J (apparent) 27 was 0.18 

m\1, which is comparable to 0.11 mM for MPX .. -.ith the DMPC' membrane and 

0. I 2 mM for MPX with the egg-yolk lecithin membrane) I Therefore, the 

introduction of the anthryl group to MPX and the replacement of lie residue of MPX 

with Leu residue do not strongly influence the affinity of peptide with lipid 

membrane. 

Conformation of MPX-A 

Figure 3 shows CD spectra of MPX-A in various media. A negative Cotton 

effect appearing at 220-230 nm region indicates the occurrence of an a -helical 

conformation. Although the CD patterns are not of the double-minimum type which 

is typical for an a -helix, the apparent helix content was estimated from the intensity 

at 222 nm. n lt was 22 %in buffer solution, 41 % in SDS micelle, and 70% in 

TMP. MPX A. therefore, is expected to take an a -helical conformation in lipid 

membrane. However, DMPC vesicles aggregated in the presence of MPX-A of 10 

J.J. M. which made the CD measurement difficult due to light-scattering effect. 

The conformation of MPX-A in lipid membrane was investigated by 

fluorescence spectroscopy. The efficiency of excited energy transfer from the Trp 

residue to the anthryl group of MPX-A was calculated from the excitation spectrum 

of MPX-A (Figure 4). The molar ratio of MPX-A and DMPC was 1/9800. Under 

these conditions. intramolecular energy transfer is absolutely predominant over 

intermolecular process, because at most one peptide molecule is included in one 

vesicle according to calculation. F-MPX-A. which has a non-fluorescent Trp, was 

used as the reference compound. The energy-transfer efficiency was calculated 

116 

from the intcnsit} at 283 nm to be 34 ~- This' aluc corre-;ponds to a dtsl<lnce of 

2.49 nm between the Trp residue and tht• anthl) I group of MPX-A ,lccordtng to the 

Forstcr's theor~ 2'> The distance bet\' een the indole nitrogl'n or T rp rco;idue and the 

cent er of amhr} I group along the molecular a\ts of MPX A\\ as calculated to hl' 2.05 

nm on the basis of a full) a -helical confonmllion and a trans configuration of o;ide 
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Figure 3 CD spectra of F-MPX-A in 50 mM phosphate buffer, pH 7.0 ( 
10 mM SOS micelle ( ). and TMP solution ( - ---). 

[MPX-AJ = 1.8 J.J.M. 
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chains.'~ ~~ On the other hand. a distance of 4.0 nm can be obta1ned for an 

extended conformation. Therefore. MPX-A is considered to tal-.c a highl) hcl1cal 

structure in lipid membrane. The result obtained under high!) diluted t'<.mdJtJon 

appears to be consistent "ith the previous NMR assignment of the confonnat1on of 

the vesicle bound peptide under a concentrated condJtion.ll ,l2 

lt should be noted. however, that the helix content might not be so high in hp1d 

membrane, if peptide molecules are allowed to undergo an accordion VIbration. In 

this case. the two fluorescent probes should approach within the critical distance for 

the energy transfer during the fluorescence life time of the Trp residue, and the 

energy-transfer efficiency increases. This happens to MPX A in a TMP solution. 

The energy-transfer efficiency of MPX-A in a TMP solution was calculated to be oS 

%, which corresponds to a distance of 2.13 nm between the Trp res1due and the 

Table I. Fluorescence properties of MPX-A. 

Quantum yield Ro (Trp-+Ant) Energy transfer R (nm) 
Medium ofTrp in MPX efficiency (~) 

suv 0.32 2.24a 34 2.49 
suspension 

TMP 0.42h 2.32a.h 65 2.13 
solution 

R, The distance between the centers of the donor and the acceptor chromophores 
determined from the energy-transfer efficiency. 

Ro. The distance at which the energy-transfer efficiency is 50 %. 

a: 

b: 

The orientation factor, K 2 was assumed to be 2/3, which is for a random 
orientation. 
The refractive indices of 1.336 and 1.369 were adopted for the phosphate buffer 
and TMP, respectively. 
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anthryl group. suggesting a fully helical conformation. However. the helix content 

was 70 % from the CD measurement. 

Orientation of MPX-A in lipid membrane 

The location and orientation of the helical MPX-A in lipid membrane were 

investigated b} fluorescence quenching of Trp residue and the anthryl group with 

various doxylstearic acids)O The results are shown in Figure 5 in terms of the 

Stem Volmcr plot. The emission from both probes was most strongly quenched 

with 5 doxylstcaric acid in the presence of DMPC vesicles. Therefore, it is 

considered that MPX-A is located at the surface of a phosphol ipid bilayer membrane, 

and the helix axis of MPX-A is oriented parallel to the membrane surface. 

Aggregation of MPX-A in lipid membrane 

Aggregation of MPX in lipid membrane was studied by measuring the 

intermolecular energ} transfer from the Trp residue of MPX to the anthryl group of 

F-MPX A in the presence of OMPC vesicles. The equimolar mixture of MPX and 

F MPX A was added to OMPC vesicles. The efficiency of intermolecular energy 

transfer was calculated from the excitation spectra, and the results are summarized in 

Figure 6. The efficiency increased with increasing peptide concentration in lipid 

membrane. lt is notable that the experimental conditions were limited such that the 

peptide I lipid molar ratios were lower than 7.5 X IG-4. Under these conditions, 

the energy transfer efficiency has been calculated to be 4 %, assuming a 

homogeneous dispersion of peptide molecules in the outer leaflet of a lipid bilayer 

membrane. \'i. H• Since much higher efficiency was observed at the peptide I lipid 

molar ratios IO\\Cr than 7.5 X 10 4. the peptide molecules appear to aggregate in 

these IO\\ concentrations. 
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Figure 5 Auorescence quenching of MPX-A with 5- ( • ). 12 ( e ). or 16 

dox}lstcaric acid ( • ) in the presence of OMPC vesicles. f-luorescence 
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The fluorescence depolarization of the anthr} I group of F MPX-A was also 

measured under the same condit1ons. and the results are shown in the same figure 

(Figure 6). fhe degree of depolarization value increased with increasing peptide 

concentrations 10 the membrane. This trend is similar to the energ} transfer 

efficienc} 'I he mcrcase of the degree of depolarization can be explained by an 

energy m•gration between the anthryl groups due to aggregation of peptide 
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Figure 6 1:-:.ncrg) transfer efficiency ( 0 ) and fluorescence depolarilation ( e ) 
of an cquimolar mixture of MPX and F-MPX-A under varying peptide I 
lip1d molar ratios. Excitation wa\elength. 280 nm: monitor \\avclength, 
415 nm. IDMPCI = 2.1 mM. Peptide concentrations varied. 
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molecules.2 It is, therefore, considered that MPX and f--MPX A ttggrcgate 111 l1p1d 

membrane in very IO\\ concentrations. 

The pept1de aggregation in lip1d membrane \\aS also mdicatcd b) c\cllat•on 

spectra of MPX-A under varying peptide I lipid molar ratios. The energ} transfer 

efficiency was plotted agamst the peptide I lipid molar ratio m Figure 7. The 

efficiency increased with increasing peptide concentrations and reached a plateau 
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Figure 7 Energy-transfer efficiency of MPX-A under varying peptide /lipid molar 

ratios. IDMPCI = 4.0 mM.IMPX-AJ = 0.43-7.0 t.t M. 
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beyond a peptidr / lipid molar ratio of 7 X I 0 4. The increase of the cnerg)-transfer 

cfficicnl') in these IO\\ peptide concentrations can be explained in terms of 

aggregation of peptide molecules in lipid membrane. accompan) ing the 

intcnnolecular energy tranc;fcr. The fluorescence depolariLation depended on the 

peptide I lipid molar ratios m a similar manner to the relation of the energy transfer 
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Figure 8 1-luorcscence depolarization of MPX-A under varying peptide / lipid molar 
ratios. Conditions are the same as those in Figure 7. 
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\\ ith the peptide / lipid molar ratios (figure 8). supporting the aggrl'gation of MPX 

A in the lipid membrane. 

Interesting!). the encrg) transfer efficienc) as \\CII as the degree of 

fluorescence depolarizatiOn became constant be)ond a pepttde ' lipid molar ratio of 7 

X 10 4. This obsef\ation suggests that aggregate of MPX A having a definite Sill' 

is formed beyond this molar ratio. Asc;uming that 5000 lipid molecules form one 

vesicle having a 30-nm diameter.'" four MPX-A molecules arc included in one 

DMPC vesicle at this peptide I lipid molar ratio. lt is thus considered that the 

aggregate of MPX-A is an assembly of four molecules on an average. However. 

this number remains to be investigated further. 

It has been reported that several biological activities of mastoparans arc elici ted 

by direct interactions "'ith G proteins)~ Because G proteins exist Ill the i nncr 

surface of a plasma membrane. mastoparans must be translocated across the 

membrane. It has been proposed that the inside-negative membrane potential ma) 

be the dri,ing force for the translocation.~UR The asscmbl) fom1ation ma) 

facilitate the transmembrane translocation of mastoparans b) sh1elding the 

hydrophilicity. Furthermore, the aggregation of mastoparans helps concentration of 

positive charges to acti vate G proteins as reported for G prote1n activating 

peptides. W.40 
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CONCLliDING REMARKS 

This thes1s summan1es the results of 1m esllgation on tht• constn~t:tion of 

higher-order structure of a -helical peptides at the a1r "atcr ullcrl<ICt' and in the lipid 

membrane. The expenmental rcsuhs clearly shov.ed the properttcs of th1..· pcpllth~" to 

form "supramolecular assembly systems". which are briefly summanted bclo"-. 

In Part I of this thesis. the monolayer formation of a helical pcptidcs at the 

air/water interface was investigated. 

In Chapter I. a hydrophobic peptide, BA 16M. and its end modified 

derivatives were synthesi7ed and 7t -A isotherms of the pcptidcs <>pread at the 

air/water interface were investigated from the viewpoint of mtcracllons bt·twecn 

helices. All 7t A isotherms of the synthetic peptides showed an mncct1on and '"eak. 

irregular bumping at a surface area of ea. 2-W and 2.10 A:!/moleculc. rcspectJ\ cly . 

indicating that the helix axis of the peptide is oriented parallel to the mterface. A 

small mound was observed at around 300 A2/molecule in the 7t A tsotherm of 

BA 16M. which was ascribed to the phase transition from a liquid state to a solid 

state. The monolayer of an equimolar mixture of the pcptides having opposite 

charges in the end group underwent the phase transi tion in the 7t A isotherm. which 

was not observed with the individual peptide. The electrostatic interaction between 

the end groups should have stabilized the molecular packing at the interface. 

In Chapter 2. monolayer formation of hydrophobic a -helical pcptides. X 

(Ala-Aib)x Y (X = Boc , HOOCCH2CH2CO-, biotinyl. b10tinyl (Sar) \ : Y OMc. 

OBzl, OH), at the air/\>\.ater interface was investigated by the nuoresccnce 
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1111l'fOSCOp1C method. Some peptides showed a mound in the n: -A isotherm. 

When the monolayer containing a small amount of l-ITC-Iabelled peptide was held at 

the -;urface pressure corresponding to the top of the mound. bright and dark domains 

were obsened by the fluorescence microscopy. The domain formation was also 

observed by the addition of a cationic dye (DiiC 1) into the subphase underneath the 

peptide monolayer. The mound m the re -A isotherm is. therefore. ascribed to the 

phase transition from a liquid state to a solid state. Two different shapes (leaflet and 

needle) of solid domains were observed and discussed in terms of different orienta­

tions of the peptides in the monolayer. 

In Chapter 3. ten kinds of helical peptides were synthesized to study 

interat·tion between helices in the peptide monolayer forn1ed at the air/water interface. 

l·ive of those have a repeat1ng sequence of Ala-Aib and different end groups. other 

two a repeating sequence of Lys(Z)-Aib, and the rest three a repeating sequence of 

Lcu Aih. All the peptidcs take a helical conformation in ethanol as confirmed by CD 

spectroscopy. The n: -A isotherms of the peptide monolayers showed an inflection 

at lhe surface area corresponding to the cross section along the helix axis, where the 

monola) ers are considered to collapse. The monolayers were transferred onto 

'arious substrates and subjected to I R transmission and reflection absorption 

spcl·troscopy. By comparing the amide I and 11 absorbance, the peptides seemed to 

lie on the substrates. lt was concluded that the peptidcs in the monolayer orient their 

helical axis parallel to the air/water interface. 

In Part 11, two-dimensional crystallization of a protein at the air/water interface 

b) usmg an assembl) of a helical peptides "'as investigated. The conformation. 

onentation and assembly formation of a naturally occurring. biologically active 
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peptide was investigated. too. 

In Chapter 4, two kinds of biotiny I peptides. B1oSJA 16M and BioA 16M. 

were synthesized. Biotin. which is a specific ligand for SA'. was connected to the 

N terminus of the hydrophobiC helical peptides. 'I he former possesses a longer 

spacer chain between the biotmyl group and the N termiiHIS of the helical peptide 

than the latter. The biotin} I peptldes \\ere spread at the <ur·" at er mterface. and the 

interaction with SAv injected in the subphase "as im cstigated. The n: A 1sothenn 

of the biotinyl peptides spread at the air/water interface was measured in the presence 

of SAv. and was compared with that in the presence of inactive SAv. in which the 

binding sites were occupied b) biotin. lt was shown that SA' was specifically 

bound to the biotinyl peptides and the complex formed a stable monolayer at the 

interface. The monolayer carrying SA' labeled \\Jth rhodarmne or nuorescem was 

imestigated with a fluorescence microscope. The fluorescence from SA' bound to 

the monolayer of BioS3A 16M was anisotropic when excited by polarited light. 

This observation indicates that SAv forn1ed a well ordered structure, i. e., a two 

dimensional crystalline domain underneath the monolayer. On the other hand. such 

domain was not formed in the case of the monolayer of 810A 16M. A long spaccr 

chain between the biotin unit and the helical peptide is necessary for the molerular 

packing of the biotinyl peptide and the two-dimensional crystallitation of SAv. 

In Chapter 5, the forn1ation of protein double-layer at the air/water interface 

was investigated. It has been revealed that SAv interacts with a biotinyl lipid 

specifically at the air/water interface and the complex forms an interfacial two 

dimensional crystal. The two dimensional crystal is regarded as an ordered template 

for biotinylated compounds because two of the four bmdmg sites for biotin are left 

free and exposed to aqueous subphase. Hydrophilic helical peptides having two 

biotin moieties at both ends of a helix chain were synthesit.ed to connect a second 
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SA\ layer to the first SA\ layer at the air/v..ater interface. The formation of the 

second SA\ layer underneath the first SA\ layer \vas shown by fluorescence 

microscopy. 1t is notable that the bnght domams of the second SA" layer shov.ed 

fluorescence anisotropy. The thickness of the second SAv layer was determined by 

surface plasmon resonance. 

In Chapter 6, a mastoparan X (MPX) derivative ha\ ing an anthry I group at the 

C-tenninal restdue \\aS synthes11ed (MPX-A) and its conformation. orientation, and 

aggregatton in phospholipid bilayer membrane were studied. The efficiency of 

intramolecular energy transfer from the Trp residue to the anthryl group under a 

highly diluted condition suggested an a -hel ical conformation in the lipid membrane. 

which is consistent with the pre\ tous investigation by NMR of MPX concentrated in 

lipid membrane. £:.mission either from the Trp residue or from the anthryl group of 

MPX-A in the lipid membrane was quenched with 5-doxylstearic acid, suggesting 

that MPX A ts located at the membrane surface with the helix axis oriented parallel to 

the surface. The dependence of the excited energy transfer and the fluorescence 

dcpolariLatton of MPX-A on the peptide concentration revealed that a self-assembly 

of MPX-A having a definite structure is formed in the lipid membrane. 

The present thesis revealed that peptide molecules form regular assemblies at 

the atr/v. at er interface or in lipid bilayer membrane, and some of them can be 

regarded as a crystal. Since peptides take a secondary structure, the assembly 

structure should be highly ordered. The two-dimensional crystal of peptides 

fom1ed at the air/water interface can be regarded as "supersecondary structure". A 

tv. o-dimcnsional crystal of protein was also constructed by using an array of a ­

helical peptidcs. To conclude. the peptides can be utilized not only for construction 

of a self-organi1cd structure but also for organi7ation of a supramolecular assembly 
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of protein. The supcrsecondary structure constructed in the prc'>cnt investigation 

can be the basis for the design of bJologically functiOnal material' '>UCh .ts molecular 

sensing de\ ice. 
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