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'!'Fl~..Hpleu(!:.),la)s"OH, TFA"H;. (alahl<aU.OHp TFA.H"ile(aJ.a}s"OH and

TFA..a"Jala}~ile",O~l (TFA=trifJ.'Uoroa~etic acid counter ion) '{..rare

purified and their· structure~ 'Vle.re analysed 'tiith ,infrruced, !'mm
and ci~cular diohroism spectroscopy.

TFAoIi ..leu(ala)p"Ola, TFA"H" (ala)"leu"OR, TFA ..H..il~(al~a)p~OH .and
.< .. ,,',..

TFA.H. (ala)sile.OH formed extended S...struct:ure in the solid

ph~se. In aqueous solution there vIas evidence ,from proton t~r.!R
i ',' . '," .',

spectra that definite st.ructure 't"16tS present. In alcoholic
','/'

solution TfA"H~leu(ala)s"Oa farned s'cruct,ureso wit.h. chiroptical

properties similar to those e.leenin hydropbobic pockets.
TpIA.H. (ala)sleUoOH and TFApH~(ala);il.e.OH formed S-structures.

. ,_:;

TFA. (ala)$leu.OH forl'r.ed ant.iparallel B-she~ts apl?toxi:mat~tl to be

4: to 20 strands in 'itfidth, '~~hich qecreased in size as, the,; all~ollOl
/1
bedame'less polar. TFAoll~ile(ala)s(jOH formed usin.gle .8-chain:$6~~

uTFA.ile(ala)s.OH formed Ustatistj.cai-bcils98 in ijlCohoiic
,-, ." .' ';\__~i

soluti,on. In TFE/ethanol solutions TfA ..H..(a.la)r;;ile ..OH[!ifOrmed the,.,

:most stable S-struct.ure follo't'led by TF~.H. (ala.)sleu.IDH and

TFA.li.iIe( ala )s.OH.
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Early in the t,'Ii'lentieth <:=entury l5mil Fischer ~laced an upper

111nit of 30 b:> 40 residues on tl,le size of any covalent

polYlller~l. The result t-'las an aceepi~ance of Q~csrmild.rscolloid
\1

theory of proteins to e~plain the;lr obvious la~~e sizes., In

a paper read il'l 1925 to a .meet.ing in zuriohg staudinge:r ~)as

shouted d(.l\V'nfor claimin~~ to hCil,veproduced a synthetic

polymer of l{\(g) residues., The proponents' of the covalent
! \t.hee'!:"y becaltt,Jd~e'(pl and fat' batt-leen. The lew, am(mg them COhn

and Edsall,-, OPl)Osedthe current stlt:eam of thought because of

res'lll ts from·.os::mot,i;cmolecular ~..rei~Jhtmea$ul."~:ment$. Cohn

predicted that SVedberq, 'then the ~\ost ardent. OQ:..10i01

proponent I 't'lould find dis.~~reet bands of protein. in his 11ewly
'" i' \\

'constructed ana,~ytieal cerri:.rifuge. s~(edbe:t'9,?n the other
]' li

hand predicted ~~heteroger.lGo'Us distribution i;.o:fi, part.icles in

line ,(>li th th? cc)lloid thGJo:ry~ The rtesul ts proved the

covalent thepry to be correct and 'l"~\S recorded in' history as

a significant triumph of science.

Next 'Vlas the elut~idat.ion of the nature of protein 1l1.olecules.

Th~i separation and id$ntification of the 20 amino acids "las

completed after 1940 with the develoD'!lent of paper and ion

exchange cht'om~~'t;ot~raplh.1by Miiilrtin and Synge I and st~ein and

Moore respecti vellr.. A decade latet· San9~r elucidated the

first· amino ac:Ld sequenoes usiUl; the ~ and ,8 chains of

insulin. The three·... di:mensicmal :mapping of proteins ~vas the

1

/J

(/
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next logical step" Perutz and Kehd:t"et1 st~rtec1 ~10rk on! t.he
I p

structures o. haemo9~"'bin and l\1Y~rj'Obinin 193~. The~""al'
...l' I'i7Jasmade 'illhsn Perutz inserted at\..\tmsi of mercury into :1r' i,!,

haemo?101~in t.o aid his analysis d,,, X....ray diffJt'action \\
'i ,Ipstterns~ Despite this, the three!rdimensional l'nodeU.;,...I~of
:\

d
baemoqlolbin :required greater cOmPilt4:;rpO't'ler t'Jhiol.l. a.~j~e~~:E:ed

J ,
II I', Ii

Pauling and Corey in California ~:,~\t,he nl'eantime had :me~isured:}\

tlle dimensions of the peptide bon~\ am,a.'predicted that 1\ (:~
,i

a-helix and e"'sheet." structures 'tver\~lst")aicble enough to ex\~st
II ',,' Ii

in proteins. Oonohu~ then sho'Vledt~~e at-helix to 'be the ~~ost
1\ ,Ii

stable and their predictions t'lere ~>r(tVed=r=. t(tith t~~e
,=~, 1\ !J \ Ii

appearance of the structures of ha~I\:m~,glObi~),myoglobin c.lllnd
! 1\

sillt.. The stage tv-as set for a l09i4rl and plear

understanding of ...prot.eins based UpQfl the assumption tha~,

underly~rAg their <iivers! ty t1are s:ma\~ller units Of seconda:ry
ji
i

structure. \i
it

Anfinean Shot;Jedthat a proteil'1.fs un~\que ter"l;;.iary atroctU:l7e
Ii

is diotated by it.s amino aC~d seque~ee.2 1lJ.theory t:.o expled:0
the mechanism by ~lhiehproteins fold spontaneously fro:m the

information stored in the amino acid sequence was the next
fi. .. .. _. __ •undertakl.ng 0 The mecnan].sm tv].ll be part. of e largel" theory

that explains the struoture and act.io)ns of :molecules in

general" The macromolecular basis of l.i:fe places such a

theory in a fl.mda'l.llental position. Protein structu ..."e stud:i.es

have attracted a variety of people and skillso One resrpn



Figure 1 The twenty naturally occurinq amino acids,
classified according 'cohydro~hobicity.6

. , :~:i:H'H'~-f.;Cc' H'~~'
H3V~H3 i~~

Val WI.) no
Vuline I,' wucine :t'3J.)ll!'u~~W;

Ala
,Alanine

CHu
Glut.arnic

acid

Asp
Aspnrtio
acid

Lys
Lysine
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for this may be that the t::eclll,\iques used fer si:::X'uct:l,1.ral

O !r

and J{-;,c-,~y crystallography,. are at their limits in protein

1»2 TIle' a:ii1inoacids

The builAHrlq blocks of protl$:i.ns are the andno acids. Figure
,

1 shov-.TS the twenty thore occur naturally. -They .'all nave a

common'sJr;.elet.oncenter.ad at the COt; to this is atta.ched a

carbonyl group i an !~l'i\inogroup, a. proton and ("j side chain.
(:':! -,

T1\e §i(~e chain is tbe (')nly ,variant. Ever:y ar;?no acid except

g~ycine is asymmetr:~c and is designated either D or Li based

L .czm is found in N~roteins. 0 Threontne ami isoleucin~ shOW
\

st~reoisomerism about, the c, and this is labelled. according

to \\tile Ingersoll, Kal1n and ~leyerhof method. The chirality

jm~boses a strict sense of handedneas upon the structures
I .th1\t, are built up frb:m the amd.no acids" The atoms of the

siqi,e chains are named from ;the CO! as per the convention of
,,\

EdS\jitl16 (figure :G) ~ G.lyc1net is unique in that it has no ""
,.

chilt'ality and can forxn' st.ructures with a left. ...and rig'ht ...
\ 1/

handed sense. The hydl::'ogen sid~ cha.lrr also allo't'\Ts it to be

used \'10e1'9 chains, meet and space ~s limii;ed or where
<;

fleldpili ty is reqt.\ir~~. Examples can be fOU1'ld t-lt\ere
"'~,

a-helices pac]t together I in turn; conformations and in hinge

regions between protein domains. 4,1l At the opposite end. of



( I "\,
II . s)~- I li\

co 1) • J /1 \:
l<'~gyre>2 ..The Edsall convention fO~ t.1'!enam!ng Qf amino aeid
s.lCie chaln atoms ,.and bonds. S A he</vy atom is any atom not"""
hydrogen. $.tale't.inq at CCLV the fi:Jfst heavy atom is laballed '\'<.

Beta,1 the s\~corldGa,li1!tl8\f tIle' thi.(d Delta and. so on. The '.~
naming of bbhds be~ween heavy ~t.oms. follows in, numerical '\.~\."
order. Branches ar,'~nu.mberEII:!:: riccording to the si2e of the 1\

branch~ the branch \';lith tl:>~ 1(;6s.t atoms being ],.abelled 1. ~,
Where branch~\s\are siXllilar, I~_clool~t'Jise rUlr$ljJ.s. used, IiI)' ,
Lool{ing down.rI:he previous bo~df t,?n.efirst branch reached -Ln 11
a (:dacl~itJise \i:(,',.l::.at.ionfrom 12 ',p"Cll?Clt is labbelecl 1"" 1/1

L-leucine and. L-isoleucine ar~~\lapelled as e~amples\l jI
, (J .1.1, \

o \ \\~2' /'
OJ, \. ••. G... .. '!~)fi~/

.::_, ,? • Or~'&

ilu

5.

(leucine) (isoleucine)

()
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the scale pro'line is the; mos.t stereoconformed ami.no-acid" In

proteins :the phi al:l(j~.eis st:udk. at. -70," and the amino

tarta.inal. is unable to hydrogen bond; 4 prpline is found 'trJ'here

t.be pep'tide chain needs to be turned on. i t.eel! •~,9..r Ii' all

the 6).l1l.ino aQ:i.ds could be pla.ced in such '(\Tell defined

categories, protein structure would be no :more than a :matter

of common sense.. HO'I'never t.he rules Qf geo:met.r5jrttL"

al;;'Yays fail~d\\ bscause prot~L.Jms.can accommodate stereo

non-CO~fQ:t11\ityor apparent energetic instability to a

surprising degr~e. This is because , through evolut:i,()fi, the

t't-venty'amino acids have b~e~ sel-ected toli thout the loss of

essential fu.nctions or the a,qdition of redundancies. i;(lb.us

each amino acid S<!f.;rvesa multiplicity ()f purposes.

Figure 1 ShO'V1S tb!~amino acids classified according to -their

polarities. The peptide bond is the same throughout any

o

protein ami! it is the side chains thett produce a protein r s

unique pr()perties < Kauz:ma:pntlproposed. the oil drop theory to

19l::plainhOT(lfthe hydrophobicities of the side chains" organise
,

a protein" The hydrophobic classi1fication of the amino acids

is useful, for predicting their posi tio;ns in proteins.

Classifications according t.o $terio clhnstraints a1.~ealso "ii
.'r

made. Aitdno acids aggregated in the centre of a protein haifa

to pack against each other efficiently. 4 Inefficient pacld:ng

may oppose the hydrophobic int;eraction in aqueous so;!.vent:s 0

A~ physiological pH; t.he aminp acid.s lysine .and argin.ine
\}
I
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are negat.ively charged .. Thes~ am:b16aoids I~rt;! found at the"

surface ·of proteins ivhere :tl'l~Yhelp solvation Qr they 'are

bur.i~d as pal;'t. of a catalytic site in 'the prot.ein .. ThG'~'

environment of, at side chain in 'a cell ot a pro'i;e;.i.n can" be

very different frd~ the bullr, phase of the solvent e These

mioroenvironments are difficult to lllsasure or appr~:){iritate

and t.his has been. a major stumbling-blook in. some protein

research.

!/ 1. 3 pep1:ide struc.ture

The information :for a protein sequence is st~redin a lin.ear

fashion on DNA•. It is t:canslated into p;rotE'i'.invia RNAC)!l",t-he
"/.

,?

cell riboscme.. The pri1l'Lary structure of any peptide is.

D;filenfound in nature that is l::b;anchsd. Thus primary

fi'$truct.ures Can be found by s(;;!quencing proteins or .oNA...

}Fc>nventiona.llY sequences are 't'rritten starting at the (ll.nino

l'terminal ..

The local structures found in proteins that a;~restabil:Lsed
by the interactions of neighbo,lring amino acids are defined

as secondary" The three dimens:Lonal sh,,~pe and the

interactions of amino acids di:stant1y related on th~a,primary

structlr.,:"e are defined by the tiertiary structure .. Finally the

association of proteins with ot.her p:r<j)teins I ligetn'lls and

prosthE~tic grouJjls is defined h:i thE! g,,~ater.na:rcyS:lt:r:ucttl~e. In

t.he fOlll: definiidons of structure thelbe is an implied
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Ficruru. Ca) t (b) and,,(c) are diagramatic !.'ep:resentati~~nsof
the peptide bond a Cl represents the Ccx.' atoms a In ''1a) t:he
ni trc!gen has em unused electron pair in a 2:g..r/";ibi tal 0 c The
mcyg~m2}2orbital is hybridised forming a. C"'l,/aouble bond
repr('asented by 'the shade¢! area. There is thus rotation about
the l(::-.Y\J bend only" In (b") ~"1.e sitq.ation is similar ~'~ccept
that: the n;tt:f'pgen electrons are hybridised and. o~,yga\p has a
lone.1 pair :tfr<i'c:s 2:g orbital,. Tpe C-O' single bond dan::\ro·tat.e~
In ~!c) the ,.'l1·eSonancestrucb.lre tp.ough't to occur is drawn.
Botti the oxygen and nitrogen lone pairs ar,a delocalised
a'cr~pss the pond (shaded. .f1.rea).o':Chere is no. :t:;0t,ation .about. c-
O}o:t:' C-N•.4 I' 6. The most stable 9J:rangemE?n.tof ,the CO(atoms a.s
i:n the TralCl.SconfigL,rat.ion 018

01

f~_~:';;""':----.;..._---H

01

(a) (b)

Ci

~I::,f.f::f~:f:f:f.f:~~.{/-H

01

(0)
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Figy.re ..1 The dimensiOns Of. the planar peptide bond , The CO!
a~oms are Trans to one another. B~~d lengths are in A units
and bond angles in d.egrees ..4 "

. ~~~ __ ~:.tII"P~ ~ ,~ ~' '~, "~,-- ,'__",'" \\ . I

I
I
II
I
I
I
I
I

/)

Trans,
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Figure 5 The phi and psi conventions for, the rotation of
planar peptide bonds around the Cq atom. By the cur4:'ent
converrt Lon phi and psi are aSfJigned the value of 180"~4

ith amino
acid residue

(I ---N
\
\
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~ierarchy~ the primary and secondary structures deal with. '~.., )) ,
sequence and local irrt:.eractipns 'toJhl.lethe tertJ.ary and

quat~rnary structures deal ,~dt.hthe<,:t;hree-dimen~iQnal (
,,,"

s+ru~ttlre of a p~otein~
",", /1

1 ..4 l?epticl,e bond
c)

The peptide bond is rOl.'"IDed by a ccndsnsacLon reaction

between tbe amino 'group of 0raa amino acid and the carbo~y

terminal of another. ':1.'1'119 peptide bond is planar due to the

delocalisation .of -electrons (fi9r.~'-~ :3). :'Q.~'Ulin9and corey
' ..... '
< i'\

provided the first set of standardised ~nd ,f~ngths and

alJ.91es -for the peptide bdbd ....7 (figure 4). ;~l:OSS the P:Ptid~

bond the COlof residue n and the Ca of residue n+l are Trans
to one anoth'er (:figure (l 4: j, The, TranS:i ,aanf iguration lias be(~n

calculate~ to be about; 8I{J mol~l :mo:testable -:fhan the cis

form~lS 'rhe~e is also a :2.0I<Calmo'1-~e:nergy barrier to
o ~ ,

r'\,

,;;:;-station. Despite irh:i(i%:; measurements have shown that1 proline
\\ !/
can form the cis bond with a probab~J..it.yof 30 percent~a

"_:-,

rrhus t~ .'\lnodynamic stability is not the only' require:mellt for c)

~ree}tistence of the Trans form" The peptide bond is
(

. ,normally assumed to bcapl5;l.nar11,-11 though ,there are arguments
'\ i,_~\

for slight di,storticns crt i::h<fplane. 20 GenerallY:::'Janon-planar

peptide bond is ...assumed when such an ~~ssumption 'brings
()

I'

better agreement bet!rleen en)krgy calCUlations and the
.!!. "mea,_,suredevidence. This assumptio~x i·s supported r:PY nuclear

_ 1;_}
q.\>,-

:magnetic resonance spin-spin coupling conacerrcs with cyclic

peptides and high resolution, X....ray results.'; In genet'al it



I(
\I .\

12
is assumed that the peptide bond is Tran,s t1i t11 respect to

the Cozsand is planar. trhis restriction of :mdve:mentabout.

t.he peptide bond only al10vls tVl0 degrees qf freed.Ol\l of

rotation iabout the C'"defined as phi and psi ;:~figure .5). The

course ,~1a peptide chain can be mapP(;.ldout; usL'l9' these t'i.':TO

bond angles.....Note that in the conventional method of quoting

the ph,i and psi angle~u phi is qaoted first.
1. .'4.•1 Ramachandran plot
The Ralnachandran P1.J?tis f:~fl0vm on figure 6 e $,7,3.0 It plots the

rotation of two peptide planes about C'"in a dipeptide.

Ramachandran calculated sterically all(')t1ed and dlsallo't'led

values for phi and p"'i based. upon van der Waal"s radii. Both'

residues ilV;:the mbdel hact, ex Cs on the side ~aim~,. From th.e ,

examination of x....ray CrY~tall.OgraPhS it becJ~e ilclear that in
\\proteins the atomici coi,tacts were closer. The effect on t.he

plot of the closer approach of thE\\ate"ms was to increase the

;t:ize of tht? allO't~ed conformat.ional areas ~ In figure 6 the

~ncreased allm'led regJ-ons are hatched. For .9, gl~rcinlS-glycine
1\

dipeptide the plot ~j'ot~,~ be sym:metri9:~'}'a'f:)o~t pl1i=O", psi=O"

b:~cause it can fOl·:m. the left- and right-handed versions of

any .allot"ed conformatiol'l,S ',,,,.ftb. equal ease. The disallo'i.·Yed

regions only occur ~1he:r.ethere is stereochemical hindrance

betWeen carbonyl and aminp groups. This i~ the case at
. ff

-lSO" ,Co and at o ", -180". In the former the c,lrbonyls come

too close together and in the latter the hydro(;1enS of t:he

-lIT-IIgroups interfere. An asymmetric amino acid introduoes
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1/

.,
£Cgure 6 The Ramacttandrari plc:~t of phi versus psi in a
dipeptide. The titlO enclosed, unahaded , irre9ttlarly shey,ped
area"s occur where there is ne sterie hindrance. They enclose
the value~ for the a-helix and the .e....sh\if~t.7 The shaded
areas area st.erically hindered structures found in proteins
by X-ray crystallography una left. handed helices.

]

(\

o

1~OO 1800

\ t
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assymet.ry'" into th~ ,plot 0 T119right.-handed conformations are

possible t'1hil:e the left-handed con:forlllations are generO),lly

noe , .,'rhis is !oecaus~ rotation about phi causes the c, ,of the

(I

'I

second residue to interfE!l:e stereocnelll.ically '\,,)'i'l::h the

carb(myl of the first residue"

S;i'l(ijilarly by rot,ation about psi the amino group of residue

n+1 interferes tvith the side chain of residue in .. In figure 6 ,

two stl:;'ips "are disal.lo'\'1ed by these :facto:rsG
; 'they lie

bet.\."J'eenphi ,:values of ao" and l80" and psi values of ...ao 0

and -1800
• 'rhe remaining ~~hadrant in the top left

\ I
\')

plot has thr,ee allot~ed relj1onEk~T't')\~large re9'ion~

of the

;rt?pr~sent
,-_,-" . [.,,' ~

the Band 3'.\,ight""llandedhelh.~al sect.ions and one smatller

left-handed helical section. Generally the qistributions of
_//

angles found in l;n:,oteins are clust.ered around t.he allo1;~ed

uTO '1na:xilllisethe distance betwean the carbonyl group and side

.ppain, phi can he fixed at. -60 Q '0 By doing this and rotating

psi the 'V'h~,~erange of ri,ght-handed' helices are possible.
"' .. '

(\

'Tbus the plot cam be used:,t9 predict liltely structures.

1. • 5 Secondary s1::rcucture

t.otally laclting in t.l1~,kind of regularities 'Vlhich one

anticipates. tUl1 ,This was because prior to (the low-resd£tU'i::ion

X...ray structurEI of myoglobin I predi~ted p:t'qtef~l1 structures

based on analo~Jies from mathematics and chem..istry 'tiera

simple and regular 'geometrical shapes '. Commenting on

\\
1\
H

/,l
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ha<:)l\\oglbbinp 1?erutz even asked himself if the \~earoh for

'"

,I

\\
\11ti!il.at~,truth could rea:;l.ly hav~ revealed nso i\'~deousand

" . '\

viscaral~loo!dn9' an objfl!t;?n~ Since then tIle regp.lat'ities of
;J

pro"c.ein strQ'9t.ure havejl' becOlile better appreoia:ted .. 'J."I!1e

accumulation Of lS::l'1ot'.rledge of protein structure 11:,I1\S :l!.'equired

a 'I;'lh01e nevI vOdabulai\y" for its anatomy and ta~cchOlll¥~ ,rrhe
\ 1/

01",:rersity of pr01:einS\\is be~dld~t'in9 and a s'!;'i'uctural
\ -;j

classification was not\ possible irlitho'Ut a ltl1t~'V!ledga' of
l\,

secondary, struct]~re. Regular secondary st.ructures t1<au~"e the
,-':,"i

first to 100cla~f")' ""'¢
J

the first O!""he)).). ~~e:'\ ~r;~et'11\ode1s13~ This ~<11asfollo't>j~~d
i" /11 \ ,

/. " -"',,..,, !

by the stl:·t1Ct:\.rl':~ "er the ~;&l~agen heli;~, of Ramaohandran. '?!I

!i ' '.' I,)other ser:ollc1a:r1t' :srtru,,;:i.:.t:rr¢).;) are all ~ra:i.:"iatio:nson these

The (designatf:on OF :l>1aool'ldar.ystruotures in prot.ei:n~ i', is

partly SUbj~cti'\Te. Each new protein x-ray structure produoes

di:ff'arences in' thE} basic patterns of secondary struc~llrt9s.
\

For this reason it bas not been possible-ito provide a
'-'

standartl s~tof def~ni tions. The problem is that t~?]
de~?ni t.ions of b"nd angles and rules of application 'llavG to

\\
)\

be fl.ex:i.hle enough to account for the deviat.ions ~een in

proteins ~'\Thi.le'being strict epough to effectively exclude

non-conforming structures. The formulation of such rules has

been suggested several times and is ongoing~lS

{ i
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the 11\OSt stable. 3.6 l?c.fbrms part of a series of helices
"

defined by their repeating phi and psi angles. The exclusive

use in nacure of 1..,-allninoacids forces a righ:t-handed

chirality in almost all h~lica~ structureso setting phi at
if

about -60" maximises the distaiice batt-leen the amino acid

side Chains and t.he carbonyl group in a pt'.llptidebond.,~·~I
RotatingOpsi produces all ~le ~i9ht-handed helices as the

\',r~lllaohandran plot shows (figure 6). Figure 7 depIcts the 0: p

33.0 and 'If helices.

1. :5 .1.2. tl....He+i:it

Il""Helicescan be 'up to :l~ l,'ssidues in length. The amino

acids L·"a.lanine1 L-qluta:mate, L-leuciue and L-methionine

tend to favour ()t-heli~, forlTlation~ L-proline is dis~uptive to

the helix as are C~ branched amino acids. In proteins
o:-heliCles devia~<F from the ideal: axes can berid up to 20"

\\
J.'

and the hydrogen( bonding pa.ttern ~s sometimes disrupted~"

L-prol:1.ne has a restricted phi angle .of ...70" and forces a

turn in the heli~. It cannot hydrogen bond through its N-H
group and can be aCC0l111Ro6iated ()nly in the first four .. Euttino

acids. The a-he::'bc often alters at the carbonyl terminal
)1nere it. may tighten up to a 33.0 helix .. Ct..."1oth(4rfrequent

occur-rence at a helix: tet'lllinal is OJ: left .....hslnded conformed
n

{(
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In proteins a-helices often appear on the 5ur£a910 In this

J,J
pos~:tion one side is in the external Iaediu.m an1{ one in the

:.\

hydrophobic interior of the protein and the seq~ence has an
amphilic natur(4. To achiev.e this the sequence ShO~lS a

periodici ty t'l1ith :respect.to the side chain hydrophobicity of

3 to 4: residues. 6,17

1.5" 1 ":2 31tH O!u and 'ff Helices
The..fl' and; 3:1.0 helic~s are drat-n.'on figUre 7..The 310 hJ;:';li:g'\s"\

moze 1oi9litly coiled and les" s1o"I>l.. tban tlle a-beUx. In',J )
.. -protei/hs they a.re short and appear at the c....terminii of '~

a-helices t'l111erethey force a tight turn. 6 often the 310 helbc

and a-helix conformat.ions mix and form a an helixu6
'i'he 'Ii-helix,. another structure predicted by pauling and
corey in 195112, has not be'c::!D observed in many actual

105.1. ,J The le.ft-handed and collagen helices

Holding phi at -600 and rotating psi from _300 towards 0°
brings the carbonyls of the peptide backbone into contact
~ith the N-H groups of the naxt peptide bond and is
unstable.4 The next; stable structure is a left-handed. helix
at 1200

• polyprolin~ forms a left:..handed helix at this value
(figure 8) ..This structure in a single st.rand is called an
e-helix~.Only a few examples have been found in globular
proteins but it forms the basis of the protein collagen. The
important property of th~ left-handed hell)' is that the
carbonyls and N-H groups face outt<lards and perpendicular to
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Figure 1 The heliclss can be descrilSed by t1;'e number of amino
acid residues incorporated into one tUrn I 'the distance
'traversed by q~ t.urn or the product of t~hese t,'10 values I

called the pit::ch.,7 The a-helix is tite :r&oststable of the
helical strtlct~ures. It is characterised by 13 atoms between
each hydrogen bond and 3.6 amino acid residues per turn
(also called the 30613 helix). The hydrogen bonds are
parallel to the .hellical axis and linear t"hich maximises
their strength. 6 ~10 helix Ity<;lrogen.bon<;lsare jo~ned by ,10
atoms and the hel~x turns on ~ts axi.s vn tIl 3 resl.dues. The
hydrogen bonds fac{i'loutwards and are not aligned with the
helical axis.6 The ~ helix hydrogen bonds are joined by 16
atoms (4.416 helix). This srt.ructure is unstable and rarely
seen in proteins.6



19
the hel.ix axfs , The orientation of t.he groups allot1Ts

polyproline chains to form int.ercnain hydrogen bonds. In
collagen three chain~ int.eract in a right-handed triple II

"
helix (figure S). This forms a strong structure used for a

variety of func·l::.ionsinCl~ring tendons and skin in mca:ifilmals.
1 ..5,,2 S-Sbeets

B-Sheet structures were better predicted than the helices
because the }~"'raypat:terns showed repeating dis·tam~esalong

the fibres .of an extended structure. The possibili ties ~Yflre

Ii

\

therefore reduced~.6 The basic structure of the S-sheet i;AJas

predicted to eJl:plain the structure o~ keratin fibres·" In
" ';~,

. <">,_1951 Pauling and Corey produced their modelS of antipa.re.llel

and parallel g'-pleated" sheet$,:L~ (figures Sa and 9b)., Side
I,
II

groups on adjacep.t strands extend to the same side, of the
sheet and are in close COl'ltact~ Sheets sho'(:l]a statistical

II

preference for 111atching ami.nc acids i hydrophobic groups

pair, opposite charges on side chains pair and branched Cl}
res,idues pair ~d,thunbranched C_s.The e"'sneet confonnat.ion

phi and psi angles can be found in the top left quadrant of
the Ramachandran pl.ot (figure 6). The energy :minimum for the
B-sheet is shallow and this may explain why a strand q~
B-sheet can contain up to 15 residues while a-helices can be
35 residues in length.6 The a1:';;tipa.rallelsheetS are more
stable than the para,llel sheets. Parallel sheets usually

I

corrtadn large numbers of Istrands anc.'are round in protein

cores protected from the aqueous medium of a celloG The
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Fig:yre 8. Collagen (a) is made of three left-handed helices
similar to the polyproline helix (b). The carbonyl and amine
groups face outwards in the leftN:,handedhelices and the
peptide chains can hydrogen bond with each other. The three
helices are wcund in a right-handed triple helix" In (a) the
amino acid positions 1., 4·and 7 are in blose contact with
neighbou:ring.chains and there is only room for a glycine
residue. positions 3, 6 aria 9 can accommodate proline as
there is no requirement for the amin? group to hydrogen
bond. Posi1::.ion52, ..5 and 8 can accept a vari~ty of amino
ac.ids.4This :model explains the repeating amino acid
se~~~nce of -(gl¥cine-x-proline)- found in collag~n (X is
any amino acid). ...

(b)

1+--5 Angstroms..-[
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l_i

~igyr~ g...Jf'. ntiparallel and parall~l. B-Shee~cs.are. namedaccordihg to the orientation of the adjacent peptide '
strands. In (a) and (b) the dicrection of the peptides (N t,o
C·..ter:minal) is marked by an arrow. Antiparallel .a-sheet is
characterised by pairs of widely spaCed hydrogen bonds
alternating with closely spaced i.lairs.In (a) the amino
acids on the top surface (Goming'S'ut of the plane of the
paper) are hydrophilic, for solvation. in the mediumt and the
bottom surface is hydrophobic. 6 'l"}eparall~l S-slj.eet
hydrogen bonds are e''iTenlyspaced i;:mt slant.ed. Parallel
sheets are usually buried inside a protein C01"'e and the
amino a.cids are there~ore predominantly hydrophobic.6

(a) \ b)
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star-i.e requirements of parallel sheets are more stl-ingent

than antiPara~rdf: This explains ~Jhythe diErt~ibutions of

phi and ps i a~lgl.-a3of parallel sheets in proteins are

snu111er than ~~e antipar~llel distributio~s 0

r4ixed '~"eets ~ rare, pj:obal:>lybecause of the diffar'mt phi

and psi angles r'kquired. in proteins, parallel and t.he

parallel portions of mixed sheets are norro.aliy buried under

\ ')
(~Antiparallel sheets are expoaed to the solvent on one

\tsurface. To accommodate this they exhibit a periodicity of 2

in the hydrophobicity ot' the ~!equence6.
n
.;\

1. 5 •3 Structures with non··repetitl.dve phi and p6,i ancjles
.. {)

Regions in a protein that defy the\-.\1.abe'l of hel~x or B-sheet.

have been classed un\ier the general description of coil.
This arbitrary assignment is misleading as the structures

are not the same and are often very important in a protein's

f\i.~,:;c~ion. Non ....repetitive structures are by definition

regions 't<1herethe phi and psi angles are not regularly

rE'lpeated~GThe position, nature and values of the phi and

psi angles of each ami.noacid are far more important in

these structui'-es th~:'" in repetitive structures wllere the''\:<~ \ .1

0-: \ '~~uencc is ttle ?verriding factor~ ..~
), -_.. •.. o.

Turns, bulges, hyd:l\\\t~~i'I:l>bicpcckecs I hairpin bends I ordered
\1, \_',

but unclassified st~~uctures, regions of random structural

f~.'Uctuation and. unknown structures are all classified as

non-repetit;.).ve structure. The :first th:r:ee oan be g:j.yen more
tf

i <r,
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accurate descriptions; the last '1:1;'10 are discussed under t.he
heading of random coil.'
1.5.4 TUrns

,
A t.urn is defined as a site where the polypeptide chain
2reverses its direction. B-Turns do this with four amino
acids and gmnma turns require three. a T~rns are less
conspicuous in X"'ra:~rana Ivs i.s ·than helices becauj~.coX .:l v .~ phi
and psi ~~'lglesare not repetitive. In globUlar Pi.,.{· _. '.<3

. 11
,'_,\" '\about on(~~..:t.hirdo·fthe sequence is tal{en up by turns 0 Turns

are polai~, compact structures tn which the amino acid side
1\ (\

chains fa:'ceout1;vards.They oombine (l!- t B....p laft~handed
gly~lnl:lconrormat.Lorrs and various hydrogen b<;ll'ldingpatterns
to give an enor-mous range of structures even tvith 3 or 4

res.idues.6 VenJ;;:atachalam11
\in 1968, predicted turns by using

the limits for atomio contact radii set by Ramachandran.'
llyd:j:'ogenbonds ~Ilered.efin.~d.as contacts between amide
nitrogen and oxygen atoms within 2.6A and 3.28 units where
the hydrogen bond angle deviated no more than 30e from
linear. These definitions had been used for the successful
modelling of helices.1a Conformatiohs with hydrogen bo~~s
separated by three amino acids f )e calculated. Three types
were predicte:u and labelled If IX aHd III. The stability of
turns has since been shown to be great enough :for the

-:requirement of the hygrogen bond to be dropped~ and they are
often found on the surfaCe of proteins hydrogen bonde~rto .~

\'::', 1/ ~',,,,
'<'" ;/ '~solvent moleCUles. Nemethy and scheraga have shown that"~b.e .~

',I"I



standard I I II I III turn defini tiam; requir~' some 'changes in

their dihedral····angles to accommodace the hydrogen b9l4d."9
~ . , ~

The three types ha:\'rc':'ilirror imag7s denote(j by: I,)_ :fII and)
_., (i/J

III r, Type, 1" and II turns diff~r by a rotation'lff 180" in

the secondl psi angle (figure 10) ~ The tYP$ II! tu:d~_j> a,C/,opt,
\, \ "'-,

'the same phi and psi al1g1eS:f)3s a 3;LO helix. Turn$ can al.~i:\)!i
,_,). "

"be defined? in terins of the direction changes of ethe ..peptide;-,_ - - _- -.tl -- -_ - - 'I

backbone that they effect."S The pl,li and psi al"ld ..,y~otor
.~'

definitfbns r~re equivalent and the choice dep!?rtqs upon the

type (j·t :an~lysis.

Of the secondary-::~tructures f turns have tae :most fasct:.idious
.,~ r: "

g:~eric r~qu:t'l;:em~~ts with r~~pect to thslr seguel1cE{:~"l~dst
_ ._ l ..' .: i\ ,:

important to a turn 1'$ the'l cnange o'e dJ.r("ction that rrrans

proline ·force~ on 'the peptiJ.~ backbone, proline f·orces a
<,('

ohange in direction tria-c coihcides 'lrJj.til .the hydrogen bond
" ,,'. (). . 1--' '.\

"formed. ~ TypeS I f II and III invariably place' prOline in

po.sition 2 and the\l,type II"t... turn p]'f!ces it an po:;:iticm 3 ;,
\ '/:~ t _,

(figure 10).6

Turns are pivotal in protein strlficture t': 'rneY,,}I\ar]~ "the ends"

of sheets ahd helices ahd they join secpndary s1;r;:;uctu:t'<;I,l

\)

'/}

ele:merl'ts together. ~,heir loq9-.tion pn 1;he' prot~~n sllrfa;c4?,
\, r", ,.' ~ , .

. I '\' .' ""'" • \~

means that they are (.$olvated. Turns' definer a $E'ft::\,of

co...ordinates 011 the' cutei:' surface of'c'a p!\a{t~ln bJ~ween,:wl"ilch Q

the sheens and helices J;".icochet around tile pro~.,~n.,
\,~.'z<'

\) -..;:,
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"

if
II
II
iJ

b: Type ]I

lJgure,~l_OTypes I (a) and !! (b) B-turns differ by a rotation of
H:O" in the peptide bond between residues 2 and :3. These
st.ructures are typical of the: B-turns in. that they rever~e the
direction of the polypeptide chain ~-dthin 4 amino acids. 6 .B-turns
are compact structures and place definite steric demands on their
amino acids. Types I and II turns usually have a proline at
position 2 and glycine at position 3.6



1¢5.5 a-Bulges
\

The B-bulge is a :region be1;~tJ'eentwo interm61ecularly

hydrogen bonded B-strands ",her(~two Or more residues

st.rand are opposite a single rE~sidueon the othl£jr.15 The

extra amino 3.cids caUse a bulging which results in a band

the B-con:::ormation.frhe angle depends upon the numbez of

residues in the bulge.

1.5.6 Coil structu~es

The Jterm coil structure is applied to anything that does
fit the label of heli:n: or shee:t. coils can be classified

into two<groups: those that a1:e genuinely randomand
'i

flUctuating' and chOSethat 'have an Unf;la~$ified o:Cdered

structur.e such as the turns and pookets. The former

fluctuating or randomstructures are termed randomco1.1."

This type of stx'u(,iture has been modelled by the behaviour

peptides in oM guanidine hydrochloride. (l Ano'chert~rm,

stat.istical {.::oil,refers to structures seen in solutions

that produce conformational averaging. 3;(1,20 tJ:he as~umption is,

that in ,the sQlution there ar-e populatic)ns of recognised

structures.

Genuine randonlcoil can be reoognised from Jc-ray

crystallographs by an absence of any electron density or the

presence of diffuse electron densities." The cause is due tCl

motion of the regions over the time course of a day or..so.
".N

The motion can be rando:mor is caused by, alte:r:nation between·

different conformat:i,ons~ Someside chains v such as

if
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isoleucine and lysine, shO't'J'a rel'ducrt.iol1
c
in their elcpeoted

. . I nelectron densities caused by rapid :movements from a stable
o,

conformation. The region~ of actual :mobilit-yand disorder
,may be greater in the $olubilised peptide as the

crystallisation introduces a bias to the result. The
disordered regions are functional as shown by haemoglobin
X-ray· t>1orlc..:U. In the transi 1:.ion petween the oxy and deoxy

forms, the salt bridges in the latter are ordered but in the
forll\e)';'they are disordered. Hot-Jeverit is nQ:C always
possible t.o run X-ray crystallographs to identify these
regiol's and their identification can be a problem ..
1.5.7 Factors affecting secondary structure
1.5,,7.1.$Olvent
In" solution, proteins are solvated and the nature of the
solvent is important. Solvents that can compete with the
peptide backbone hydrogen bonds can ~isrupt helices, pH
alters the charge bala:qce of the side. chains and apol.ar

solvents can disrupt the ~ipoph;i.lic core of a protein.

1.5.7.2 water
water exists as a liquid at 2SoC because of its ability to
hydrogen bond with itself.;1.2This pl1:0ducssan extiended
network that holds the t'llatel: me Lecu Lea toge'thar 0 The
hydrogen bonds are transient, las,tin~ in the order of a ..
tenth of a bil.l,ion"th of a second, and ar.e cons>'tantly forming

J-:1,

and brealdng. 2~ The sal va~~on of proteins in an aqueous \\.. ,

mediu1\\is a qp:mpleX proc~ss and one ove~ which t~e~e is
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cnlrrent~y much debate. Some of the water molecules
\ n

surrounding a proteill in solution can be oons:Lder~a a part

of its structure. Water affects the conformations of exposed
>

side chains i the stability of the t.erminii of secondar1V

structures 1 the liRPphilic/hydropholic partition of thJ~

residues during foldii1g and some active sites.

Those tlfaters that are actu.ally bound to the protein are

considered part of the structure. X-ray diffraction

pinpoints the occupan'i~Yof water ~t:, p(l(r1:icular sites 0by

measuring the probabiJ..'lty of findin.q a water molecule at a
\'~ .

particular site~ Pl;'ed;~C'ti119 't.h.-;:> water occupd.ed sites 'W'l.t.h

th¢ Mon.teCarle s·;::.atistic~l lltl);~el!;;hO'tv~ a good correlation

w'ith. ;W"'raY\.,:maasuredSit.E:H3J.<:I. Watcers' found in a protein· core

are used as packin9; to' fill Sr1,Wfi. ;!'he tlTater :molecilles have

a high en~rgy xelat.ive to thE', bulk phase solutio!! but they

lower the overall energy of.f/the prot~in. Hydrogen bonds

beb;'Jeen the carbonyl groups of a t;>rl.)tein and 'Vlater a±'e:,

stronger .~han those between water and the aluipd'groups. (l The
.. ~

first hydration layer around a protein is more ordered than

the second; by the third or greater layers tl'le bUIlt phas~

ordar is seen:l4..

1.5.7.4 Side chains

The f\l.nique~~~ss·of

sequence. In turn
from its side chain. !"or 19 of the amino acids Levitt~3 has"

found a weak bu.t significant preference for (.~ertain

()

o
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conformations. Arginine is the> odd one otrc, 011the basis of

\

sterie hindrances and .electrostatic interaotions the
preferenceS are to be expected~ . \\
The B,!branched and aromatic amino aoids, valine, isoleucine,c
threonine u phenylalanine, tyrosine and tr)j,:pt.OphSJlall favour

I)-sheet.oonformations" These side chains are :bulky but they
can be acco!lUtloctatedin·to B-sheet. <1 The sJ:~ort chain polar

residues, serine, aspartic acid and asparagine q r",refer
':J

ra·"erse turns ~ This is because they can hydrogen bond back

t.o the chain and are able to reluain on the protein. surface ..

Glycine an.d proline are also commonly found in turns as the
low stariq. hindrance of the glycine allo't<J'Sa, left-handed

conformation and proline can reverSe the chain direction.
The rest all favour (X-helix .. This group of amino acids,
except for arginine! has short ~polar chain~.23

The imrerse trend of the amino acid preferences is also
explainable in the same terms. The"B-sheet groul? is too
bulky for the Ot"'helixor can disrupt the hydrogen bonding.
Gl~rcine is too conformationally unconstrained to PI? able td
st~bilise a helix and proline is completely disruptive.
Prol:tl'le only 'forms Qn~,hyd1"ogen "bond{ this is disru,pti ve to

",
B-shli:.let.Charge~~ grdupS in "a B,..sheetcould forae st:r.~ands,"
apart bY electrostat,ic repulsion. Apolar side cha.,ins cannot

occur at tlts su.rf(hce,,.,.llt p.rote ins t thus exc~'I~~ing,t~mi I :from/ . . . . ~

turns. The aromatic(/nature of histid~ne' mai\es i'l;. apolar I
(~j i ,

while the charge gives it polarity and it snows littl.e
, ,
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p:r:opensity for any structure. cysteine cart also be polar and
\

apolar~. and it has a lot" stati~tical lrrObability of bein.g

fot!.nd an tUrns. Unfortunately these ["trendS are no allore than

that. Evolution has whittled down the number of auuino acids

required to the bare miniiJum with the result that the

!aaxin'll.nll structural potential is gained from each one.

t.l.lo I':julnmarise: IiIn general, the impression one talt'.es anrJay

frout this kind of e:g:amipation is that the protein is

balancing so many factors at the same time that. tn,ere, are

always. t'1ays ,to compensate for any ind!vidual problem .'\~he

stUdies of individual parameters uncover only weak

regulari ties in spite of tIle strength of the overall paoJdrtg

com~:.t;raints. BIG

1.6 Secondary structural prediction :methods

A seeondaey structure has to fit:.into one of the broad

c:tegor
t

.ies nowre)!,9l1iSed' ~el~X.'turn,
f~rst hree are bi~sed upon ~deal models

angles govern.ing ~tteir definit.ions. The
11

sheet or coil. The

with limited bond
x-ray

crystallographic llteaSurememts 'Of srcondary structures show a

great deal of variation from the ideal. The problem of

c~assification/;then arises. currently ,the desiqnation is
t,l" ,/

dorie in a number of ways. Kabst3h and Sanders.l.Eiprovided a

compr'ehenai, ve set Of rules :based UPOl"l hydrogen bonding

pat'bsrns and phi and psi angles. This worl{s well for regular

structures but hreal{s down at the often irregular enqf Of a

structure. It" "ai~o suffers frOln the fact that slight

)l
1/
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inaccuracies in the angles measured can greatly affect the

result~ Levitt::.!!}includes the inter-c", distances to reduce
,II

the level of doubt. For aoma ""!erIcthe designation of

secondary st:ructure is quali 1latl.ve. When .:. prediction method

is evaluated it is only valid for the definitions. t-Jithin

wh:i.chit has been set up .. Despite the problems a prediction

method is needed because DNA technology has produced

sequences for which there is no X-ray strl.lctUre ~ The

situation is worsened by the fact that the crystallisation
of PZ'otei:ns is a slow and difficult process.
Predictive !nethods depend upon statistical analysis I

information theory, stereochemical theory and statistical
mechanical calculations. The latter three originate from the

worlt by Liquori et aPe and Ramachand:r.an7and assume tha't

protains .fold to a :iree energy min:bnum. J3y u~ing the, . .,,'

techniqu.es enconpassed by each field the aim is to \)predict

the lO'Vlest·energy conformation. The results of the energy .r

calcull;itions have proved so far to be unfrui t£1)';', ;':o'r,two
reasom;: the volume of calculation required ~~.:..(avah simple

:molecul.esand difficulties with the application' of the"
quantum theo:r:y to chemical problemsQ The 'most productive

:method so far has been the stat.istidEil approach. The,)/
Ii

frequel1dies of \~:minoacids in particular secondary"'::

structures are measured and t.he information ultil'nately

produces a value for the propensity of an amino acid for a
gi ven s,tructure. It has already been pointed: out that these



statistical correla4;ions produce only general trends and
\theref.ore rules have to be set up to apply the statistical

ci

inforlnation. This is the 'i!lray that the Fasman and Chou

predictive methods operat.e.27,';O

1.7 Tertiary structure
Biology stands on a threshold that cannot be cl:'G'lssedl':iithout

(I

first discovering the forces tliat fold and~stabilise
:I proteins and q,ther lilacro:m:olecu.les~ Much of -thework in
molecular biOlogy relies upon a ,h'lt...and-miss approach

because of our 'inab:i.lity 'to p:t'edict the behavior of

macromolecules. Without such pr.edictive abilit.ies major
academic advances in medioal technology and biotechnology

will not be forthcoming ~ with iJ.t the \rJesign of proteins and
.- .~

\\the manipulation of molecular structur~\will be possible.
For these reasons the study of prptein ~tability and foldinglas attracted huge interest.'"

~~Measurem~nts of the stability of whole. prateins are based
upon the en~rgies of-disruption of native proteins.:Il'PA

(,

denaturing solution cf a protein contains essentially two
populc;'I.(_d.onsof molecular species, the native and denatured.
The number o~ intermediat.e forlns has been found to be l~brt3.

The ~oldin9' and stabilisaticn of a pro'cain is therefore a
"c09perative process. The non~covalent forces respcmsible are

'discusSed.
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In
\ .. \\,\

The tV'ork by Kauzmannshowed how the amino a.cid~\of, a

1.7 .r,"'l'he hydrophobic effect

globular protein partition in an aqueous 9c).ution t.o produce

a central hydrophobic core surrounded by a J'lydrophilic

exter:i.or30• Whena protein comes into contact with. water the
\~

hydrophobic amino acid side chains aggregate and f~rce the

hydrophilic side cbains into the solvent. Water is excludeq

from the centre which becom~s predominantly apolar. This

provides an initial .organising force, for folding. This lIoil,.

droplO theox.·y4ff,l.is drivel) by entropy.o 'l'he insertion of ,a
~i

j . /
hydrophobid;'side cl1ain into 'imter forces a break in t~~~

water I s hydrogerl bonded structure and the sol'v.ent lid,)lecules

form an ordered cage or clathrate structure around the

~ydrophobic group. The positive enthalpy cha~ge from the

brealdng ofq hydrogen bonds is offsE}t by a negative enbhaLpi.o

.,s::r~angedue to the setting up at London forces between the
,~ V(
'~'1 ~':!
~91ar groups and water. 3::l The attracti ve forces of apolar
c "'\~-~(

molecules for each other is similar in magnitu¢l,eto the ..

attraction of apolar groups fOl, wa.ter. 'l'he driving for.ce for

the removal of the hydrophobic side chain is therefore not

enthalpic. Instead the aggregation of the hydrophobic side

chains increases the entropy Of the water by destroying the

clathra'te structure. 'l'he aggregation moves t,o minimise the

surface area o·f contact with water. For every side chain

rernovtadfrom wnter the increased entropy results in the

release of about 81&r marl of free" energy. 3.:)A corollary of



th:ls is that the stability of a protein shoU-J.dde~end in
part on the data 9ail'ledfr~~ Simple experimertts that
determ:Lne the ~olu.bility of hydrocall'bons in 1;1]ater. These

simple studies have been e~tended to measure t.he free energy
of tranSfer of amino aof.ds .fJ:"o:mwater ~to apolar organic

\~l

solvents a ~~,32 The work by Bald'lilin3<lon this correlates 'tvell
tITiththe posj.tions of amino acids in a protein as dete~n:ined
from X-raY crystallography ..There are however numerous
examples of hydrophobic amino acids that ocuur on protein
exterior surfaces. More work is required if direct free
energy measurements from solution stUdies are to be
extrapolated to proteins;32.
1.7.2 Electrostatic interactions
The electrostatic interactions in proteins cover a wide
range of effects with differing spatial and. g.eometric
dependencies. Of theset the best characterised are snlt
bridges t hydrogen bonds and van der Waal's forces. 3::1 There

is evidelloe that the pattern of close paokf.nq seen inside

the hydrophobic core of a protein is dictated by the
nece&sity to fill the core t.oremove water and to ensuz-e the

asymmetric distribution of electrofis around nucleii. The
asymmetricdis'cributions cause ent.halpically favourable

London forces in a protein core w~ere the atoms are in close

proximity. These interactions are electrostatic in nature
but exist between normally apolar ..amino acids. They are

stronger than van der Waal' is forces and are errt:halplcally
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equivalent to hydrogen bonds. They are categorised as we.aki;i;j
':~/

polar" fI'he electrostatic forces in a protein 'are the most

important after the covalent linldng of the primary

1)

€Structure. Sf)
il
//

I.

\.
'fhe strength of an electrostatic interaction depen~s upo~
its enthalpic ~aV'ourability. Direct measurement is often not

possible I •..nd ql.lf\ntum stat:istical equati()l1.s are used.
, !/

1.7~2.1 charge-char~e interactions
The carbon}"l. C:\ndami.nc terxninals of a protein are nearly

fully ionised at physiological pH and are charged. Similarly
the side chains of aSPartic acid, glutantic acid, cyste:i:ne,

\\

tyrosine, lysine, arginine and histidine can carry charges.2~
These amino acids are found :mainly at the surface of a

II,! protein Where they interact t')l;i1:l'f each other or tITith water.

~Tyrosine, arg.i.nine, lysine anti glutamic (l_cidhave apolar

side chains that·~nd in charged grm.:tps~To accommodate this
the apol,ar chain is buried!)beneath the y;:totein ~~,face and

j( '~
the charged. group is e:w.tended into the i~olvent. chaJ::ged

/1

groups inside the core of a protein a~~ found \"i thin 4A

units of ano'chez opposite charge or are hydrogen bonded. At
:-1

. . . . d . \\ . '.actJ.ve S2tes an peptJ.des the charge gro~ps form J.:mportan'r

ligands such as -the binding of 2,3 dipl1osphoglycerate in

deoxyhaemoglobin. Tb-!· force of attractlon bet:.ween two

charges is invEf'::'selyproportional to·the distance between

them and is sputially
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I

The .si~e of a q,ipole moment; along a"bond depends upon the

difference in t.he ,elec~f~@gativities of the two atioms.?"
/<~~~:-:::::::::~,;._ /'--"-'

. .The Pauling scale gives a comparative measure of t.his. The

commonatoms '.of proteins have the follO\l\fing values;!?!2
hydrogel) 2.13, )arbon 2.55, ,sulphur 2.53, o~'Ygen 3.45 and

nitrogen 2.98. ~ftherefore all the covalent bCfhCls in a protein
, \

have a P"rlIl"ilen~ dlJi?ol", ';100110 sma11. The m"lni tudes of the

dipole moments )n"J..Jroteins vary between 0.354- and O.lO€~'~

'l'helower Values are found in tile aliphat.ic Chain bonds and

the higher vatu (is are found in the pdlar side .cug.ins. S2 'llhe
,(. ~

aromatii; si~ chain~!j!bo-;;br at values around 0 .1.5C., 'Ji'be'

exist~nce of the bond polal.-it.ies mean that th~,·arol'Patic
IIi1roups have quadropole mo~~nts simi;~r to benzene ~,\

/
" 'I,/ 1.7. 2~3 "The interactions of charges with.J,,;l¢l.ipOles \\

I)
'):ineexf.s.cence of tJ'}~oBPosite charges close to one another

causes a dipole. The separation of the amino and carboxyl

ternt.inal charges in an a-helix sets up a dipole along th.e

length or a peptide. In addition the dipoles from each
hydrogen bond are aligned and the t'~lsult is a large net

dipole. counteraoting this "there ar,r-!usually positive and

negatively charged side chains found at the carboxyl and

amino terminals rEi:spe.ctively to stabilise the hel~x. 30

In a protein the strength of interaction of dipoles and
charges is spatially anisotropic with respect t.o the dipo'ie

;moment. To maximise the ,interaction "therefore the 9,eometry
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of ,::~hedi'po1.~and chal::;~eare fixed, which i1'1 t:urn is c~ means,

of spatially organis.ing the tV1032 •

.1.7.2.4 1J?h.ei1'.\bli:~ractions~')f Qipoles
/:.'r
"

// \\

The hydrogen bbnd is st:£1hle and disr{iptiO"tf;'~eguires
, '

approximately 10 to 30 kJ mor~ and is abou.t ten times more

stable than o·ther dipole-dipoJ:e l.nterG\ptions·ss The hydrogen

atom has a sufficiently positive-charge to displace
I': ;\electJ;:'onsfX1?m the acceptor and tilers is some covalent

~,

character 'to th~\ bond
\\

dbnor group have been,«
X-ray gryst~;l.lographs of proteins. ti Norm.ally the donor is a

I,

for:med'~}Hydrogen bonds uf'\inga ~C....H
, ,,', , \

, " '1"" ,\\," , ,_ _' \ ...... c " , •J.9,entl.f :ted an neutiron s'oattetlll.~:tgand
,\ 1,5

hydroxyl or amino group. The most common acceptor in
p1;oteins is t.he carbony), of the ,peptide bond. A lineaJ1'. (,

\'
hydrogen pond is the :most stable a:rrange:mant.. The dipole

st~~ngth of the bond varies wH:h the cosLne of the angle ~.f
~~, 0

de"..tiatidu~, from linear. A hydrogen bona bent by 25~ has ~6%
'"coo:""

of the strengti)1, of a linear hydrogen ,pondQ32 'J:'Jierefo.re "
\,~: .' \."

structt1res I ,~ike the a....helJ.;x and antlpal:"allel B-sheet,o 1I1hose

hydJl."....gen bonds can be n6,rt~'linear, are still stable; The

angle at 25q allows an oxygen atom to accept '1;',\'10 hydrogen
/~ I

b~nds and this is often seen.
II

An analysis of hydrogen bonds found in prot€ins has led to a

series of generalist~ions about them.32 The list is as

follows;

;1.) Almost all groups capa.bl.e of hydrogen bOlld:i,ng,( ..';) so •
. :'!:> \,
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2) In secot~dary structu~fs the main cl'lain carbo11yls and

alnino groups aiEl bonded *,\0each other.

3) Polar side chains are '~~ap&bleof forming more than one
_\ , ___ l

hydrogen bond. Aspartic aC\d, glutam.1&,p'acid, glutamine and

asparagine can ;f:)1,,~)ll up to £~ur; arginine can form five. Side
\1 . "
\\ .c

groups,! incorpora·tin'g these a~~no acids can then form

e~,~cended ~et'lr!Orl~S of hydrogen ',ondS e III

4:) Inter~ctions' betvJee'<1t.,he si(f~ chains and the ln~in dllain
usually inVOlve serine I /ithreoni~~, asp(;artic acid ~md

~ ,

aspa:1:'agine. These hydrogen bonds ~;re often used to ../~ie up
'., . ,.',_.f
, ,,!,,-;"

I

I

fl::~e peptiJ~ pond groups at the teri),'ninii of o:-h~H?es.
j\

5) In hel ices, th~ :ln~eractions of $,ide ch~ihs tiTit11\ the .main
(j j! \

cha!ln are dominated by Serine and th:e'~;}ol'dnewhicn fo:l'hna
i,

hydrogen bond to main 6hai1'1 carbonyls.

6) Side chains at'" the ani.no tE'rminaJ. of'\an O!'''hel.ix l1\Ore
\\

frequel'·tly form hydrogen bonjls than thos~)\ at the carboxyl

terminal. '\,
\,\';

7) Main q11.ain carboxyl groups s,now a prefe:e\~mce for
~

accepting two hydrogen bonds. They are angle.~? at 120" ..·

,,8) !n orcler to accommodate the second hydrOg~n bond the

carbonyl groups are tilted~

9LSo1nE!q-hel:lces '\are found in proteins berteL 'l'he hydrogen
,. '<-

bonds on .;heoutside of the bend a:t'e longer than those Ott

the insideY

10) In a"'sheet ';the hydl:"ogen bond deviations from linear are

similar to those' fO\lnd in helices. There is a significant
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.~decrease in the number of double bonding arrangements around

carb(11)rls .,

11) The internal and solven·t hydrogen bonding in a protein

is an integral part of the structure.

Hydrogen bonds are t11e strongest and most obvious

dipole<=d.ipole interactions seen in pt'oteins but they are not

o

1/'··:,

'I::h~only possibilities e The st:r'ength of interaction depends

upon the distance pettV'een the centres of the brTO dipole

moments invol'lled Ilnd'the angle at which they relate to each

other.

The ;:,V'ealtpolar in"c.eractions Seeh in proteins span a wide

range that. d~pemds upon different distance and geometrical

parameters. The Pl:·otE'.inooze. is stabilised by the

hydrophobic effect\,4 0 This brings atoms into close proximity

with one another in the core\ The pro:x:imity of the a.toms
t.hen ul'.;Lows the possibility O.e a luyriad of London fc.'.;t"ces32

between norma.lly apolar side chains. Th:i.s produces an
,.

attractj.v\~ multipole moment bet~u~en ·t.he'-",atoms. Added to this

are van dEdA Waals fo:r.ct,~sand the interactions of aromatic

groups. '1'0 n\a:ximise the stability to be .gained from these

effects the participating groups must be spatially

organised. Thus the packing of these side chains is not

random. The conclusion is that the ~'<Tealt electrostatic forces

tha,t occur bettl1sen normally apoJ.ar side Ohqi1r dominate.

\l
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They are not random. and will diredt the precise positiqn of
packln<,;; 1:\1 the core32•

148 Fd~ding of the peptide chain
l'~nfinsenshowed that the pritr~arY sequence' provides all the
inform~tion required to fold a protein into its native
state.:1. This was done by denaturing ribonuclease A and then
allowing it to renature in a solution similar to its normal
physiOlogical environment. Reversible denaturation is a

property shown by most proteins tested so far~ The next, and
as yet unsolved, qUestion is how t.he fOlding p:t:ocessoccurs ~

c-

rehe question is allied to that of the prediction of tertiary
st.ructure.
There is no single pioture of protein folding that. fits all
of the evidence. Any 9iscussion of folding can at ,hest:; only
present the trends in current thinjdng,~ To su:mmarise 'i:lh~.t is

a hotly debated issue: "In short, protein fold:illg has been
defined as a spontaneous ltin';l>ticallyoriented proceas t'Jith

the steps: local. fOlding I followed by long ri:!nge
in.teractions, artd then rearrangement~ Tbe question of
disulphide bond formation relnains st.ill to be ans'II!ered.I136

If a native structure lies at an ene~gy minimum, either
global or looal, folding might be a random search 'th.ro~\gh
t.he possible conformations to So low ene:r:gyartate:a,43;.

/)

Proteins ranature in time periods that vary from seoonds to

bours. A random search ung;er therxrtodynamic oontrol 'through
all the conformers possible does not fit. this time scale. A
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slnall protein has about lOJ.4B possibilities to searoh

through31l and would talte millenia to fold. 'llhe conclusion is

"that folding is under kinetic control. Global and loca'i

minimahave diff~rent kinetic requirements. To fold tOe) a
( ~.

local minimuma specific pathway is required as the vast

number'of potential donformers alloirJs a prot.ein e:nQ~ghspace

to fold to several minima 'V'J'ithout any preference for a

p?P.l."ticularone, The native structure is t.hought therefo!:'e to

lie at a global' free energy minimum.:lG A kinetic :mechanism
...;:;;

then 't'lould dl,emonstruteone Or several path't\Tays.In both
, .

cases there l'should be ident:t'fiable intermediates. In

:metaooli.c studies it is pOssible ·to stop a pathway at a

particular point so that the concentration of an

int.ermediate Can be incr~ased. In protein folding the

problem has been to identify interntediat~G as they are

transient, in very 1m., concentra.tion and J~stable. It is I~

, \
possible :to monitor fOlding to a limited e~\ent.3\l

TeCl'.\niq1.te7~1inClude the addition of flUOl:'eSde\t markers along
) \.\

the sequence in order t9 measure changes in <ii.stances
I

bet'VJ9E.mresidues40 and changing the pH to arrest ..th9
!j

folding ~ Fromsuch studies folding has been sh6w'n to occur

in ttvo stages: a fast i~1tiaJ. phase and a rat~e limiting slow
//

st.age'u,. Folding I bridg~s the gap between the interactions of

neighbOUring amino I acids in secondary str utcture;:; and the

10n9'errange interactions of the folded protein. It 1;~'ould be

expecced tbat there should be a hierarchioal proces~
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involved 'l:lnerabyover time successi\;}ely mo:tecomplex

interactions are direi::ted~

The currelltly accepted hypothesis is t~s:c the first even'l:;d.n

foldirA9 is ei t.har a hydrophobic collapse or the .formation of

local secondary structural initiation $itas .39

1.8·:;1 Early events in protein folding

1 .•8.1.1 Hydr.ophobic collapse
The/aggregation of t~e hydrophobic side chains is a two-stap

prC1,cess. The first is non"'specific and is analogous to

micelle i;prmation. The second, is a specific organisation of

the side chains int.o a molten globule state. 'rhe nature of

the hydrophobIc interaotions has been investigated with

carl::,onic anhydrase. The structures observed were transient

and their half lives, in the order of seconds, were

measured, Initially hydx'ophobio <.:lus't:erswere observed; t.1/.2

of 0.03 aeconds, These aggregate to a r~;'l\d ..hydrophobic

core r t.1/2 of 140 seconds, and the l\~~tb;re ~trucl ~:reappears
" \\ \, I.,

il
at 600 seconds , 43 Th~ :filolten g~obt11estate is a oompact
hydrophobic structure whi~h shows e>ctensi ve seoondary

.:\

structure when investigated with circular di..9hroism.,.:l9 It is

as compact as the nat.Ive protein b\rt there is a greater

amount of fluctuation. The protein is still different from

its nativ~ st.ate even ~'lYith the large ~~condary struct:ural

content of the molten globular state. These :results can be

= related to the specific nature of t-lealc apolar side chain

interactions discussed above.



u,Potent~al hydrogen bonding groups, in particular the
carbonyl and amide groups, in protein secondary g

have to compete wi'dh water for their hydrogen bonds. It was
thought that the cooperative effect of a whole protein ,:was

the factor that allowed the backbone to win "this

competitiono44 The discovery of marginally stable secondary
structures in small lI'Ieptide fragments '1:10.6 an unexpected\\ J...""

result~ Small peptide fragments can fold into QI-helicesj;'

B-sheets and *urns" 3~.4S They are marginally stable and in

equilibrium witb 'random coi Is •45 With d:his re~relat;{onit is
"Ifnow envisage~ that along the unfolded prot-a)-ri, sections are

capable of autonomous sec()n~.::try qj;r,ructural for:mationq These
flioltering regions can form the initiation sites for further

I'..folding ..31),3(1 Chance collisions for Lnatiance increase tnfi?l!r
.;.

local stabilitY"thereby allo'tving fUrther growth::!,. 'This model

is sometimes called the frameWot'K lnodeP!J. The small

secondary structures may npt be native bV(tthey would be
'?::::::::::~:~-,

able to direct fOlding. The secondary stru.ct~~al n?ture of

the initiation sites means that init~allY the \~hdrt-range '
interactions between neighbouring, amino aCids~re

dominant.46 The model allows early folding pad\'t'1€lYsto be
non-specific. Several pathways reduce the imP~tance of any
one amino acid and, from an evolutionary point ~ view,
limit. the damage done by mutations. 41
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The cdef SUl?p~ __fo_~/fra11leWOrk model is theofa'bt that

,,~paPtide I:l:a;':nts are capab:te of' form:i,p.q secondary

#~t~es. ~q.e 'next question ;is w)lat se~n"'!r~{'structure~

- ffrOVide good ini tiat.ibn sites? In isola~':ffi.,6r£'.the a-helix is

) ltass st.able than other structures. 39 conve:csely the
_..:,-

stiSbility of early structures :may not be important as t.hey

are transient. }, "lovi stability also qllotV's incorrect
1, ,".

structu):'es to be reversed. 4!l The B-turn is.-~an s,ccellent

candidate. ala ...' directs long-range int.eractions by reversing

the chain. /,\s Turns requ:l.re no interactions longE1r than

between four neighbouring amino acids and they aze stJble. 30

They occur at the junctio~ between secondary struct.ures in

proteins and it is 110t difficUlt to see how a tw()-st.randed
/\

antipal1'a.Ile,.

\<,

l'lelilc and 'there is not a large jump in eneirgy bet1i7eenthat
II . •. 0 ~

a~d an a-helix"G ;he B-turns are piVotal as t~eY\15:i.tat a
(!

~)

crossroads between the sheets and helices. They also ha"'l
fastidious sterie requirements such as the correct.

positioning of proline;:;_This 'makes them vulnerable to

mutations.47

'rne hydrophobic cluster is also a possible initiation

candidate. The sp~cificity of aggt'egatiqn 'would vary
:';)

dependent upon the amfnc acid sequence. 40 Matheson and

Scheraga have calculat.ed that. fCl'ur or f1ve residues arc t,!1e
11
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:minimum number for a hydrophobic pocket to initiate

folding 0 IS'll

1.8'.1.3 specific interactions

The molten <glopule and t.he frameworkmodel imply that

prote;,tn foldil1.g is dictated by a lind ted number of

non-specific int,erac'cions tha.t limit a protElin's

conformational space. It is possible to envtsage a moreL~
specific mechanisrn39where the interactions ,j13Uld be

directed for example by the oorrect disUlplide bond
formation. Tl1elow,frequency of occurrenceJ of disulphide

bridges ~nd the rate limiting step for their correct
(.)formation have (rUled out SUCh, modeLs, 3!>

1,,8.1.4 conclusicms about early events in. protein' folding

The enthalpy changes of Q denaturing protein, assuming that

~t.l:dsis th'e same a~ folding in reverSe, ,have·, shown tha,t
! I

'\\1, during the folding ~t small proteins the number' of

\\intermediates is s~M~LThus folding must be a cooperative
'<, d_. '

~rocess •49 Larger proteins denat.ure in severai di'$cr~tE?,

cooperative block$. separating out the individual

contributions from each type of int~raction is not ,possible.

The 10'" population of the int,y;)J::mediatesin the folding

process observed, does not mean that'a simple two-state model
is correct. Measurements of the folding intermediates ,:~\lith

nuclear magnetiC reSonance and proteases shaw that they are
'( "\1 ,",

differen't from the native and denatrur ed !States .46
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Overall the evidence for the early events in folding: 'dictate
. ' \

tha:tothet!e is ..one path or a limited. l1ult\berof pathways J the

interacti6ns between ami.nc acids are ini tially local "and

non..:lspecific and result in the formation ~f a molten

globular state and or flickering secondary structures .~5 The

mechanisms are by no means mutually exclusive and it is

posr.Lble that a hydrophobic collapse provides a surface upon

'!tlh~ch flickering initiation sJcructures .can forr\}~fsuch as an
\\~l

amphilic helix. 39 ,'-7 )/

1.8.2 Late events in protein folding
.\
ii

The early folding events occur in times of the order of

secondet\or less. There is a fin~;;;)late lPhase that has b~en

shown to be rate limi tin9 .50 The evidence fOr tk.is comes
~:,~;:;:-:

,,.-:>--

front denaturation experiments. The 51m'1 phase corresponds to

a transition among two or more denatured states. ~he
. \\

transitions are thought to be the result of cis-T:rl!ans

isomerism at proline residues. £lO,51 The rate of Cis-Trans

int.erconversiarlS can vary by a factor of ten depending upon

the amino acid found on the proline amino ternl'inal. The rate

in actual globular proteins is unknown, 5], The evidence
(/

suggests that an increase in steric hindrance from the amino

terminal side

~.9 Prediction

chain increases it.
Ii

of tertiary strucrtfre
l .can be used to p:tiedl.ct the conformations ofQuantumtheory

small molecules, such as ammonda, in the vapour phase by

finding tha lowest e~!er9Yconformation. A computer program
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do.es a global energy searchQ~~ The quantum mechanical

\
~operators used in p.hysics have to be al tared because the

time scales for the movemerrcsof n;uclaif::\are far longer than

those for sub-atoluic particles. The qUI:l:rd:.um mechanical

approach invol vas; huge numbers of calculationS even for.
i

small :molJ:~cules;"making Lt; impossibly long for us~ with

proteins~ For1instance if three phi and psi angles are
/.,

allo1i17edper residue, a 149 amino acid sequence has 14820

conformers to search thro1lglY'swithout considering the side

chain angles. At a rat.e of a nanos-acond per trial it, 1i"lould

t.alte approximately 10,100 ":fears to try everyone. T't>10

approaches to redl.'!.cethe' ~hxmberof calculations are used:
"~ .

the latest stai:;e"'o\~-the-art energy function can be built
,~,:? \\

into an algcrJithm ,?r an energy function based upon the

tertiary structure iliofa protein can be modified. In both
1',

.. i'
cases success Grlas l:ilfaenlimited. In the aacond case a

i'

structure 1.l..ls being- \,1.Sed to predict itself in the hope of. . \~,

finding the key to G)aloulatiotu;; for unknown structures. Fox'

both there are multiple energy minima found ~lose to the
native conformation and Choosing between them is a

"

problem. '!J!I

l.:ehe notion of randomness has obsessed modern physics for

some time63 because it poses the question: does prediction
depend upon our own limitations or upon some-principle that

malt.s;sit impossible? Simon de Laplace used Net-!ton's laws to

say that prediction would be possible forever. Newton's Laws



48
are deterministic 'I;"it.~everything in its place. Qu~ntu:m

mechanics and. the Heisenberg pril!lciple ha'i~ introduced the

cO".A.ceptof probability and randomness.~ The notions 01chaos
{ )

and randomness have become unifying principles in science 0
53

I~r'VJ'aS proposed by Dirac that t1i th quantum mechanics the

whole of chemistry could be reduced to simpler physil':al
r:

termsS4" 1'hi5 has not yet happened and Ls prObably nc·,~

possible because in science the number of axioms for Gil

tJ:'l.eory are redUced to the :minimumby OCCam ( a- zaacx ~ To

effect the transition from physics to qhemistry it was

necessary to modify the standard Hilbert geometry ..of quantum

:mechanic.1s.. This change had to include concepts alien to

physical '(~I.:..lculations such as el,~ctronegativity •• :~lesson

can be lea.t.'!.C here in biochemistry ~ The use of OccamI s razor

has excluded i.:mpo:tt:2~t

such as b.yclropllol::b..ci ty

b~.ochemic~~lconcepts from chemistry I
i'i
1"\ *

and sOlve1r ,effects. !n biochemistry

theory to ~predictprotein st:r;uct\.u::,esr
(~,I

the search is ton for a
I

f:r·oltl.-the p:q";ary sequence, that c(~n..encompass all pos-sib~,e

sol vents 'I pH values anU tempera.tures. An energy l'llinimising

computer program 1 ~~sed upon 'quantum mechanics, to achd.eve

this goal will only be possible ,'I;",rhenquantum mechanical

l:>rinciples are adapted to bioohenlistry. 54. This approach is

the one that should eventually prevail. In the absence of
I

f:his theory I the continued expe:riment.al approach is the only

option available.
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J.~lO Relevance of polypeptide models

The speed and simplicitY" of producitlg short peptide~ u§ting

solid phase peptide synthesis makes them ideal experimental

models. They can be used to measuze the specif Lc

contribu,tions of short...and medium-range interactions, they
are small endugh to allow extensive energy ca,loulatiollEj. and

,. I

tlley Can be used to test folding modeie. 55 The ini tia,l
hypothesis was that short peptides were incapable of forming

organised strtl.ctures in aqueous solution as the competition

with water for·hydrogen bonds was thought to be too great.M
rrhis has been f<..u.nd to be untrue and a-turns have been found

in peptides with as few as 4 amino acidsMJJ a-Helioes and
J~"'conformations are all found in a rar.,ge of sol vents with a

va~iety of sequences. Cyclic peptides were originally used
as (these peptides 'have no ca:r:boxylor amino terminal
effects .. The limitat.ion is that there ar.e conformational

constraints on the side chain geoXltetries th.at are

inappropriate fur protein modeLs, LirH~aroligotides are now

used."65 Small ,linear peptides are flexible molec'IJ,les and
e(~sily interconvert bet.ween st:l:'uctures. 30 'I'his can) be

i~>
controlled to some degree by chan ...Ing t~le physi~6-chemical

I

environment. One application of polypeptide lno~~J.s is in
<_;,uest-host experiments. 44

1".10.1 Guest-host exper,iments
Homo-oligopeptides were the first linear peptides to be

r,

analysed~4. The analJsis of the results was facilitated ~y
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the regularity of the chemical groups being monitored. An
c

Ioffshoot ot? this vas the guest-host. experiment.~ Iu these
experiments a h:omo-oligopet>tide is chosen and it;.:;inllerent

1:(

secondary structure under specific ccncitj.ons as :measu'.rede A
,.

guest. anlino acid is t.hen substituted in-to the" sequence and

any changes measured. 44 uThe insertion of the guest amino
7.

acid is expect~d to r~sult in a conformational transition,
depelj'q.ing on the structural preference of the guest

residue~U!)3

:t·...alanine oligopeptides are useful hosts because, this. amino
z\:

acid has been found in left- and r~tf.b.t""handedhelices and

.e...shee'ts. $3 r."'alanin.a with It-valine is' g~neralfv' fr,l'.;).e from
J .;

.' side reaction::; in $olid phase peptide synthesi,'$ Ji'? It h.as
i ',', ",

the d~padvan'tage t~~t in aqueous "so+utions the s61Ubilit.y of'
~~)\ i .-\ . ;(~"

polya.1a~':'me is lOw~. For thj~s ..~.>~:so~mal'lY'~9rkers use amino

}and ca.rbo?,yl t:er:mi:nal. $O\ubiljt~,;n9J;;~rOUps"For") ,
-..,:,
"

poly-L-alarline of 'I amino, acid,'S or moz-e o:-helicX .and .B-sl1eets

nave been seen. The solvent,. concentration, pH,' solubilising
'.\

J' , ,'-:

g~oup and temperat:~)r~ all>~ve an eifect', ~5,$7 ,~he

13-structures are responsible for ''fheJ.o~Js61ubii'ity noted

for these peptides. Xn aqueous and pola.r solvent, the

pclarlrty of the solvent causes aggregation (.)f the peptide to ,~~,
B-strlJ;ottlre and a decrease in solubility. The association of

I
the p~ptide chains is disruptegi( by small amounts of acidSG

I ',

and. :fZluorpalcohols. &5 Short particles are unstable and there
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is an equilibrium set up between random coil ana ordered

s~ructureg in solutions .
.(;

1011 Leucine and isoleucine.discussion

L-isoleucine and L....leucine aze both hydrophobic ami.no acids

with alip4~tic side chains. Th~y both have the same
\>

molecular weights and d:i.f:f'..arin the position of the methyl

gr~)Upo This difference affects the strv.ctures in which the

ttllO occur. Leucine is found in a-helix ...an:d B-sheetS9 and

st.atistically in proteins it has a preference fOl the helb,"
i'

'llhe sUbstituted Cn of the isoleurine malees it a helix

breaJ{erS9 and ; t is found in B.-sheet.s"

The ins.ertion of leucine and isoleucine as guest amfnc acids

in a pOly-L-alanine host peptide causes the .formation of

.B-stl'uctures. Sf; Poly-L-alanine aggregates into B-sheets at

concentrations as low as o,S:rng/ml.';oComplete disl;uption of
the B-structure occurs at O.Olmg/ml '~nd partial disruption

sta:r."csat 0.1mg/ml. 1)0 The insertion of a guest ami/no acid
c

/I
into poly-L-alanine result;s in a decrease in the

B-structural. propensi't.y of the pe19tidJ. This .occuzs

:tegardless of the intrinsic B-for:ming potential Of the
guest. t'l1. In tel:ms· of B-formi.ng pxopens i,t.ies, L-al.anine is

stronger than L-leucine which is strong~r tnan
L...i::-~oleucine.1)1. If short range interactions ,bett'leen the

amino acids were the domi.nant factors in .8-:format'ion, the

reduced B-~('):rmingpotenti,1l1s of the guest-host peptides
.:P.-C

would not be expected tQ drop. The conclusiQn is that the
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short range interactions are not dominant. ,The relative

;1sizes of the side chains I !.ll'1 probably <IN.e lip the sterie
constraints imposed on the chain by aggregation, G are
important considerations.
1.12 The aims of this work
The importance of an understanding of the nature of protein
folding "has been sir-ressed. '.rha framework :model of folding:19,so

re),ies upon initiati In sequences of amino acids that c.forrn

incipient secondary structures. A candidate for initiation
sites is the hydrophobic pocket.4G Previous wor]( in this

laboratory on a series of hexa-L-alanine hos't; peptides

substituted with L-valine Showed that TFA.H.val(ala)s.OH
formed a hydrophobic pocket in methanolic sOlutions. Oth~~
findings were tha.t the c-ter:minal substitutions of guest

amino acids were better tha:62-N'-terrninalsubstitutions at
forming B-structures. 62 This worlt aims t.o extend the study
with a series of homOlogous L-alanine hexapeptids guest

These amino acids form a series of hytlrophobic aliphatic

side chains with L-valine. They differ in size and the

positiol'l of the side chain cJ3branching.

Another aim of the work was to develop a method for

producing deuterated L-alill1iT,},eby the reductioll of
L-cysteine with RaneY-NicJ~el that had adsorbed deuterium.

\\ The deuterated 'V'.ralallineis a useful tool ror identifying
()

interactions with L-alanine in a. synthetic peptide" For
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e,cample it could be incorporatedO into L-valine"'L-a.].~ninE!s,

where (deut.e:t,'ated L-alanines could be used,to id~ntifythe
intramolecular interact.ions st~bilising the llydrophobiq
pocket by rneans of a nuclear Overh.~user e~,periment'\
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2. DISCUSS!ON OF THE METHoDS
54

2. 1 Solid phase peptide syn'cllesis
The synthesis of peptides in solution often requires the

,
crystallisation of the intermediates at each step. GS The
method can be lal:oriou$ and time-con$uming~ It is used to
produce amourrcs of peptide in the erdel!'of Jdlograme. In

1963 Merrifield revolutionised peptide synthesis with his
solid phase synthesis method. 64 "The fUl1damental premise of
solid phase peptide synthesis is that amino acids can be

assembled into a peptide of any desired sequence il'lhileone
end of the chain i~)1ittached to an insoluble suppor-c" qG" The
peptide is then cleaved from the support and liberated into
solution. The solid phase synthesis intermediate steps
involve washes in solvents with different polarit;ies.
Changing the polarities of
the resin support which is

the solvents swellslrm~g.,..~~rinkS
Ii //used 'to purify and,:wash tip.e,

,~

peptide. Solid phase peptide synthes,is proviges speed,
convenience and the PQssibili1:;.yof autiomaxd.on..The process

\,... ._,

can produoe in the order, of tens of grams efficiently. For
analyti.cal work only milligrams are required and solid ph~se
peptide. synt.hesis is therefore ideal. The sQheme for solid
phase peptide synthesis (figure. 11) is split into
esterification, deprotection, coupling and cleavage ;steps.
The coupling and deprote.otion are repeated until the
sequence is finished. Finally the peptide is cleaved from
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Fig~re 11 An overall view of solid phase peptiae synthesis using
:t;-BOC amino acids.64 p= polystyrene-divinyl.benz(IJlnecopolymerresin; R= amino acid si~e chain; DIPC= N,N- '
diisoprOPYlCarbOJiiimid1(. DCC Can be u~1e\tinsteact of DIPC.
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The che:m,{stry of solid phase peptide synthesis dictatQs that

the resin and purified us'ing HPI.IC,

the ester link bett'V'eenpept.f.de and resin, and the side. chain

blocldng groups must be more s·l:.ablethan t.he N...terminal

protect:.ion group (figure 11). This ensures that these bonds

are not labile during N-terminal deprotection. The relatire
))

strengths of the three vIill be chosen according to the .'

requirements of the synthesis. 64 The lability of the este't

link depends upon the electron density around the a-carbonyl

oxygen. The choice of an este1."is determined py the ler~gth
"

,")f peptide and the amino acids. Longer peptides require a

stronger ester linkage. The t,,,•.> most commonlyused

N....terminal protect,ing groups are fluorenyJ.methoxycarbonyl

(Fmoc) :,rnd tert ....Butyloxycarbonyl, Cj;-BoC)"Fmocis convenient
't\

because \':Ylea.vageof the peptide :fromthe resin can occur in
\\\~"

triflnora6etic acid (TFA), needed to remove the t-Boc

pro'tecting group 0
64 The disadvantage is the increased cost

of the Fmoc"synthesis. j;-Boc is the most commonprotecting

group but Cleavage requires more stringent conditions" 65,64

The soiid support has to show chemical stability to the
"

reagents used. It also has to have enougl1physical stability
\\

for manipulation, filtration, and continuous swelling and

shrinki~g in the solvents.
) \

Solid phase peptide synthesis by its nature is amenable to

systemisation and this reduces the ch::\ncesOf'er:r.or. The

:major 10S6 of peptide yield in liquid phase synthasis W'aB
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due t() t.he transfer of Inate:rial\\ be;~ween oon:'cainer~).1$$,64solid

phase peptide 'synthesis iSiJ~.<)l.r:piedout ix;. onel cOht~iner
J

~lhichoredilces this loss. However there i~, the danger of loss

at. each stif"1}?by i'rmo:mplet.ereaction and ,side reac:rt:i.ons(~:'A
\j i .

small accumulated 10$1$ at. eiich step.in a synthesis'can

r~sult il1 a large loss overallq64 Thus 'the el{tent. ()f each

coupling reaction is checked at. each St.ep. A majo:r loss can

be avoiCl,edby')ensurinq;:that the reagents are dry and that
II (J .. ., ,~:J

hydrolysis 0;1= pept.ide bonds doaa not. OCCUI:. 64
if

2.1.1 Solid phase peptide synthesis using

t.ert-Su.tylolzycarbonyl 61)\li1'1oacids

Solid phase peptide synthl((.sis .(SPPS) using t-13oc amino ac.t.~~,
j'i;I' 't,,'"j· rY

was the mErthodof choice in the ,work reported here and is.

diSCUssed in more detail. j;-Eoc syntb.esis uses a polystyrene

resin crosslinked with 1%di vinyl ·'penze.ne. Nuclear m,\:l.gnetic

resonanCle has ShOWl'! that in this state the core of the beads

is e.qui'TCilent t.o the bulk solution l='pa.se and there is no,

evidence of macroscopic insolubiliiy.,G3,t;;6 Somepept.ides

precipita"',e upon cleavage from the :eesin il'!plyin9 a positive

solvation effect caused by the resin.G6 'rna polystyrene
I (j
l

polymer requires activation before bie first amino acid can

be attached. This is done by t::hlorometnylation. The extent

of methylation affects the resin's application. l?ep"t:idesOf,

15 residues or less are best synthesised "'ith 1.8 :milJJmoles

of chloromethylated si~;as per gram.6!;>)3'or longer', peptides a

decrease in this substitut.ion is required.{;!'l The
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chloromethyl reaction U!;.·Qfi\. chloromethyl methyl et.her, a
~,. \stropg carcinogen, and commercially available

chloromethylated resins are normally used. The resin is
,

stored below room temperat'llre as the chloromethyl groups can

react to for!ll int.erchain pridges which increase the 'I

c:rossl,;i.nldng factor 0

/"12~1~1.1 Esterification of the first amino acid to the
polymeric support,;

1/Th'e'firt~t amino acid. is attached to the chloromethylated

sites in the resin (fi~~~e 11). The reaction is a

n'l~cleophiliC attaclc on the partially positive carbon of t~e

chJ,or9methyl by :the amino acid's a-carbo~Ylic.acid. The
reaction is carried out in dimethyl formamide to prOl'noteu

nucleophilic reactions. Potassium fluoride is added as a
oatalyst.G4 The presenoe of free chloromethyl groups on the

resin p;,omotes side reactions and ~i.is impo.rtant to ensure
a high level of e,1,rl~~rification. 6!, The substitution level can

be moni tared with t:he Gisin Test * 67 A poor percent.age
$ubstitution of the cbloromethyl groups requi.res that the

resin be subjeoted to esterification~gain. OnCe complete
\')

the !>i-terminal deproteoticm Of the f1~st amino acid can

begin~
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\\2 .1 .1.0:2 DeprotectiQn. of the amino\rterminal Of the peptide

The deprotection is effected with a solution of TFA in oeM.
':elle resin is initially washed in the acid solutj.on :fora
short. time '(;.0 ensure that thepe is no macroscopic dilution

u

in the beads. Ethanedithiol is added to scavenge for
tert-butyl parbocations .1';6 The deprotect.ion leaves the TFA
salt of the amin~ terminal and neutra;lis'ationstep is

ij

required~ A tertdary amine such as tri~th¥lamine (TEA) is
used. This leaves t.he c:mino terminal free for coupling to
':he next ami.noacid. ")."1;'11." side reactions occur dur'ing and

Ii,after deprotection (figures 12 and 13). These side reactiort$
both reduce the yield of ~\~ptideo If·the
trifluoroacetylation (:fi<t~re12) occurs on a residue near "

Ir

the elld of the synthesised sequence the resultant incomplete
p~.ptide may be difficUlt to separate later from the desired
product. Figure 13 Show~~the reaction that terminates
peptides by the formatioti'of diketopiperazines. 64 The
reaction rate is increased in the presenCe of vJe~ acids and
is particularly a problem after the ouupling of the first
amino acid. To t,"~ducethe risk of these side reactions: the
deprotection reaction time is minimised, the acid is flushed
out before the addition of the base, the acid is dissolVed

D'

ne'l.ltralisa.t.ionis ensured by rinsing with TEA first to stop
in DeM because DMF promotes the side reactions and comple~~

\\

any dilution of the base.~4 These steps are necessary to
avoid ,large losses that result from the accumUlation of

cs

.11.
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small losses at each step~ Tq ensure complete deprotection a
small sample of the r~sin is tested qualitatively wiih the
Kaiser t~st.GS The qualitative approach is adequate because
iill is sensitive to 0.5% Of th.e avai lable ."amino groups.

1/

2\1.1. 3 The couplIng, o.f amino acids
,I

')db activate the carboxyl greup of the incoming amine acid it
is converted to ~n o-acyl-isourea by treatment with DCCt a
symmetrical anhydride or an active ester (figure 14').GSThe
acylureas produced are sparingly scluble in PMF and
inSoluble in DeM.65 DMF is a better solvent than Dcr;l even 0

though it px-omotes N-acylurea .formation, useless to.:the
, !

couplin.,9.64Diisopropylcarbodi.imide is becoming more widely;
(i

used because it is .a liquid and not solid at roOm
t.empera'ture,its acylul:eas are scluble ,illPMF and it has a
similar reacti vity to.DCC. 6S
To ensure ccmplete coupling excesses of the amino acid and.
carbodiimide arc,sadded. The solvent V'olulUesare kept; to a
mini:mum to ll1a:ximisethe reactant concentrG'tion. When theu

O-acYl-isour~a pathway does not giVe a quantitative reacti~r
the active ester path with l-Hydroxybenztriazole (HOBT) is
commonf.y used (figure 14) u In gerleral racemisation is a slo~}'
process and over sev~ral hours is not Ii proLlem in the
syntheses. If difficulties a:r;:,eexperienced and a,cqu.pling
requires reaction times abeve eight hours, the reaction is
restarted with fi~sh reactants.
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12 The termination of peptides by trif)..uoroacetylation
deprotection.64 p==p61ymeric support; EtN3= ter'tiary

,\
\\
\1

Fli 0
I It
CH-C" '\Hill NH, "C-CH
If '.1o A

o
II

A:_ CH -c -0 - GH: -Ce)
IH-~
I I' NH:
C .~ CH
II I,o A'

Figure 13 The Cleavage of pept.ides by the formation of a
d'k t p~pe'r- zi.ne 64 p- p'olY,'mericsuppart,' R= amino acid side~. eo.... (O\'C~"....... -

chain. .
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The symmei:~ridalanhydrida coup11ing route (figure 14) is
\thought to occur to som~ extent in normal DCC couplings as a

side rea.ction~ 'l'opromote it the stoichioltletl;Yof :t.headded
re'actants is changed. The reaction is not 'a.l'Irlayssuitable

'l

for use t.n DMF but when uS~d carl take in the orCiet.'Q:f b1Tenty
,/' . i~(

minutes for $ome couplings ...64
Tq reduce yield losses all C\:'\)up1ingmust ideally proceed to
100% cOlnplet~bon.A 2.5 times excesa of amino acid is added
to ensure th:i.!,l~.,64 The Kaiser ninhydrin 'test68.Ls used to

iensure that t.t+~ vee amino group,:;detected after the
I,

ae<nrotection'.al::eall reacted. pll In the event; that a coupling
" ,li~, II

does not reach ,pompletion after several attempts, the
unprotected peptides are acetylated thus terminating their
continued g'r'PY')th. ~4 Deletion peptides occur when an

\\

N-te.rminal am~,h~"gr9t.lpmisses a coup14pg step
~ ,~

not dep:rotecteqr/or.it was trifJ_uoroacetylated
• . it

DeC~IlS~ it was
(figure 12).

(:

I??"~tion peptides differing by on,? or two amino acids from
/

~"the desired product can be difficult to separate from the
product. 'l'heachievement of a complete coupling reaction is
the single most important step in the synthesis. 15$,64

To produce a sequence the deprotection and coupling steps
are repeated using the desired amino acids. It should be
noted that, although a routine procedure, solid phase
peptide synthesis is not 'I.vithoutits difficul'ties. synthe;?es/)
hav~ .Jr;a:py complicating aspeotis such as unfavourable
conformations of the intermediate peptides.64 Once
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synth~sised the last al'nino terminal is deprotected, the
\

peptide is i'jashe~,i; Qcr,~"and ethyl et.her and dried in q.

stream of nitrogen. 'rhe final stage of the synthesis is to
't,

cleave the p,)Ptide from the resin.

2.1.1. 4 cleai~age of 'che peptide from the resin

'fihe cleavage agent is liquid h>YdrO~~~~>fluo~'ide(HF}.. Despite

the ,potential h~~ard it is th(~ most convenient manner of
. d

cleaving pept:ides from resins as it removes side chain

bJ.Qo]t1nggro4ps at the same time. "69',65,64, A full descript.ion of

the Hi<' ireatment is given iil the appendix. In outline the
i' \\

are cooled withreaction vessel with the reSil'l and,a stirrer

dry ice in methanol to "'2Q c. r.t'hepr"ssure is decreased and a

mixture of dry HF with 10% anisole is condensed over Lrrco

the rashl" IJ:Iheani.sof.e is an aromatic compoundthat traps

carbocations. Tne bydrogen fluoride t.reatment lasts for 45

is removed under vacuum and

disposed of~

The free peptide and resin mixture is was.b.edin a sintered

glass funnel with ethyl. acetate to remove ;l}he anisole and

the peptide precipitates out of solutL:m .. It is dissolved

and washed through the sinter with 'I'FA and acetonitrile.

2.2 Purification of peptides wit.h high px-esSUl:'elicauid

chromatography

The crude peptide contains deletion peptides and impurities

from the synthesis. A short., easily synthesised peptide that

showed no incomplete couplings. can be 70-90$1.; pure after
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cleavage. The degree of purity required vlill depend upon the

use:~GS For confo·rmational work maximum purity "is required
and high pressure liquid chr@matography (HPLC) is used to
achieve this. 64

(j

HPLCcolumns have a high sample capacity and ar.e capable of
/.w±::6st.andingpressuJ:-es of 3000 bar leo 4000 bar .,,:;4 The

technique is fast and efficient and has a high resolution in
analytical and preparative systems~ The number of

theoretical plates of a column is inversely proportional to
/>'

the si~~Of the particl~s. HPLCsolid phase particle sizes
(/

are 5~lo~m in diameter and the size distribution is small

The low bindirHt capacity of silica is impl"'o'l.ledby the

atta~hmetlt of aliphatic hydrocarbons. 65

Si1i6a is unstable in solutions above pH 8, t.he bonded phase
/) c,

can bind sample contaminants very strongly, aci.d chlorides
erode the steel ill the pumps and tubing 1 the support phase

"pores are easily blocked and the high pressUres used Change
the coLumnpacking ma.rkedly over time ~f!5 To maxilhise ti'le

II

resolution ofa column, cons:tant. recalibration is essential,

all solvents and samples must be filtered before use,
solverrt pH must be ';onLto:redI strongly billding contaminants
such as aromatic compounds must be removed, a guard,column
must b~')attached t.o;-:-"removelarge particles and the system
must be flushed between runs. 6!;'l,GtI.

(I :,~~--:~'.\

The separation of small hydrophobic peptidE!'~'ti:as ,been ..found
b~ Imoto and Ya:mada70 and Dl.lnlap\ et al7:tto be op1:,;imalon a

)i ))' \'1 ' ()
J) .
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:tev¢rse phase C13 column using a. nOll-eluting 0.1% 'rlPA/water

\

(buffer A) solution with an elutingO solution of 60%
ace-coni trile in 0.1%TFA/iflrater (buffer B). 'T~~ '1'FAis added
as a counter ion for the peptide. The '.rFA' and acetonitrile
are lyophillisable and the water; can be removed by freeze

/(,

d.rying. Thii, f'malces TFA the ideal choice of countier-Lon , 64 Tr1~

column eluant is monitored at; 190xua vlhich detects the

peptide bond. The solvent system is transparent at this

'eJ'avelength.70 The basis for separation on reVerse pha.se

" systems is hydrophobicity. 70 A gradient is run to determinr.1

the percentage of buffer B for elution. This separates the

contaminants from the cleavage process ano deletion

fragments. !n tffe elution of short peptide sequences that

(I

gave complete couplings, the largest peak is usually the

product. The percent,. Je 9f acet.onitrile at which the major

peak elutes., determined flom the percentage of buffer Band

denoted X, is used for an isocratie run according '1:.0 the
method of Imoto and Yamada.70 The first isocratic. 'run is at

\ . '.an ace,onitrile concentration ot X-2%. Tbis is varied
iSli9llt~Y to optimise the resolution. The technique can

separat0a diastereoisome:t."s and deletion pept.ic1es. \i6 An

advantage is that the system is ~chen ready to b~\scaled up

to a preparative column. es

preparati va HPLCsyat.ems are a tA~ade-off pbetween the

supel:ior resolud.on of snlall lOW-cG',pr~cityanalytical columns
and larger less sensitive preparat.iv~ columns. The best
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arrangement is 'one where the analytical and preparative

other as possible. The isocratic conditions optimised on the
analyt.ical colu:mp,,,,::canthen be applied directly t&\\tbe

//>-:::.--' \\

preparative ~Yste:m. The product can be tested fnr ~lurity on
an analytical HPLC column, by thin layer chromatography,
infrared and nuclear magnetic resonance.

•Golumn bonded phases and lengths are as similar to.-e~ch
'~\

2.3' Nuclear magnetic resonance
~;~ \

"Nuclear magnetic resonance (NMR) measures the absorption of
radio frequency electromagnetic radiation by a sample placed
in a magnetic field. The resuJ.t is a plot of the intensity
of the absorpt,.b.)nagainst 'che frequency. certain nucleii are
respon~d.ble for the obse:r;vedabsorptions.
All nucleii contain charges and bY: spin'1ing they give,rise
to magnetic dipoles or quadr-upoLes , desi9nated 1.1.. A spin
nu~ber 1 I, is calculated by sp:.mmingthe number of protons
and neutzons ,12 An even ntJ.mbermakes :t equal to an integer
or" 0, an odd number makas t a halt· integer and when th.a
numbez' of protons and the number of neutrrorrsare bot.h even I

is O. The isotopes: lH 1 :l.9F, 13C and :up have 1=1/2 and a
uniform distributi~:n of charge which produces a dipole. };>....or
nucleii with I equal to or greater than 1 the charges are
not unifol:,:m1ydistributed and they produce a <:iuadrupole

.._ ---- r:moment. T.he value of I determ~nes the nv~ber of orientations
a nucleus can assume in a magnettic field and equals 2I+l.12

~ {~.



( \

.'

Fiaure 15 The preces.sion of a nucleus in a :magnetic field. A
precessing nucleus can absorb radio frequency electromagnetic
energy, tt'ansmitted at right angles to Bot. provided the frequency
of procession equaJ.s the radio frequency 01

(a)

J
(b)
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f J \
I I \
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I r ,

~<QCP9QQ<O<PO

Q~o666
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I I "lv',
q;;9QQQ ..C;P~<t>Q9

~""~
f:1igure 16 Irra,diation of the sample promotes nucleii to the upper
energy state. 111 (C) no mor-eenergy can be absorbed. To return
nucleii 'to the lower ~nergy states and theZ.'efore to return the
system to (b) and (a), energy must be dissipated. Someis
transffered to the surroundings (spinlatt.ioe relaxation).
Nucleii transfer their energy to other nucleii (spin-spin~~;a~:~~~~land the l.~,qleii swap places as shown by the arrows on

(c)
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Proton NMRis the most commonchoice in :prote~n wor]ti;because

of the abundance of the 1H and its ubiquitous' presence. in

organic chemistry ~'Th;Ls discussion 'ltdll concentrate on this

branch of NlYlRas it pertains t:o the 't'V'ork presented.

Figure 15 shows i:hat a };>,l':otoncan align i'l:s magnetic dipol',e

'I:~ith or against the'applied magnetic field. There is a.

slight overpopulation of the low energy state. As the
magnetic fi~;Ld is increased the energy gap bet(ITeen the +1/2

state and the -1/2 state in8reases.

In a. magnetic fH~ld the nucleus precesses at a partioulal"

~requency (figure 15). III a NMR~achine electromagnetic

(r)iation in the form of radio waves is passed through the

sample which is l~ept in a constant applied magn~.!tticfield.

The magnetic component of tIte radio waves is at right attg1es

t,o the applied f :Lela Bo (figure 15). At cert§,ix~~~i&velengths;
,-;c: ---:;:--:-_-_ .,.~~'-

,_,.;.:/

'the frequenoy of oscillation of t.he. a~:§o19iated magnetic
... 1 ..' /( ..' h' h df.:Leld 'lt1111equ~ . the precesSl.onal f;::equency t'1 ac pro uoes

an a.bsorption maxi:mu'!U.72 As the sample £i;bsorbs energy the

population of nucleii in the high energy state will become

filled,(figure 16). There are two mechanisms for

»transferl:.'ing the nucleus from ..the high to the 10'1'11 ene:r.'gy

state. In spin ...1attice rela)cation the eh~;rgy is passed to

the molecular lat'tice and the efficiency of the process is
',"-,

proportional to the half life, '1'1,. of the'high e~ergy state.

The spectral ~ine width is ;Ln:'lfersely proportiol1al to '1'1"72
/1
(/

The line 't1idths in gases and ligUids are acc~ptable but in
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crystals and solids I which have long ':Vi values f :',theline
widths are t.oqnarrow. Tae second energy transfer is between
micleii; called spin-spin relaxationl and its ~ffic'!iencyis
also governed by a half-life T2. 501i9.s show a broadening, of
t.ne hands froxiithis process. Samples are :most efficiently
analysed in solution as this optimises the Tl and T2
effects. For proton spectroscopy, proton transParent
solutions are required so that only a spectrum of 'i::hesampler

\\is measured. Eigh purl ty deuterated splvents are used but
inevitably they produce strong proton impurity peakS from
non-deuterateu molecules. Deuterated water or carbon
tetrachlori.de are the most common solvents as they are cheap
and relatively non-volatile.

]i

The posLtio,n of a spectral line is 'proportional·,to the
frequency at which an absorption maximum has occurred. First
theref9re a standard must be chosen and gen~rally this is
t~tramethyl silane It is inert, magnetically isotropic,
VOlatile, soluble in Arganic solvents and the protons are ().~...

strongly shielded. It thus has a sharp peak upfielq from the
point where most sample protons would show. BY",conventipn 1

),i

t~~ standard. A
~ .

field has a

, \samples are m~asured as a displacement from
peak 60Hz from the standard peak in a 60MHz

chemical shift Value of 1 part per million" The Chemical
shift value is constant regardless of the applied magne'l:::.ic
field12 and depends upon the extent of shielding or
deshielding of"the nucleii by the electrons. Two protJ,:ms'



shift value~
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f'ol,l:ndil~' identical environments will have the same chemical

The electron density surrounding a nucleus de.pends upon its
e~ectron.egativity and ··theproxim;ity of other groups.72 In
mm. the ~resence of the magnetic fie;Ld Lnduces electron

II
movements that oppose the applied field.n A high electron
density will reduce 'the size of ma<;{neticfleld exper'Lenoed
by a nucleus. This in turn affects tb:,>,trequencyof
absorption and th.eposf,t.ion of peaks. !'1:i;lrtiaryand secondary
conformations bring different chemical groups in·to close
proximi·ty and the patterns of shielding and deshielding are

resolution NMR to discrimi.nate the differences, make it an

complex. xn a fluctuating random structure the chemical
shift values are an average of all the different chemical
environments 0 73Any deviation from the average valuBs
implies some definite structure. The large number of factors
that alter the chemical shift and the ability Cifhigh

invaluable too;'!;.
N'ucleii within three atomic bonds of one another are capable
of coupling their spins. This leads 70 anything from simple
fir$t order patterns, to complicated second order patte~ns of
interfering group~.7~ The advantage this lends to analysis
is that for a known compound the spin-spin coupling pattern
can be predicted. This information can then be used to
ass~gp peaks in a spectrum. The shifts actually Seen in the
positi6n.s of peaks give information ab..;)utthe chemical
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environments of those groups Tfllhiohcan be related 'toD

Conformation. "12

c-'-"1'he nuclear overnausex effeqt (NOE) J~;:: a"means qf'
,

identifying protons in close proximity tel one another
;._,

bro\)_ght together" by folding 0 73 TIle NOE is 'observed 'to1hen

prrot.ona are within 5A units of one another ~

TI;'I1'O- and tn,ree- dimensional mm teChniques haVE:!been
." .' . ~developed to map protel,n "structure and overcome the problems

Of one-dimensional NMR. Modern NMRaims to produce X-ray

crystallographit~-lil~e maps 0:£ proteins and t.his has been

accomplished for a few small pept.Ldes , 73

2.4 Ultraviolet and visible light circlJ.lar dichroism

IICi:I1Jpu+ar dichroism provides information c;Wout.thi! average
~ -~.

state of secondary structure existing in s.olution based uprJn

( ..,

• 0

Chrdl.\OphOreanalysis IV • 29 Proteins have three .'.ultl:'av:.j.olet

chrQmophores72: the peptide bonds, aromatic sia,e chains, and

disulPP;9,e bonds. The transitions of the resQ:hating

chroll1opliorlc electrons result in optical ao1;ivi ty; "Th~

carbonyl groups (-C=O) have elect.rans tna'l; vibrate in an

asymmetric environment ~G4 There are two transitions

associated \rlith the -c=o groups. Near 190nmthe elEictr:Qns

are lifted from a 'll' lllolec~~lar orbi ~al to a 1r~',ial1tibondincy

orbital and this is desigllated aI~ 7f-7r". Near j!:wnm the
'\~h il

If.. . . , . Ii
transition ''ri.sfrom a non-l;:lc1nd.ingorbital to aj '1(" antibonding

. :.. :. II

I

orbijt!al, designated n~if"'.6<1~Vhetransitions arl~ aff,ected by
\\;

the d~\nformatiol'l of the peptide bond. The aroirnatic and

CI



disulpl"l:idebridge chz-omophor-es absorb between

'<{'" ~" I)

'\'" 73\ ij •
,,. "I280nm a:l?"~"

c

30 omn ~ 'l'b,f;1 peptide$ used in t.his work did not.\contain
arom~tic groups or di,sulphide bonds and a discussion o·f
these? cn;.'omophores(is therefore. omitted. F'igure 1~\ shows how
Illeft ar,d right circularly polarised light is absorbed
differentially by the peptide bond.G4 circular dichroism
(CO) measures the difference between the absorption of the

)r-~') \)

(a) (b)

I,I
o

Figure it El and Er are the electric vectors of circularly
pOlarised light. tn an optically inactive medium (a) El and Er
travel at the same velocity and the ve..btorEl + Er yields
unchanged plane polarised light in the plane P. In an optically
active medium containing assymetric molecul.es (b) the v.ectors Ph
and Er travel at different velocities. 'The res'J.lting ve,--;toris
rotated by rp and the light is elliptically polari::;ed.74
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left and, ric;rht comp,nents of circularly polarised. Thig

! . '.' I

effect causes ellit~tiFal polarisation. 74,75 CDmeasurements
" . . \~ fare converted to a ~iandard value knownas the molar

11
i/
If

./ I
~',-- '

elliptici ty·~74 CDbands, are sensi·ti ve to the,.peptide bondl s

structural environment and are used t.o measure the

conformation of peptides in solutiono CDmea'surementsare

therefore an aVerage of all the secondary structures present

in a solution.29 Ellipticities can be p~~tive or negative

as the degree of absorbance of the left can be greater or

less than tp.at of the. lfCight. The chanqe in ellipticity

tnrough ..a posi ti ve maximumat a lower wavelength than the

next negative minimumis ,.defined as a positt:ve ~Jotton~ J .... ~
!_.--._:J "'~ . . r "__

effect. 74 1'h~ change through a negative l:,,\~~~~~~I~;;'in

ellipticity at a lower wavelength than tEi~/~B~f'tpositive
c,!J

maximumis defined as a negative cotton effect. 7~
(: \J

Different secondary structures have been studied with cIJ.;"~7S
()(.'

The stUdies 'Vler'e based upon the ability of poly-L-lysine to

undergo conformational changes in Solutions of diffe:r;'ent pH

values.76 Greenfield and Fasmangenerateld a set of

theoretical CDcurves for a-heli", S-she~t and random

coil. 76 The theoretical curves fit the e.'Xperiment.alcurves

of poly-L-lysine wall. Greenfield and F,asmanalso computed

curves for peptiJ.e solutions vlhere there was no (me

predominant conform..atl\rt>n.76 These curves are used as
I{ ',) ".,-' 'I

referenqes for ide:t~tiiiying CD,Jpectra.
/J

(J
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The characteristic a-helix CDcurve (figure :1.8)has a split

7r-7r" transition with a posit.ive peak; 'at 191mn\and negative

minimu:rn at 20511nr64(1!h42 TIte, minimum at 220nm is due t.o the

n~~r'''tr~ns.ition. «'4,78 The ellipticity values and the exact

positions of cotton effects will bE'~influenced by the chain

length and solvent.7:; Despite the variations of the

'elli1?:tJ.city values (table 1), the positions of tl"emaximum

and minima of the reference curve are a reliable means of
"

identifying CO curves of (;)f ....hellces.

S-structures, unlike the a-helix,oare not restricted to one
Or even .a fe'l'tl states. They vary wi'l:h t'eSr?ect to, ,their chain

-:
"t:"~

orientations, lengt~p s~a~etchirali~y and the l1umbe~pf

sheet~ 0 19,00 This vch:iation means that t.he optical pr~~bperties, /'

of ,e""etructures are not constant. The llse of a refe~ence

1-'-

Poly-l,.-lysine, used to tesi.<the refer~:nce .B-structure curve
(fiy,ural 18) j forms .an antiparallel sheet struoture. 76 Table

1 details the vall4es of ellipticities seen ,~n the CDQ,f
:,)

.e.-structures.

The random coil assumed by PQly ...:r:;~lysineis attained at a pH

Wl1er~Jjthe side .chaf.ne o·f the a""dno acids are chrp:,ged apd the

peptide is rigi,p.76 Poly-L-lysine il this state Pl':'odUcesa
,j

CO spectrum that fits the comp'Utet1random coil cut'V'e76

(fig1Jxe lS). il5tath=:t1oal ooil" de)iScribes CDcurves ,there
I.'

resUlt:. from an average of several structures in solution. 6

The assignment of COspectra to Ilstatistical COi),.,1I or random /J
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coil because the results 'do not fit t.he recognised s(~condary
I

structural categories muat; ,be done toJitl1. care. The d;,mger is
'/

, ' 4':.:::t:~t::.·.:~~:::~;o:::C:::~s::;:::d::r::~:r::tfllbe
:missed. Greenfield and l,i'61s:man have published a s Jries of

1

curves made up of diff:~rent ..relative proportion! of the ". \\ l'
",-hel;b" B-structura and r~;~Oll1 coil curves (ff't:e 19)."

These curves can be uso6 to ~\dentifY iBstat'is.t~'lal coil vo •
\1

The less well described:
l
, and ~~cumented s'truct /~es such as

h.YdrOPhObiC poc.''i<.e.tri0", ,~;''''r.''.,~p~(jlav. e not..,.,,>;enee CD
curves for their. identj.:' ''-., ~me 'st:ructu!kes 'eliemselves~ ,. '. ,I "'.. "i . #1'
are not regulat: ..i~d a·.'~,r ...-,.,,)~n~:~-;)~p~>p:urveis;l~.:fJerefore not

, ; II ',.i

PQs~,:i.bl.e; each si tlruai,d.on lil'Ust b(!l"trea'ted sEf;parately. This is

" . rilluh1i .., :ted by an elr:ampl;t il"i which an Cl'-h~ ix-lil{e CD curve
~ J

was s1~wne~be due to a B-ha1rpin ~truct]re joining two

",ntipazeallel Jl-straifd.s.'· Co.. res. uW~,=r: require
confirmation from other techniqu.es. such Is NMRand IR. CD

spectra for f)-'turns have be~n measured ~nd calct..lat~d
I} _

(figure 20).n;a !

205 Infrared spect.roscopy

The most u.J'~fUl infrared frequencies organic chemistry

are bettoleen 666cm-1 and 4000cnc". The t~e m frequency is
\....
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rotation of mOlecules in spaceq In the solid phase only
vibration occurs. In solution m.olecules oan also :rotate and
vibrate~. The energies invol'§d are quantised and produce a
spectrum~~ Vibrat.ion refers to either the stretching Qr
bending of bonds. 83 stretching is a rhythmical movement
within a bond that changes the interat.omic distances.
Bending chances the angle between twd)bonds oentt'ed around a
common atom or is the movement of a group of atoms '!tiithi!l a.,)

,:,1 -

molecule with respect to that molecule. In infrared
specta-oscopy only those stretching modes that cause a change

/~
I; (:i,llin the ,.qipolemoment, of the molecul~ are observed"

stret.ching caUSes an o~cillatingelectric field that can
inter.act with infrared radiation. The frequancy of
absorption is proportional to the relative masses of the
atoms involved, the bond force constants and t:.he geometry, of

i~

the atoms. 72 Given-, that: each atom has three degrees of
freedom, ,.the number of vibrations and t'otations in a
molecule are vast. '12 The effective number is :t"ec1ucedbecaUse
many a~e equivalent or do not cause infrared absorption. The
overlapping and coupling of vibra~ions through bonds
produces a spectrum containing ba~\s rather than sharp

)1
~/''''''cc ~,_-, i (peaks.72 , jI

\". . .. _;:Y
For the purposes of caidul-ati¢it is assumed t.hat the

~'"':::--- ...::::>/

stretohing and bending of a bonds is an'alagous to the
,
1\

stretChing and bending of a spring with a weight at each
end. By using this model and a,tplying Hooke's law, the

il
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energies

assigned

of vibrat.ions within a bond can be calcula<ted,~From
l/

:bsorbance bands in infrared spectra' can be (
to specific chemical groups. The comple;)city\~f a

this the

spectrum :makes it unique for a particular'compound or
chemical group7~ and infrared spectra are used for
identificat.ion.72
Infrar~d 'cransitions are sensd,tive to the environment in

\:;,>1

which cl1romophores are placed'72and cC"J1formational changes
cause shifts in the position of infrared bands. The infrared
spectra of proteins and peptides are dominated by the
peptide bond amide group. The bands that they produce are
unparal:eled in their effectiveness as deteotors of hydrogen
bonus and their positions are affected by the conformational
emr:i.ronmentof the chromophores. 44,72

The assignment of the amide bands to particular chromophores
"and seoondary ¢tructures in proteins relies upon evidence

"from N-sUbsti t!uted amino acids spectra ~il4,l)$ t.he cross
oorrelation of NMR determined structures and the deuteration
of gro'Up~ oontaining exchanqaabf,e protons. '72The amide
chromophores are named as follows: A(1600~1500cm-~),
B(3100cm1'~, 1(1700-1600cm-1) I X:t(1600-1500cm~1), XI

(1300"'1200cm-1) I IV (800-600cm-1.) A V(750"'600cm-1) and

VI (600cm~1.).Tables 2, 3 and 4 summarise t.he secondary
structures assigned to ~ositions of these bands.
The amide I and V bands are the most conformationally
sensi tive ,06 The amide V band is used to discl~iminate
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a""helix from ran!2lomcoil as both appear at the same
f ,

'J! I \wavelengths in the amide I band. A conclusion about a
f:)structure requires the overall evidenoe from several of the

() ;bands and cOA'relation '\'tJith other techniques such as NMR and
COo As well as the amide bands there. are chromophores

-',

associated withe'the side d~;ains of the amino acids (table
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ragen bonded -N groups

83

44,83

-NH groups In alpha henC.e~l 83

lntermole~ularly hydrogen bonded
B....structures. The band frequerlcy
~creaseswith increasing hy\?rc!~l(mbond

83,49,0$
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In plane bending and mode
-CH grOIJPS

1130-1150 backbone and side chamstretch

1140-1170 alanyl methyl rocl<

1050-~

9 modes
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2.,0 Deute~tL{m~o acids as structural analysis \:ools

I'tl'l',:>red a~~~.:ietwo major analytic",l ted~nlques in

peptide StQ1'l.ge.hnatio~si?:tldies. Muchof the pro1i.)einNMR
\\ ::;.~ ~·r::::: '

information comes from proton spectra. Deuterium is not;
~j

parama~netic and therefore does not produce a. signal •.,/'/The

presence of deuterium in amino acid residues in known

positions t'lould affect the multiplicities seen in a

spectrum. A study of the difference betvleen the normal a

the deuterated s~ectrpm is a ..means of assigning peaks in a
/>, i;

protein. .At points of clOSe contact, a deuterium would.change

an NOE r~sul t . 73 Another use of detJ,jl:eratedamino acf.ds in

peptides is in,infrared work. The positions of absorption

bands a.re affected by changes in the force constant C!.f

chroltl.ophoric bonds.'l2 The d.euteratl.~onof chromophores, will

slightly aft~~t the position of aiband. by changing theobond

fOT-eElconstCIint. This is a way of identifying infrared

bands .?" Deuterated amino acids therefore ,provide a 9'eneral

tool for struotural analyses.



3.1. Mat.erials (,

lJ:he 'tert~ary-but.ylqxycarbony1. 3.>··aluinoacids, trifl !lo:caC~i.c\\
CI . P

acid, S....benzyl-:tr¢;ts ....:~Hneand 1.-hydro}~ybenztria,zole tlTe:rrD
.,

supplied by lo'luka Inc. Chloromethylat.ed polystYl;'ene 1%
\]

divinyl benzene copolymer resin (l~,_crosslinked cont,aining"
\_!.~

8 ..9meq 01-1./g) I 2, I}, 2 trifluoroethano1 and
/1

N,N-dicyc1ohexylcarbodiimid~fwere purchased from Sigma

"Cneltiical Co. Isoprop:-anol was purchased fr01TI Boa Laboratory
":':'.','.

Reagents IriC. Tecb,nical grade d.ichlol~ometha~.1e, analytical

grade dimethY~forma:mide, acetonitl:'ile and ~)'iethyla:l!d~'le Wer~
(J '."';";-,,

purcl'iasE19 from Saarchem l?ty I.lt1. 'J:'he'DCMwas d~\f3till<3d oV~..._,i
',._..-'

II

po:::,~ssium carhonatia; 4! :mole9ul~r sieve, was PU~~hQ,s,;ed~rom

Merck chemical co. 45 fJ.m.cellulose ~detate and teflon

fil ters for HPLC ..."tere. su~~~ed." by Nillipore Corp.

Camphorsulfonic acid wa~'\h~pplied by Dr" Frit,": carl:c~onl
, ~'.~ '\,csrn, Pret8ria. The J'lighes1f commercial grades of solvent~

o . 0
Were used for the spec·J;::r.pscopy: met.hanol was supplied by BDH

1/
¥crbot'atory Reagents inc, ethanol f propanol. and butanol were

supplied by Merck cbei&ical CO. The spect'r()sf1()~ic' sorvents
I'

were dried with desiccated Na;lSo"~ The et..l1anol was" refl'tll.Xed

vdth magnesium aliU iodine accordipg to ihhe\r"etnodl.otjJ

Vogel;..!l:aThin layer plates (TtC) were purcfi~\"Sedfr,o.....m...•"."Mer·ck
rf\)) .,- .

Chemical Co. '1'he reverse phase Ciii HPLCcolumns were fr.om
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,"

The SFPS.\1\ethod of ~iar]d et aJ.ell was used for It11.eSY1'\thesis
of L"'m1etnionine-L-alanines (met(ala)s) 0 This lnethod is a

( ~
var~ -ation of tHe Merrifield system"S,G4 that uses j;-13olc amino

acids. 2. 76g of chloromethyl resin, a 245 times exceas of

t·...Boc-t ...alanine dissolved in DlYIFand a 5 times excess of l{F
. .. I , Ii

1;.,rere placed into' a ro\:J.ndbottomed flasl!:.p stirred :Eo!:'four /!(
c:) (:

hours and 'b,'rtenJ.eft ove.rnight at SO" c. l~fter cooling' the \)

resip was washed in:

1) SOml DM::3'
2) 50ml ~O% DMF/distilled water
3) 120ml distilled water

4:) 30ml 50% methanol/wat$.r

5) methanol 3 times

6 ) nc).\! 3 t.imes

7) parts 5 and 6 t1ere repeated (tkn::,(~etinles.

8') The resin was dried unde,;r vacuum and stored and the

el,tent" cf tb.a esterification tV'as monitored tf>y the Gisin

test"" and f(lund to be 6. 6:meq/g. 'Ilhis was a 66%su):;,st.itution

il

of the Imeq \~}rl/9 resin and the coupling CQuid proceed~

3.2.1.The Gisin Test
:;;.-,:The tg~t used was a modification of the Gisin test.G7 !t

differe.d from the origin~~: in that :methanol ~lashes to shrink

the resin were i1'lqluded.
'i/
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'1) A sample of the res~n was"remdved and ~eighed, typically

l~:\

10 to 20mgwere used. The resin was placed into a,,"sintered

glass funnel and swollen 'tIlith DCM.

2) The r.esin was n~utralised with 5% diisopropylethylamine

in OCMfor 1 minute and this step was repeated.. Th~ resin

was then 'tV'ashec1'lid th DCM:fqr 5 minutes and rinsed three

times in :met.hanol.

3) The resin Was reacted ~qith a O.lM picric acid soluti<m in

DeM for 1 ;xainute. 'rhe picrIc acid treatm~nt "VIas repeated 0

The excess picric acid was washed a1vay by rinsing

alternatively with oeM and methanol. This was continued
j)'-

until the ri~~4s were clear. Thes~ \'](;lshes We;te"discardec't.
"~I '

4) The reacted picrate was eluted. :py 'washi,ngthe resin

alt.ernatively with diisopro:f>YlethYlamil1e solution {step 2)

and methanol ~ 'rhe washeS'>were pooled and 1:);1,19 volume

recorded, normally 5 to lOml were co~~cted. A 1M
If

diisopropylethylamine"'picrate solutiOl) has an extinction

coefficient of a .145 at 358nm arid this was used to 'calculate'
number of eJsterified sitE",,!son the re15in. Each esterified

:'......,

site on the resin reacts wit~ one picrate ion and therefore
the stoichiometry of the reaction is 1:1. DCMhas a high
absorbance at 35S11mand, the :readings were done with
dilutuions of the picrate solution, i~~95% ethanol such that

the final concentration of D~ did not exceed 20%.

Table (5 shows the amounts of reagents used and. the times;:!!for ,
each coupling. For DCCcouplings a 2.5 times molar excesaas
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of :!i-Boe amino acid was dissolved in the minim\lln volume of

DMF. The and.no acid was added to the resin ~i'-tb a' 2.5 times
o,

molar DCCe:;)1:cess,(added as a 1Mcsolution in oeM) and enough

DC~lto slurry the resin. The -r.eact'.ion mixture 't..rasshaken for

four hours. At the end of this time the extent of reaction

'tv-as monitored with the Kaiser test~6!I A

l"'hydroxybenztriazole coupling was required (table 6) for

which a 5 times excess of hydroxybenztriazole (:a013'.1")was

used. Tl1edeprotection method involved the follotdng wasnes s

1) DeMtwice

2) methanol 3 times

3) parts 1 and 2 were repeated

4) DCt1 J times

5) 60% ~iF~\w,lth 5% 1,2, etbanedi thiol in DCMfor 5 minutes

(5) '.I'heTFA solution was flushed out, and replaced with fresh

T~A solution. The react.ion vessel was shaken for half an
"

hour.

7) 5% 1,2,ethanedithiol in isopropanol twice
sf The resin was neutralised with 10% triethylamine in oeM
9) methanol 3 times

10) DC)!!l 3 times

11) parts ~ and 10 were repeated.

The finished peptide was deprotected and dried under vacuum,

It wascp1.ea\fed -from :the .r~sin with HF (see appendix foit'

metlilodY',.61' The liP cleaved pel't.ide a!!d resin. were waShed with



3 ..-+..__ .....0.;;,;•..;;;.,86::...-1-, __ 4_.6_' t--_---i-t- 4..;_-t-¥.,allow
0.85 1.2~ 8 yellow Boo-S(ala)-resin

1--'~:"_-f __ ,_1:...:.1....:.4+__ ,...;4..:.:.6:...+-~_'......'J_~_4 yellow Boo-S'ala ....,esin
1.18 1.1/~ 8 iyf)lIoltJ___J3oo-5(al~)met-resin

Table 6 The synthesis of t-Eoc-L-met(L-ala)5by solid pha~e
peptide synthesis. HOB'!'and .;!;,-Bocami 11.(. \\acids ~vcre 9-dded in
a 5 tilnes molar excoas over the number of esterlfied sites r
DCC was added in a 2. 5 ti:m~s (\XCeSS·.

\j

K(:)y
1) HF.H.Pepttde.OH
2) TFA.H.Peptide.OH

T.able i~ Yif;llcls of peptides based upon the Weight of the!':!
freeze dried p;!:,oduct after purificatia>n wi tr. "HP1,C.'-:"
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~i,.,ethylacetate in a sintered glass fUnllel to remove the
,.)

~ . . 1

anisole. The cleaned peptide was then dissolved and was~ed

through the sinter with TFAand several acetonitrile washes.
I \\

The solution ~wasrotavaporated and freeze-dried. o. 61g 0·.(

the dr.y crud~ peptide was collected. The maximumyield

POS( \1;>lewas o. 95g and 'therefore the yield was 64%. The

pepti.de was ready to be purified £:y f!l?tc"
ii

3.3 Purification of pept:ides by RPLC

A Spec'era fhysics HPLCsolve~t delivery system with a

reverse phase C1_6 column were used for the Hl?LC.The co'l.umn

eluant was monitored at 190nmbya Biorad Uvichord . .h

non-eluting solution of 0.1% T:FAin water and an eluting

~\solvent of 60% acetonitrile in 0.1% TFAwas used according

to the re'tl1~dof Imoto and Yamada_'to

~~~ peprde~~Urified "ere: HF.H.met (ala), •OH,
HF.R.-1;-e~~(,ala)s\'..oH,HF.R. (ala)5leu, ijF.H.ile(ala)s.OH and

HF.H. (a1a)&ile.OH. The leucine and isoleuc~ne peptides had '(i\

been previously synthesisedll!.l. The peptide yields ~tter \\

purification are given in table 1. The purity of the

p~ptides was assessed from the Collective results of the

HPLC, :NMRal,I.1 infrared. <)

~•4 Nuclear magnetic ~,esonance Spe'd-cra(eJ C'·

One dimensional proton-={¢MRspectra of the
o ~

TF:A.H.met(ala)$ .OH, TFA.H.le;:tttala)g .OH, TFA.H.(ala )f-Leu.OH,/ J
TFA.H.ile(ala)s.OH and TF,,\:iI.(alahile.OH we;-e reC(?:t:'dedon a

B;t:'uker~C200 spectrometer at 200.13 MHzin D::p. Assignments
<\ (' c~
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pbnr-&ntratiops "~eJ?fides used in !be CO.§,pactroooorot
TableS

10.1 M sod.car!:>.r:. .
iPH9.2 0.62

I IPep title concentration in mglml
ISolutIons TFA.H.leu- TfA.H.(aJa),s TFA.H.lle TfA.H.(al&)s.h- ~(ru~a~~~..~O~H-_+'~eu-..O--H--~I~~~-a4~~~.O-.-H--ril_G._O_H~~
irrrethanol 0.57 0.60 0.62 n.ss
lethanol 0.62 0,59 ",::_0.5S 0.53
~~'-no-'I---i-' o.ea 0.64· \1]66'"1---0-.6-5-1.

lbutanol 0.52 0.55 .... 0"53 O.SS
1250j(·"";o';';;I;";"F_-E-'e-th-a-n-OI-.+--~0;"';'.6"";'B;";"+- 0.56 O~e1 0.51

1151.1/0TFE/ethanol o.so O~56 0.63 0.60
~E 0.53 I 0.53 0.61 0.60
~eOU$ s9futlons r ----!-----:..;.....-1

,water 0.50 0.54 0.53 0.50

1.50%TFEl~thenol 0.55 i" 0.64 O.~ 0,'50

~hOSPha.te bu
IPh 4,9 0.54 0.620.62 0.57
IpH8.!_ -4 __~~0 .....;.5_9~ -_O.-5_8,_-----O,-5-8~<--~-O.~5~5
,PH 8.2 ,~._ _,_........;-__ ....;.O.;_.6~O+___ O_.5_7_t____ 0.65 0.62
IpH9.1 0.58 0.61 0.52 0.56
t ,-----,----~----~~~----~~------~------~i

0.5$
0.59 0.620.63
0.58 0.50

0.52.' 0,58 0.65 O.S'I

~!O_.1._M__so~d_.a_c~e....;.ta=te~.__~9.59~.~I O_.6_1~_+-" O_.6_3-r O_.54__
Lett S.O 0.70 0.5", 0.55 o 0.50
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Concentrations of ~~tides U_sestin the liquid Phtw~ 'inita;\:j!JSR~Circsooq
Table 9

SOlutions
Pepticif;) GO_!.'crantrationin mg/ml
TFA.H.Leu- TfA.H.(ala)S TFA.H.UI!il
(ala)s'.OH IlSu.OH c:, (aJa),s.OH

TFA.H.(ala)s
ila.QH

methanol 0.61 0.65 0.15 0.47r-----------~-------ethanol 0.61 0.49 0.65 0.14~~~------~--~ --'~r---~~~,prOpanQi 0.18 0.56 0.55. 0.56
butanol :::0 0.80 0.49 0.11 0.52
25% TFE/ethanol 0.60 0.46 0.61 0.67
500/0 TFE/ethanol 0.78 O.SS 0.84 0..55
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'tiare made using the chemical shif't values and spin coupling

syst.ems of the amino acids published by 'Wuttrich D 7~ A

further discussion of the NMRanalysis is given in the

results and discussion section.

3$5 Ultraviolet circular dichroism spectroscopy

The CDspectra' of'. TFA.H.leu(ala)500H, TFA.H.(ala)sleu.OH,

TFA.H.ile(ala)5.0H and TFA.H.(ala)5ile.0H between 190nmand

260nm~ere recorded op a .rasco Model J2.0 Recording

spectropolarimeter. The spectra were run in water, O.lM
buffer solutions at pH values between 5 and 10, methanol,

~ropanol, butanol and a series of TFEsolutions in ethanol.

The peptide. concentrations for each solution are g; ven in

table 4~ The readings talctElnwere transferred to a

(!~preadsneet and the molar elliptici ties calculate..d. The

plots of el.lipticity against wavelength were produced by

running a 5 point smoothing program according to the methOtf!

of Savitzky and Golay. 90

3.6 Infrared spectroscopy

The infrared spectra were recorded on a Jaseo A-202

spectrometer. Solid p~!ase'*,r disc speotrra were reco:r.ctedfor

TFA.H.leu(aLa), .OH, TFA.H.(ala hleu. OH, TFA.H.il~( aJ.~;)5' OR
and TFA.H.(ala)s.ile.OH. RBJ::'and KCl cells \flere used for the

";,

liquid phase sp~ctra. The liquid phases were measured in

methanol, et):1ano1, prqpanol, butanol and a 'series of
;)

. ·;::/etl'lanol solutions. The peptide Qoncentr2ttions of each

solutidh are shown in table 9.
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He I I
A3N~PT(S3)X

LQ!u,L
A3E;33MPTX

Fjgu:te_11 The spin system~~of the non-labile protons in L-
alanine, L-le1.1Cineand L-lsoleucine. 7;'3



3 ..7 The Ra'ney nickel redua'cion of cysteine to alanine
\This experiment aimed to reduce cysteine with deuterium to

produce a monodeuterai(.ed alanine. This would label any
II

particular alanine in the hexapeptide and"permit its
identification in the NMR spectrum.
A desulphurisation procedure for phthaloyl amino acids t"'as
published by Balenovic and Flaso9l. The techniqUe had to be
adap'ced fO~ amino acids and j;-Boc amino aC~ids.
"-",,' Raney J~qkel was made according to the methocj.published

by Vogel.92 It tias decided to d(~SUlphurise
, ""~::_;.,

S-benzyl-L-cysteine accordihg to the method of Balenovic and
Fles,,9.t0.004 moles of the cysteine derivative were
dissolved in 100ml of a reflu~ing medium and refluxed for
four hours with 5g Of Raney Nickel. Initially, and according
t.o the published :method; 100ml of absolute ethanol were
used. It was found however that the best results were

(~)

•. .•. . . . .' •. j"~';-"" \'", •obtained wl.th (hlute a,lUlnOnl.aSGdutl.on a.nwater. The reflux
mixture was left at room temperature overnight. It was then
filtered and washed with 50cm3 of absolute ethanol. The
fil trate and \i"&1sheswere mixed t rotavaporated and

I

freeze-dri.ed. The reaction products was analysed by thin
layer chromatography ('t'Le) using a 5.5/3/3,.5
n-butanol/acetic acid/water solvent system. P3 The amino.
acids were detected by spraying the pla:l.:estdth ninhydrin

(,

and then heating ~c.hemin an OVen at 500 C ~ Rf ValUes of
standards and the :reaction prOducts were rec~rded.
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4:. RESUl.1WS ANDDISCUSSIO~

\
4: ~ 1 ThE{">anafyticalHl?LC of the leucine/alanine and

\~ /'!C"c'> ". \,
~soleucine/al~nine pepi tdes showed a single peale for each
\\ '\

1\one. The infra l:.\~d and NXV'J.Rresu1 ts sho't'led''Jihere "1::0 be no

sign of impurities in the peptides produced. The 1\

pUrification of oacn peptide was therefore sllcessful.

4: e 2 Nuclear magl'letic resonanCe results
-

The D20 :lH NMR SPectra of T~"IA.H.leu.{ala):;.OH,
:.-'

TFA.H. (ala)sleu.OH, TFA..H.ile(ala)s.OH and TFA.H. (ala)sile.OH

(tables 10, 11, 12. 13)' are evidence for the purity of the
peptides as there are no impurity peaks and the peaks

correspond to those expected.72 The nomenclature .for~the

side chains of lleucin,er isoleucine and alanine is given in

a
The chemical shifts of the peptide protons (tabj\e$ 10, 11,

1/ ~

'_ (} (,

12, 13) were assigned using the values given by Wuttrich.73

Where complex Order multiplicities occured in the spectra

su.ch as the iSOleucine :lHp in tab~e 12 f the pattern was

analysed and the chemical shifts were given .as -the aver-aqe

of .the two r~nl~a'J,.peaks A 7a This was not possible for some

mUltipliCi.Jtes I" for exampf.ethe isoleucine :LHlIJwhere the
\patter11 was }~ot discernible from the epectrrum, In these

Cases the upper and .1owen:'lim};ts of the combined peale

" representing th¢ multiplicity was measured and is given as

the chemical shift.
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Table 10 TFA.HoLeu(ala)sQOH W4.R Resultso Ftlr..the published
rando~n coil chemical shift vi';!,luessee re:feli~nce 73"

\)

,)
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\ ;?:

Table 1~ TFA.H. (ala)sLerx ..oa NMRResults. ~O~ ,t1~e.pub;:U"shed
ranc:,Dm coil chemical :;:t'iifft ,,~alm~ssee' refeli~;flce 73'~;.~
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T..abJ.S1:t:;r Tli'AO'H.Ile(ala)~ ..c;.~T i\li\m Results. For the published
randomcoil chemical shif.t. values see reference 7~...

1.95 1.90
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Table 13 TFA.H.(ala)slle.OH NMRResults. Po;!:,the .publishedrandom coil chemical shiZt values see reference 73.
c • \(

(0~~~--~------------~--------.~~-----~~---------r-----l:._9-t_,....._ 1_.9_+-_.; -_i_.9-J 110-T Complex Band
o multiplicity 1,6 .r-------+-~--------+----~~----,--b_------+_~.~-~~-,~+_--__,

~~--_+ __ --_ , .~o~ .
1--.,;_;1.;:;$.__~:.::.,.,;._7~_~_.,...--_--1:; •...;..1-9,;._·+r-....·--. 0.41 ...0,51 lie P Multiplicl~_i6 -~-
~-- __.~+-~ __------~_-- -_-~ __,----~...;..c...;..om,;._~~:.::.le:.::.x~B...;..a,;.-nd~~----_1
!--__ M_+-_. __ _"..~/j{,+-_,, ..~';----"::'-"l---c--~--'t--.--;

1.49 1.39 -O.1! Ala -CH Doub!et 3
·r-"'"-;··"""'1-.3-S-r-.-.,----1·......3-9-+-,...----0-'·,-04'.-,+-A,-l......a--C-H·---I-- Doublet . 1-2

~~--~----~_r~-----~,-t---'-'~--+---'------_;~-

2
1

1

1

1\

1

,
I---- .....-fI.i-----
".......,~..1:J2i....;6...;..t_... ............--1'-.4_e~t--.--_-_O;...;;, .....22;.;;....1 lie M

8 Peaks visibler-----~~'l"'""'1'--I'--------!J!---~......-+_;.;;......,..",/'l"'""'"'--...,..-.-t-~---;
f-~,-/t_...._-,_+-----t~-..- .r-"'----_,_~- ::--_+......._::_--.--...--t- ......' -~'""i
r-/;:_O. __9Q.. .J~EJi.. 0.06 lie a poubl!l.~n_-t- __ ..~3-J~-----~--~---~--~-----~--~4_~----4_--__--~,__~---~~
t--__ O;.....8.7;..+__ ,~~.8S t ~_le-A protons l?o'lbt~_-+- _ _..,;3."'"i

Doublet~.____--I~------~~~-------~--,~~----~--~--~~~--~~--

multipllQity 16 1
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Generally the ch~m:i.cal shift values for t.he protons in the

.?

four peptide N~IRsp~lctra are close to the ran1domcoil values

(~abl~s la, 11t J,2, 13).81 This suggests tha,t those protons
"

are not inqorporated into any' seconda.ry·structures~ There~rehO\'1ever"notable e:lwe,y;>tionsto this trend. In the spec·t.ra

of the C....·cerminally substituted peptides (TFA.H.(ala)~leuoOH

and TFA.U.(ula)sile.OH) an alanine ilia is deshielded by

oo31ppm (tables 11 and 13). In the spectra of the N-terminaJ.

su.bsti tuted pept:ides I TFA.H.leu (c:ila):;.Oll and

TF,~.H.ile(ala)s.On, the isoleucine and leucine l.H

a are both shielded by O.39ppm (tables 10 and 12). Therefore
,-\
,.1

·the shielding or deshielding e£fects are associated with the

position of the substitution of the g~est amino acid. The

shielding 6'J:deshield~ng could be caused by the formatipn of

st.ructure implying that the position of the guest affects

the structure forme~. The shifts are however small and ma.y
"

not be. significant. Other shielding effects include the

shielding of the is<.7ll.euoine N, P and T protons in
I< '.I ;;:

T!t'A.H. (a.la)uile.OH and the Mproton in T);11A~H.ile(ala)p.OH

and a.re d':.leto the formation of 'some structure.

In the NNE spe.ctrum of TFA.H.met(ala)s.OH two peaks, at

~,,7ppm and 3. 2ppm, were evidence for impurities in tl'l.e

sanll~leo 'Each peak , as measured from the integration,

representedYone prot.on and -C.heywere therfore due to

significant contamination of the sample. Therli! are a great
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many possible imp\1rities that could explain these peaks,
(~~such as -OH groups or a ~CH group attached t~ an ami.de,72

They show that the purificat:i.onwas not successful. The
«peptide proved to be very difficult to dissolve even afte~

))
the addi'tion of a fe'(,'ldrops of Hel .or anunonia to the «:'
acetonitrile HPLC buffer. This insolUbility made the

./

purif icat:iondi.fficult.
4.3 U~traviolet circular dichroism results

\~':_~.~

.~\

The aqueous solution co~curves (figures 22 ~o '29) all show
4.3~1 Aqueous solution results

negative 7(...1(" transitions at 195nm to 200nm. The n-71''''
( .

transitions are positive or close to zero. These
cha~acteristics are typical of peptides in a random or
"statistical coil".94.,76,MBasing an analysiS upon the
Greenfield and Fasman curves for statistical coils, figure
19,76 most of the pept.Ldea in aqueous soltltiOl'l;formed
"statistical coi1slO with 20% to 40% .e-structure and the rest

II

random coil. The only e~ception is the curve for
TFA.H. (ala)1l1eu.OHin 0.114·sodium carbonate, pH 10..0 (figure
25) which formed a Ilstatistical coil DI of..20% a-helix and 80%

It (
random coi1.i\ The h1'~ spectra showed, section 4~1., that the

'I.' ~",'"

peptil?~S formed random coils althgough there was some
IIevidence that some structure ll\&y have formed in 020. The

water CD results confirm that random coils were the
predominant structures.
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:=~, "

ll'able ,14 The percentagd.;~~li B-strl.1cture in the aOstat.istical
coilson found in the alC'~i61iC".and TFElethanol CD studies ..
The percentages" were bag,o~dupon the Greenfield F'asman
ref,erence cu.r',~es.'1& ' ~
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4q344 Alcoholic SOlut:fon results
\ ;", (I

The CD'curves of the alcoho1ib solutions (figures '~CIto 33)

fall into t\vOgroups: the 't'FA.H.(ala)sile"OH,

TFJI..•'H.ile(ala)s.OH and TFA.H.(ala)sleu.OH result.s conform to

tl'l1iJ reference spectra for either secondary structures

(figure 18) or i1statistica1 coils" curves (fi.gure 19).76 The

TFA.H.leu(ala}s.OH results differ froin those of the other

three peptides.

In methanol the TFA.H.(ala)sleu.OH, TFA.H.ile(ala)s.OH and

TFA.H.(a1a)sile.OH CDcurves are a+l similar (fig-urI;!;30).

They are Characterised by strong negat.ive 1r-'J'{'" transitions

with ellipticities betweeL "20,000 and ":'27,000

a.eg.cm2/mol-l. The n:"'1r'"transitions around 210nmare close

to zero. These results are cl.osest in elliPticity values and

shape to a statistical coil curve ~lith a mixture of 20%

r.,"'structure and 80%random coil {figure 19).76 The
Ij

TFA.H.leu(alah,.OH CUr"Va(figure 30) differs from the other

three altogether and does not: fit the curves ;for the
n

recognised secondary struptures or "stat.istical cod.Lsv ,6<1,16.78
"

The structure is': therefore unclas:sified and distiX!......c from

that assumed by the other t,hree peptides.

In\'ethanol, propanol and butanol, the TFA"Ho(ala)sile.oH and.

TFA.H.(ala)sleU.OHCDcurves (figures 31, 32 and 33) shaw

strong positive 7('--'[(" transiti0n.s and weakly negative n-w""

tr,ansi tions. Their eunves are ,similar to uhose PUblished for

j) ....'structures.64,78 Ba:';ea.upon tha valu~ of the n:-1t''' transition
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the 'rFA0 H. (ala)!ii -tIe.OR.ts th\e..strongest .B-structure former
~ I'

of U the two' i:q/.&fhanol "uib propanol. ifhe deviations of these

our-vas from,the reference .B-sJcructure COcan be expl.af.ned in

two way,s. 7<\ The curves could be due to IVstatistical \c0il~{11
i ~

of random coil and B-structure mi:lCtures.76 Fromi figure 19,

the .per-cerrt.aqe13....st):'ucture of TFA.H.(ala)sleu~OH "'lould be in

ethanol 70% to 80% and in propanol and butanol in excess of

80%. In T:t'A.H.(ala)~~ile.OH the p., ....structure percentage would
, '\j

, <'

be lOb%' in ethanol:' and butanol and about 80% in propanol.
/i

The ,'Other explanation relies upon the assumption that as

B-sheets grow in the number of strands they incorporate,

Cl

;i

there is \a decrease Ln the magnitude of the 1f';;'rr'" transition
.:,"'\

and ah increase in the magnitude of the n-1f~transition·.\~9

The 1f-1f~/n~1f~ratio for TF~.H.leu(ala)5.0H and

TFA.H.(ala)sile.OH increases as thla alcohol aliphatic chain
\";

length increases (f igure :-34).For both pept::i,des, therefore

there is the possibility that the sheet si:z:es decrerase as

the alcohol polarity decreases., The TFA.H.(ala)sile.OH size

decre~ses: are greater than TFA.f.{,.(ala)pleu.OH and tlJ.is would

imply that its B-sl'leets are smaller ~ Based upon this (
\ r-.

TFA.H.(ala)sleu.OIl formed mUlti-aSJ1:'andeci.'antipa:rallel

B-sheets of between four to twenty strands in etl1anol (table

~) • '/ll 1n ethanol the TFA.H.(ala)sile",OH fo·rmedsmaller or

1n the alcohol solutions the TFA.•H.ile(alt'; ).~"OH Co curves

(figuZ'es 31, 32 aria 33) fit l~statistical coilu curves of
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,B-st:.ructut.'eand ranr.:'r.m t".loil (figure 19) a ~G ln~ethanol the
~Vsta·tist.ical coiln contains about; 40% s-stru.d:ure( in

"'propanol' and butanol the amount of B-structure is red'lwed to

"

and ~J'asdue to an unknown structure. The TFA.)Haleu(ala)saOH

CDcurve in ethanol (figure 31) ShO'IJIS a positive 'If-'f('''
,.'"

trwnsition, similar to,B-struc~u:res, and two negative

t:ransitions at 208nm and 215nm, similar to (X-palical CP.GIly'1(l

The curve does nOr\.f'~.t. the published "statistical >!=!oili9
'\ ,,'\

, ' .. -'

curves for mixtures of J5;'_structureand a-heli},_ '16 In

pro);>anoland butanol (figures 32 and 33) there is an
increased accentuation of the 208nm minimum and the positive
'If-n''' transition is lost. Thus in ethanl)l, propanol and

butanol, as in methanol, the TFA.H.leu(ala)e,.OH CD differs
c- ~.•from the three other peptides grid the reference curves. The

\\. : (j~~~:.<
double minima .:inethanol is similar to ,that.seen in previous
work on TFA.H.val(ala)So.OH.152 TFA.H.val(ala)s.OH was found to

form a hydrophobic pocket in aqueous and methanol soluti.3ns

(Dr. A. WeI in print, Biopolymers .:(:1991).The propane),

spectra of TFA.ILval(ala)s.OH and /tFA.H41eU(ala)s.OH are

also similar. 6~ L."..leucine..and lrvaline are both branched at

the gammaand beta sid~ ebaips carbons ;respecti ve ..i..Y0, This
similari~y in their I;)structu:r'es COU1Q,i allow them to torm

similar secondary strl.l,.ctures. ~heref,ore the

TFA.H.leu(ala) ...OH results CQuld be d?e t.o t.he formation of
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TFA.H,(aJ~}51eu.OH (ALl, TFA,H,ile(a.la)5 .Oll (IA) and
TFA.H,(~la)5ile.OH (Al)in TFE/ethanol solutions. .



alqoholic so~ution(~

of stAr.'t'l.ctureseen in TFA~H•val ~la )$ •OR in
<.:: .;.-'\' 't

'* . 3.~.~Triflu.oroethanol/ethanOl solution COresul'l.:s
c:;::.)

TFE acres as,,_.,~hydrogen bond donor Gl,ndsalvates peptides. It IIIf

reduces inter-molecular hydrogen ~pndin9 thereby disruV~ing

.B.....struotures.S3 Therefore the titration of peptide splut.ions

",'lith TFE can be used to measure t:lhe stabilH:y of

.J3....structure.

The TFA•.H..{ala)slau.OH and TFA.H. (ala)sile.OH CD TFE

t.itration curves are similar (appendi~),. As t'1it.h their

alcohol CD res.ti.lts, there ,p.re t'tvo·means of analy:::;is based..
upon the composition of.,Ustatistical coill"'or upon th~,

)i" U
poss.ible sizes of .B-she.ets formed. In ethanol (figure(~'31)

TFA ~11.(ala) sleu. ott fpd \.TFA4 H. (ala) sile .OR .formepi

B-structures. In the titrations of ethanol with TFE the CD

curves formed lpof9d similar to the Ulstat5.:sticalCQi1n
I

curves of Greenfie!+d and Fasman~.~E;Using tnese curves , the
'\\

possible pe'rcentage ~econdary structu.ral composition of the

IIstatistioal co1.1s11 are given in ta.ple 14. The 25% and 50%

TFEdoncentration curves for both peptides match.'the
published "statistical coil" curves wel1.7

E; The 75% TFE

Ustatistical ooi1sil can be analysed in t't.vif,)'t..rays.Based upon

the 'IT'-'l(" transition values they t\Tould contain 100%

B-struct~ure.75 Eased upon the 'n..;,11'''transition the B-content
would!!contain 40%to 20%.76 This analysis"~'~;~lsoapplies to

., II \~~

the TFA.H.(alahile.011 TFE CUr'llA Which could't:ontain 100%°
I ~\
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s-st.:ructlJre ba~;edupon the ,r";'1(" transition or 40% based on

the ~;-7t" transition~ The TFA.:H.(ala)sleiLoH TFE curve fcits

the 40% B:':"structure "statiotical coillV curve (~igure 19)
wi tnollt any contr~diction from the t.tvotransitions ~

Therefore the TFEhas ~ess of an effect upon the
'. !J;'

TWA.H. (a:h.q'·sil.e.OH.a-structure than the TFA.R.(ala)sleu.OH.

The plot·.of thee variation in· the 'if-'J(~ /n ....'J('" transition ratios

a.gainst 'I):rieTFEconcentrations (figure 37) for

;TFA.H.(al,q_)sleu.QH and '1'FA.Jt. (ala)sile.OH shows ~hat1/)

eXtJeptinq~75%TFE, the numel;·~calvalues of the rat~ps lie

bett<1een1 Jr~<:nd4 for both peptides .. The ?5% 'J:'FEratios ris('-';
~>_" , . I} .' 1, '" ',' " ,1/ " "" " ',', , \\
-''''above 2d} f8~ both '1'FA~~I(a1a)sleU.OHand '1'1"A.H.(ala)sile~oI{\~

Tne sudden ~rnges in be ma'll1itudes of the ;,,:-"'/n-,,'
transitions between 50% and 75% TFE imply that the

/0~
B..,~-e"'rudt.~~7~\~e:\seen ..in the CDeurvea changed radioal,ly. Th~~1;'r-....--....'--...~ 'II i '(\'j -: . ;) '.' ,

:-::i·at~.~<t;~ai~~fJ:I~are p()ssibly linll:ed it:_O the sizes of B;-sheets

and therefdre the smaJ.';I.estS-structures occurred in 75%

~~FE.79 Ba:::-edupon the co curve (figure 31),

)~o:,;~FA~.(ala)sleu.QH in ethanol formed antipara11el
.•.. . )1 t . ' •

ji3-structures wi th·c;£9'.1l:' to twenty strands. 79 In TFE the CD

curve changes altogether to that of a "statistical coi111

wi th a high corrcent; of randollt coil (appendix). 76 The'oCD

results show that in 'rFE the 'r).<'}".H. (ala)t;ils6oH (appendix)
I ~

maintained the predominantly B-structure seen in ethanol,

w~ere it formed a usin9~~~.:~¥;tended~~ch.ainrt: Therefore in
i' \',._ ,. ~;\
I . • '.

t.i..'rrF.i concent.r.l:l.tionsabove 50% the TFA.H.(ala)sleu60H e.-sheet$
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are solvated ~nd the st.ructure is lo::'::t~The
(! ,

I

TFA~F:;:..(ala)sile ..OHin ethanol formed a uu~.ingle extended

"!J3':",chinll or small 8''''sheets79 and therefore. solvation by TFE

had ~~ss ef,fect. Above 75%TFE a change d:[d"occur to

TlfA.H.(ala)$ile.OH as the 'l{-rt ../n ....'f{ .. ratio was reduced, '(:[hile

accorqin~ to the CD curves J3""'structu.re was maintained. :tt is
. ,(

pcssible that the' .a-structures in pure TFE and in 25%, 50~Q

a,nd 75% TFE 't'l1er.edifferent.

For both TFA.R. (alahleu.OH and TFA.H. (ala)sile.OH two
" ~analyses, of_the alcohol and TFE series CD curves were

possible: one according to the composit.ion of "stat;L.stical

coilsW1E!and the other aceording to\'~Ae Size (~~ e...sheets. 7p
;::_ . , '-'-.~;::~; ,

~";:;".

The t"lo (lre not mutually exclusive but ,what is t\)~ain ,is '!;hat

\the different. pos~ih~e molecular variations of Il-s!>>:,!:,ctures

)~alte the appll.cat:1. )11 Of any one method of .analysis 'liml.ted:=
/f The unq.lassified O!A~ curve of TFA.H.leU(alah,.OH seen(::::lnthe

\ ethanol CO (figure ~~) is changed by titrati.'on ~Jith TFE. In
\\;'j, l'

the 2.5~,,,50%and 75%\'liFE solution CDcurves (figure 35) the
II

n-w~ double minima dis~pears. These ,Qurves are similar to
"'.Uistatistical coils" witheemixtures of random coil and

B-structure.76 If "statis'l;.ical cod.Ls" occurred, tha
"

TFA.H.leu{ala)s.OH in 25%and 509" TFE solutions 't'youldhave

c(nnprised 80-100% J3...structure and the 75%TFE solW;.'ioi'l 'tt'lould

have contained 6Q-8:t)%8-content. The purE:!TFE curve does not
fo;LJ,.ow the !Jstatistical coil.1S trend and the S'i;.ructures

1,j
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the TFAd·I.leu(a1a)n.0I:l TFE titration CD (fi.gur~ 37) differ
o Q <: ' ,

from the C-terminal1y substituted peptl.d'·,s'. If IIstatisticaJ;.

col1u was present, the interaction of the peptides in 75%IIu . - -~
o

TFE was also different. In TPE there" vIas no evidence :for

B~structure (figure 35) so the increase -Ln the 'ff-1r~/n-1{"

transition t'1asnot due ·to sheet. size deozeaaes but some

other conformational change. This change could be due to/lt11e
'I

sol vat:i.on 'of a hydrophobic pocket by TFE. II

The n"'1f"/n-'ff" tra.nsition ratios of the: TFAoH.ile(ala)n"O:aii TFE

titration CO(figure 37) do not vary greatly but tllis hi\~es

significant changes in the CD curvas Cfigul:'¢ 36) ~ In ethl~fiol

TFA.H.ile(ala.)r,;.OH f6rmed a usta.tistical coilVi containinJ,
II

20% to 40% B-struc;;t't,'tJ:eand random coil (t,able 14). From ~h\S\
• 1\
'~_ )i

9'~c1.ll::,vein 25%TFE (figure 36) the B...co~tent is bebreen ~~O%
~ ,\

an~ 80%0 In 50%, 75% and pute TFE solutions the co curves '\\
I' c \,

l,l Ii

(figure 3(5) shOt" negati v~ 1f-rr" and posi 1;.i'leo, :0-11"" transi tion~~
,., i\

and fit. ne~the'r the reference l\s~condary structures (figure
'"

18) noz' the tlstatistic;al coil VI curves (figure 19). '111,1e

Increasing the TFE concentration above. 25$'.;therefore

disrupts )l'FA Ii. i1e( ala h.OR.B-structure. In the highet' ~FE

concentraticmp the structure formed was unl~nqwn.
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4.4 Infrared results

4, e 4: .]. Solid phase infra:;:-ed rest'll ts "

TablP....15 shows the results of the solid phase EBr infrared

spectra for TFA.H.leu(alEfiJg.O.H, TFAiiH. (al<a)sleu.OH/

[lFA.H.ile(ala)s.OH and TF'A.H.·(alahile~!PtI. TIle non-amide

cllromophores are assigned according to table 5" The amide A

bands for the fOur peptides all fall. "t'ITi thin the range

assigned 'co intermolecularly hYdr0gen bonded

structures.03,4,,59 The band frequency decreases ~li~cn a~'l

increase. in the hydrogen band strength, 83 implying that the

leucine/alanine peptides form stronger hydrogen bonds than

the' :tsoleucine/alanine peptidas. This is' consistent 'tUi:hthe
fact that L-leucine has been "found to be' a; stronger

a-structure fO:5ner than L:"isoleucine. SB T;'le amide A

shoulders at 34250m""in tl1e leucine pep·tides coul~ be due
iii

to :moisture in the Ker. 72 The nnide B band~, can be

attributed to free amfne groq:ps. a!l ThEilamidli?1:, II and tIl

peaks for all four psp.tides are due i:o intermolecular

hydrogen bonded l)-structures.A9,59,60,aa/63 The TFA.H.:lle(ala)s.OH

and TFA.H. (ala)gile.OH amide V bands (720cl'CCl., 700cm~.l,) can be

assigned to extended .B-conformationsi~ (11,'19 Tkl<.e

'rFA.ILleu(ala)s.OH and TFA.H. (ala)sleh .•OHalnj,.deV band

region has peaks at 720cm-l./ 700c:m~1. ami 620c11r-3, (table 15).
The 620cm"1 peak can be attribtlted to ~~-helixIlG'1l4or skeletal

deformation.op The absence of an amide II poalt near 1540cnc;!.
,

and shoulder at 1516cm~1for contirmatidh rules 0'1.\'1:: the
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I(e~
6 shoulder
ppeax

lA5= TFA.H.leu(ala),s'0H
A5L"" TFA.h1.(a!a>sJeu.OH

HAS=:TfAH.lle(ala),?OH
AS!""TfAH.(ala~i16.0H
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helical possibility ..I)'l Therefore the amide 'fJ bandES·(720crn~l.

and 700cm"'1) represent .!3-cl.mformations;
(.'

16$00:1\\"'l. a'lJ\ide ! shoulders f 'l;V'hichiden~~fy antiparallel

a-sheet p M,49 are absent from all ~~e spectra (table 15) nor

do the peaks correspond to the parallel .B-sheet
frequencies. 4~ The peptides a:r,e probably therefore in some

other intermolecularly hydrogen bonded e~tended

a-structures. The shoulders of the amide bands suggest that

there are small populations of other conf~rmations present.

The am~de 1!. •. 1660cnc:t and amide II 1530cm-l. to" lS40cm-:J.

shOUlders indica>te a random or l.lnclassified strucitllr~;7."S9

the same amide II shoulde:l:'s also indicate .B-p~~ated sheet. d!i'
, ~
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4 ..4.2 Liquid phase infrared results
4.,4.2~1 Al06hol solution results C..\

The liqu,id phase spectra. produced V'err strong amide :r and I/J:.

bands d The high absor}::)an.ceof the alcohols and the .low

concentrations of peptides mearrc t.l}at.the f)'cher amide bands" '/,

did not appear 0 \,

\'
)~t

The metbanol 'J:FA.IL (ala)sleu"OB\aluide I peak indicates

random coil?1 and ext~nded hydrogen ',',bonded B-structure!l3

(table 17").. The widttl of the peaJt implies that there was a

vari~rty o:f strtictures pre~ent~ '1'he amide II peale. (1.590cm-J.)
I)

is attributable to hydrogen' bonded structure. 93 Except for

an amide IX shOUlder (1560cm-1) and a sharper amide! peak ,

the me'chanol TFA.H.leu(ala)!SoOH infrared spectrum (table 17)

is simila::: to the TFA.H.(ala)51eu.OH spectrum (table 16).
,'\

The TFA.H.leu(a.la)s.OH therefor,e"~ormed one predomi.nan,_t

structur~ different ·from the T"O'A.H. (ala)aleu.OR.
'"

"

usable amide ! and XI' spectra in metihanot ,

The TFA.a:.leu(alaL, ••OH ethanol amide I peak (1660cm-1) can be

attributed to random coilfi9 or 0!-helixn~"",'9,6:1 (table 1.6). The

amide XXpeak (1550C11'.""1)could be due to a-helix, 63,77

B-pleated sheet'9 or B....turns .59 However there are no
shoulders in the spectrrum to (lonfirm <:the presence of, thtase

structures. The sharpness of the amide! band implies that a

definit~ structure and not rani:;lomcoil was present. The

natures of these hydrog"etn bond led structu:t'es are unknown,
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The TFA.H.leu (ala Y'i; 6 oft propanol and bl.,l'tanol amide J: /ipeaks

(1620cm"'l) shotv 'l:::hepresence of int,ermolecnlar'ly l\1olecUl~,i

hydroge,ll bonded B-st.rtlcture (taple 5). I)~ The amide J:I peak:

(1590om-1) of the propanol solution indicates liydrogen
bonding.63 The analysis of the broad. butanol amide II band

is the same as that for ethanol. The dominant strud:.ures in

propal,fol and butanol, as in methanol alld ethanol] are
i!

, there£~rE;1 unknown, There is an))increase in the number:of

amide I. a:nd II shoulderS in propanol and butanol when

oompaz'ed to ethanol .and thus an increase in small

populati9ns of other structures. These include possible
antipcfrallel e,....sheet86,49 and rZlndom coil .. 'n,f;9 These results

I~

are consisten't with a P~i~S;~le 'hydrophobic pocket that, is

pa.:r;tially b:r;okendo''''' by \¥~\aec:r;eaS"d p~~ari ty of ~ropanol
~ d

and butanol. ',~"":C~" (/ "
In the '3?:FA.:H.(ala)"leu.OR ethanol E.;~pect~.um(table 17) I the

1'1,,'.' ()aml.(ie II peale-'(£1530cm-1) ci:nd the broad altnide I band ahd
\\

e-sheetM and/or random coi17'7,S9,6o,79. In '~ha propanol and
))

butanol speotra (t.,able 17) tl>le alll,ide I ~peal~s (1620cm-l and

\19" ~163Qcnr1 r~spectively) are sha~. They are accompanied by

1690cm-1 shoulders and can be a\tributed to antiparal1el
.B-sheets.49,GO This is confirmed in butanol by the a:iuideII
peak (1530 ....1540cm-l). 7'.) In propanol the amide II peak

(1590Cm!:"l) is due to hydrogen bonded structures. 1$3 the

shOUlders (1660C:m~1.,154:0Cm-1) are due to random coil. '77 The (,'
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result.$. suggest t..l-;tat ant..i..parallel B-she.ets Were present in.

the alcohol solution\:1 with random cciI.. 'I'h.is is in keeping

with 'the nstat:istlc~l coil" implied by the CDspectra.

Tbe e;thanol, propanol and buta:hol infrared spect~ra ot
'I'FA.tL (ala)sile.OH (table 1~) amide I peaks (centred at.

162(') ctm~1.) indicate that ext.ended intermolecularly hyo,l?-ogan

bonded B"'shee'l.:s Were present. Gf~·."'t/'o The amide II bands
1-,,'_;' \

(batt-Yean.1550clt(1.and 15€'Oc:m~1.) ~t'ea:ttributable to B-pleq,ted
.,

s:tH~et~7!i'Amide I 1690c:nCl.r;;houlders are absent from the

spectra ~ implying that Sheets lilere not antiparallel.79 In

ethanol the amide I band is broad indicating a variety of

structures. The amide I and Xl,;, bands indicate the

possibility of par..allel p....sheets49 or random Coi1.'17Only

very lar<,;feinsolubl'e parallel sheets are st.ableG and are an

unliltely possibility. The predominant structu.res in ethanol

were therefore S-structures and random coil. The amide I

peal~:sin the propallo1 (:lndb:utanol spectra are Sharper than

in ethanol (table 19) meaning an increase in the relative

sizes Of the B-struoture popu~~tion. Each spectra contained

shoulders caused by small populations of different,

conformations '!rJhichcan :be assigned structure according to

table 3. The results seem to be contradictory as there is

extended, intermolecularly hydrogen bonded B-structure

present but noevidenc~ of antiparal1.el sheets. This

supports the CD results which suggested that the

TFA.H. (ala)!;ile.OH formed "single a;;c'I;:endedJ~-chainu.



?:he amide I peaks of TFA.H.(ala)sleu.OH (table. 17) and

TFt\.H:.(ala)nile.OH ('t;able lS) ('botn "showa similar trend. TlJ,e.'
, " r; . (U ,i)

amide. :r band in ('ethanol is wide 'and starts at 16qpcm~1. In

propanol and but9l!101the ..peaks- nar$Qt"1and J are shifted
o

"tot'll'aZ'ds163Qcm~1.. This is a shift· away from r.andOl'il coil '77

to't"1I;!rds .8-strucrtllre63 as the alcohol :s.liph.a.t:ic chain
c-

increases in length. These changes dOl.'respond to an increase

in the 7P"'1C*/n-1f" ratios of the cD.transit(jl1s (figure 34)

and may be caused by·a decrease in the size of ..B-sheec.s79~

This would be caused by the lO'l;V'eringoof tb.e $9fvent polarity

and therefore increased peptide solvation.

The sharp TFA.:a:.ile(ala)s.OH ethanol amid~, I peak. (1610Clt(~y

is due ~o hydrogen bonded carJeIl.Jnyl groups (taple 18). The

'I) broad amide II peak covers a wide Vati§lty I)if

structure.63,'17,49,79 '!'here are no 1690cm~=+ anlide J: or 1516c:m-1
\) .. 1

'.~

amide n, shoulders, which rules out apt.iparallel

.B_sheet6~,4!l,79 and a-helix. 44,77 S...turns are r'lled out by the
no"

amide ! balld. $9 The peptide. therefore formed a' hydrogen
bonded structure in ethanol ~ t,p.e sharpness of the amide I

peak implies a li~ited variety of conformations. There ''''ere
<')

5111.a1.;1.populations of other structures, including random

coil, '17,$9 indicated b,):' the shoulders. 'j'!heal'llide I bands in

prd'panol (lG2Qcm-1.)and butanol (164:0C:m~1) ar,e attributable

to inte:cmolecularly hydrogen bonded .e....structures" The amide:

II peaks (1530cm-l.-1550cm"'l.) and 1690cm-1 amide I shoulders

are evidence for antiparallel' B-sl'leetsll$,4S,79.



·~able 16 TFA~n.Leu(ala)soOH Alcohol Solution ~ide ± and IIBands

;~~\~~11~!fJ!!iilll!i!::~I~~j_~~~l
l 1690s 17005 17005 i690s 1640s 1690$ 16908 16g'"

1670s 1B$Op 16905 1560s 1620s~ c~1670s 16809 1670~I----';O";"'..;...;..-+-..;.;;.;;;...;...!;;-+-..:...:;..;..;....;_+-.;.......;~_+........;~/".< ...'"4-<__ .< . ,_
1660p 1680$ 1640$ 160Q+P 1650s 16605 1660s
1630$ 1~1t:;i 1620+p .........Jr 16405 1620p 1630p

r -r ~~~~1_6_~O_!~~~p_, _j_I ~~1~62~O~-_4.------+_----_4r~~. /j 1600+pr---~~~~~~~~0~--/"
l----+-1S90+p 1540... i.590+p-""'~1"57ds·

1560$ 1650p 1570s 1550-
1590- 1600- 1590- 1590$
'lS<!l)+i) 1570+p 1570+p 15S&-
15$Os 1550s 1550s 1525p

1500s 1540$1540s 1520$
'1550$ 1530+p

700

Table 17 TFA.H. (ala)sJ.eu.OH Alcohol Solution Amide r and II
Bands

.~~~'~'~i~~~''.!~I~I:!'!i~~mi~;~~:!~ii:.i'_!"I~~f~~1
I 1elso:; 1690s "1"690$ < 16905 \ 590$ 1690$ "1690$ 16905

iEI70s 1660- i660s 1680$ 1670s ; 6709 ; 670$ 1670s
H16o- 1610p 1640$ 1660$ 1660- 1660p 1660$ 1660$

.....1!~op 1620+p 1$40$ 1.61Q_p 1640$ 1630$ 1640s
11S30s 1610$ 1630+p 1620+p 1610+p ,_123,0L
:, 16'IOs L ........,_

J .

1:;580s 1520$ 1550s 1530s
II

,

l5e~
+ high Intl~nsity p peak
w low int~~$ity s shoulder
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Tabl.e 18 TF1LH,.lle(ala<)s.OH Alcohol sglution .AInide r and II
Bands.

'I(I

Table 19 TFA.H.(ala)sile.OH Alcohol solution Ami",ei1iIand II
Bands \;
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4,,4.~ • .2 Trifluoroetha!101/ethanol tjtrations results
\

In the TrE/ethanol titra.tion 'spectra, the amid<;;'! II peaks of

TFA.H"(ala)51eu.OH (tables 17) and TFA..H. (ala.hile.OH (table

19) are all above 1550c:m"'1.and have a high' intensity 0 This

can be att.ributed to a predominance ot: hycl.rogenbon~t':ld
_. ~-,

carbonyl groups. 6$ In 25%TFE I t.he pealtl.,,:::·p~ebroad ana
, . \

include t.he possibility of .B-pleated sheS'~;~?~The amide I
\\

pea]{s are bet~Teen1600cm-1.and 1630cm-l..va'iues belo'tlT1l'20cm-1

are due to hydrdgen bonded carbonyl groups ahd neat 1630clll\""1.

they are due to 13-sheets ..6$,49 The TFA.H.(ala);leu.OH spectra

have, 1690cm-l. amide

r..

other amide I and II shoulders of,;.~b~ j~\..ropeptides can be
{~.:/

assigned structure using table 3. The 166Qcm~l.and 1550cnll.

I shoulders I due to; at.)tiparallel
. Ii
;.--; 1(' ,'; .":-1

in "che TFA.•B. (a.\l1~)~;it~e.OH.The numer-ous
"

. (\13·..sheet ,'19 not ~een

('c.'
ehouf.dexs are due, to random coil. 77,5S'

In the TFA.H. (ala)5leu.b,T;1TEEtitration infrared spectra,

tl1Jeamide I and II peak frequencies shift from 1600cm-1and

1590dm:1.to 1630cm-1.and 1.560cm-1.respectively as the TEE

concentr'ation increases (table 17). The shifts are

associated ~oJ'itha decrease in th~ strength of intermol,eculari,

hydrogen b~ding. 63 The 75%TFEsolution is an exc-epti,9!t;~~t.o
-;:'-' ,<'/

this. Thi.s coincides with an increa~1i?of the vr"'TI'*/rt-rr" CD

transition rati,o in 75%iJ.1FE(figure 37). Therefore in this

solution tti(,d;e,'is an increase in the hydroge~ bond st:rength
\

associated with a possible decrease in'13-sheet size.79 '!'he

increased hy~""c.C{enbondr~\trength may be a result of the
,/- -'\ t~ I

'. "\ \
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,:;,

peptide-TFE bonding and wou.ld .in~icate that the TFE sOlY;~t.ed

pep"tide ohaf.ns and disrupted the 's-sheel.:.:'s.
Ii j{' . -,:5

The TFA.f).(ala);;ile.oa ,fl-miLd.eI "and II peaks show no trends

in their frequencies with ch;\g~s in the TFE concentrations.

There is an increase in the intensity of the 1620c:m"l. peak
u /!

in the 75% TFE/ethanol solution vll'len comparecL to t.he 50% TFE
" """ "'", ->,

solution. This can be attribut.ed tG: an increas~'1.n 'l\he

P.Bj'Uo~:torimOnat0J.'ofnsin:e,:molecUlarlY hydror,;..::,,; bonc!'6(j
,;: A~ • The increased intensity ils asf;ociated
, -~" r,
\;ith _~!}increase in the rr-7r·l~~-ll''' CD tri-allsi tiora '~atios

(!

(figure 37). Therefore the causes of the change in the ratio

are different fJ1nm those in TFA-;.:H.(ala)!>l~u~!~)H.
~ ,

:tn the TFA.H.leu(alah.OH ~FE/ethanol titration spectra
~\ . :; .. ,'. J." ..;

, Ii
(table 16), th41 amide I peaks are be'Lwleetl1600cnc1 and

16206nc'" an~ the amide II p~ales are above 1560cm-1• This

inda""tes pYdrQgen bonded parbonyl 9"O~~,,, In TFEthe peak

is at 163(/<' 'f and w'ouidnormally be' attributed i:0
I

int~rntolecularly hydrogen bonded J3-structtire. 63 HO~lever"as

TFEdisrupts these interacttons th~ _,source of the peak is

presumably due to some other., structure. There are alll,ida I
,'__' ~\ \J

shoulders at 16§O),Cm-1aii~ between 1630cJtC:t and 164ocm-lc(\
'. '\' , '

'i,~~

in<;licating small population§",of~lantiparallel .B-sheet;
~"

/'~\
t, - I
v.,.. 1

supported by amide II shoulders\\1ear 1~}Ocm~1. 79 The =tb% ll'iFE

solution amide I and II peaks are\~'b~oadt implyil'),g a ~rariety
'\,.
"-of st:ructures. These results, with th~\ possible exception, of

~\ <,
the TFE solution, do not support the ..idea from the CD

'I\:1

....
t~.:.~..~:._.,,~ ....,.,..
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's,pec'c.ra (:figure 35) ~~hat arstatistioal CO:U.SIIwel1re present: \)1n

''the TFE:ti trations a~ there is scant evid.enc~ of
.\1

B-structure < Instead the results may b sho~l:i.nC;J'.:'itha:tI' as the

TFl1lconcerrcxatid.on increases there is solvation of (<{l\_..-y

hydrophobic pocJret with the result()that the variety of

s"cructure present increases .•

..The amide I and IT. pealt.<5 of .the l'Ti'.A.H.ile(ala)poQH

':(irE/ethanol titrations (tal:)le 18)..are, dUe to
inte:t'molecule,rly hydro~en bo!'"J.ed B-st:ructure,,63 The '75% TFE

and pure TFE 1690cm~1 shoulders in conjunotion with the
((,

amide I \;peaJts imply that antiparallel B-sheet was

present. U6.,illt.7!) There at's .amide II shoulders at ~550cm~1

indicating B-pleated sheet7!! b1.1;1:no amide II S~~~ld~rs 'to
confirm the chain orientations. 79 Except for the 25%TFE

each sp.ectr~~ $l:)dwed a Variety of struct:.ur~s, indic.a':ted ov, If' ..
1....'::;//. .. . _ __ _ __ • _. _ _ _ _ _ _ _ .•the large numbs:!::,of shQulders, whl.ch can be aSlEil.gned

acq1~~rdingtQ table 3. The struotu,res include xandom coil''?'!)!)
/ ' ','I

Wh(llt~ll. is in ag_teement wi t11 the co curves that i@Pl.ied t1;1e
":0

pX'e~"enceof Ilstatistical cO~lsu of random coii and

,B...structure. The amide II peaRs show an increase in

f:requen9Y as the TFE concentration increases. This i'mplies .~

that the hydrogen bonds formed became stronger. TFE disrupts

intermolecular hydrogen bondil~9 and the ~~ffect 4\bsel:ved must
I" ;

therefore be due to solvent-peptide or i'htramoleculal."

:'Wdrogen bonds.

mailto:i@Pl.ied
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4: • 4 .:3 InOrared peak intensi tl~es

. , , "T(\bles 20 ~to,23 show the irrtensi '(~ies oJ: t:b,e maJor pealt;:s in

the solution phase infra~. Included in the tables are

'chose peaks attril:luted tCl the ,a.:cinoter:nlililal chromQphores,
"

to free carbonyl groups and the alnid~ I' intensities,. at

1620cYIt'"1 and 1600cm'-1. The amide I values were chosen loecau$~

the former lie in 'the region dUG: to free carbonyl groups and

t~(le latter are due to Aydrogen bonded grouR,;-;'()s iJ.1heratios

) of thE'se t"(ll0 are shown for the TFE/ethanol t.i tration series ~

The intensities were measuzed in each spectrUl1t from an
o

absorption minimum common,i;o all at 20'00c:I\\-:l..

In the ~fE/ethanol titratio~'ls of TFA_..1:!.(ala)pleu.OH,(-~;
1\FA.R.ile(ala')r;.OH ,and TFA.li. (.a,la)sile.OH, ,the 1900cm'"1 peii\~t

intensi t:i,es decrease as the TFEconcentration increases
J/'.I

(tables 21., 22 and 2:}) and 'there are.. n.6 192ocm~1 peaks .• This
·1 . "),:::-

jj.mplies some silnilarity ').n the ~f,:Jehaviou~'~ufkh~:~e three

peptrides. The :t900cm~1 trenq is not, seer! in the II
c~~ {

1.u,?,A.H,leu(ala)a.oH TFE se:rH~s (table 20) and it has 1921)c:m~:I.
,. (\

peaka implying 'ihat. its behaviour ~~s different ,,,from the
(I.

p'ther thrsl,ra pep'tides. In the series of <~J.cohol so~utiQns,
II ('

both the TFi\.H. (ala)sl,eu.OH and TFi\..H"(ala)~il.e.OH 1920cm-1{(

peal;: intensities decrease from etha.n(.(!l\\to but.a:n,.ol. T):1is\\\ It 11

tr~pd does not cecur in t.he TFA.H.leu(ala)ll'"OH or

TFA.I!.ile(ala)~.Q}l. The CD results for TFA.H. (ala)sleu .•OH

and TFA"H.(a.la)si:le.OH both showed strong .B-structures i11

the alcohol, solution series. 'rFA.H.i:~e(alah"OH was found to
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fOrm u's1:atistical ooi1s11 't'l7i'i:11a prl:;!domina1lce of l;'andom"coil

(\.. .. ..•. .. . .... ,JI, .', ,.\

and TFA. B: .. 1au (ala) 1;.OH",formed undeter:ml.ned. structures., The

di!,:ferences in tbe s·tructures se~n 'in the COresults are

thereft.lr~ supported by the patt:.erns of infrared peak

ini:ensl.ties.

'11h~~ratios ''Of the It;Oocrrc1to 1620cm~1 pealt. intensities

$houl~ give an indioation of the relative numbers of
ij

"hydrogen bonded t.o non .....li.ydrogen bonded carbonyl groups
(tables 20, 21, 22 and 23)'. T.FE is expected to increase the
amom1.t of sol vent.-peptid.e hydrogen oQnding. 63 The

. . ',\

;? \ o

TFA.H.l1e(alQt);'.OH Oi'JA)dTFA..H.let:t{ala),s.OH: ratios increase
(i fj /1.

(taples 22 and- 29) as the TFE concen~;t'ation increases. This
o

sho't':TS that there is an increase in peptide-TFE hydrogen

bonding and ihe.rejore t.ell€!peptide molecules \olexa well

sol vate4, by T~'E•• This i~ consistent tvi th the idea that

1(\TFAl.11.l~u (ala)s. OE 'f.ormsa hygroPbobic pO(:iltet in ethanol.
\'lhi'ct. i~ dis~gpted by the TFE solvat,ion.

:::j r.J



),45

mm;ii,~;:t..':~;;:u':': :<;;y:
1'SOOcm' ;'171$OCl1l
~~~b~';!:::'%~.b~i;

14 15
14- 23
17 2:3
14 20
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TabJ,.e 21.,TFAQtii.:'(ala)sleu.Oa Alco1101 Solution Xnfl':ared :Paak
Intel'l.si ties' . \

Pro anal' " 68
Butanol 75
TFE/Ethanol tltratlo
25%TF-'E 54 71 1.3
.50'% TFE 28 47 1.7
75% TFE 20 25 1.3
TFE 16 24 1.6



. (~

'1.lable_ 2.a TFA"H.ile(alah,.OH Alcohol Solut.ion
In:4::.tansities . ,

~48
40

Butanol 91
TFE1Ethanol tltratlo
25% TFE 22 22
50% TFE···· 22 38
15%TFE 30 50
TFE /) 17

1.0
1.7
1.7
2.1
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Tabla 43 TFA.H~(ala)sile.OH Alcohol Solution Infrared PeakI:rrtensities
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4, 05 The Raney nicltel de.sulphurisat ion of L-cysteine

In absolute ethanol there was no evidence of\

desulphurisa.tion of the .s"'benzyl-L-cysteinet probably due to

solubility problems. Several solvents Were tried and the

;most successful "vas a 5% ammonia in ,,,,ater solution iI'lith a 2

times excess ,of Raney nicRel.9;1. The Rf values of the
f}

products of the desulphurisat.ion, on TLC,;plates eluted '<lith

n"'but'?,nol/acetic acid/water (60: 2'O'~,20v/Vy~~3 sho'tved an
! . . . .... '11 \»

intense alanine spot and a 'Neal~ercysteine spot (table 24).

The products appeared as a blue powder due to amino acid
I~,

cO~~fexes ~lith nickel. The crude recovery was,' 60%. The

published recovery for pthaloyl"'amino acid desulphurisations

was 40%..9:J. The desulphurisation of t:;:BoC-L-cystej.ne resul:t;ed'. .' JJ

in a product that turned ninhydrin bl~e implying that

deprotection had occurred e Thex'e was thus nothing to be

gai:ned hy pursuing a :method for :t-Boc amino acid
desulphurisation.

The route to be taken ;for produci1'l.gdeuterat:.ed :t-

Boc-L-~lanine was therefore to desulphurise

$-benzyiJ.-L-cysteine "'ith deuterated Raney nickel, to

separate the L-a+anine f;r:p:m the reaci.:ion luixture and to

bocylate\J the pure L...alanine. 134 The next 1 and Ul1finished

step I is ·the deve Lopmentr of a ,:methodfor separating residual

L-cysteine from the L-alanine produced, possibly on an ion
exchange column using the different pI( va,l.uesof the amino

ac±dSa22 \,
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Xable 24 Raney Nickel Desulphurisation of
S-Ben~yl-L-cysteine in Ammoniatedwater.
The product of .the d¢:;!sulphurisations 'to.rererun on TLCplates
using a 5.5/3/1.5 n....butanol/acetj_c acid/~~ater s.olvent
system. The plates were run and then sprayeq with ninhydrin
and developed .Ln an oven at 50°C.93using a "f.5.5/3/1.5
n-butanol/acetic acid/'tolater solvent system. The plat.es~1Tere
run and th~n sprayed
\<Jith ninhydrin and developed in an oven at 50QC.~j

The intensity of the product
Rf value, 0.3, w;.asmuch lower
than that at 0.4.
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5. CONCLUSIONS

There is a ~J'iderange of possible a...structure :molec\J,lar

variations and for this reason the e~,trapolation or
B-structnre re$ults has been shownto be unreliable.,.79 The

l."esults of t.he 'tV'orl~reported here show this to be true. The

results also show that the position and type of amino acid

in a sequenoe and the solvent all affec~ secondary

structure. There is thus a balance betwe¥mposition,

structural prope~sity and en~ronment.
o ... t

TFA,oH. (a.la)sJ.eu.OHand TFA.H.(~!la)sile.OH formed more stable

S...sheets than t);}eir N-termina.lly subst.ituted homologues in

alcollolic solution. Isoleucine has been reported to be a

weaker B-sheet former in the solid phase than leucine. sa,SIl

The results showthat this is not the case in alcoholic

SOlutions for these peptides 90S in alcoholic solut

TFA,.(ala)sile.OH formed more stable a....structure than

'r~'A.(alahleU90H. This maybe, due to steric problems ~Ath

the in~porporati0tl of isoleuc:i.ne res1l;~ues into extended

aggregl~teg sheetis , Possibly thus TFA.(¥11a) 5il~ moleCUles
i ;~;-::.;:<;/

formediismaller .B-st'ructures or even "single e::;~tended
qa...chaihsil while 'l'F'A.(ala)sleu.O:e:formed larger
,

internl~lecularly hydrogen bonded.sheets. The sheets could
Ii

have bleensolvated and disrupted by·TF.E;a process that
11q

would irave left single chains Unaffected. The increased
Ii. -ar,,-sheElltforlUJ.ngability of the c-terminally substituted
ii
:/

peptid1es,over their N-terminally substituted counterparts 1

II
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is best s)l"",)f¥ 'fl'A. H,il e(al~) ••PH and 'f)i'A.H.(ala).it e .oa. '
TFA.H.ile(c;'4I~s.OH formed ust1itistiCa1. coilsu\ ~lith a

dominance of random cbi1 whil:l TF'A.H. (ala}~ile.OH formed tbe

strong'eErt B-structures. Therefore TFA.a. i'le (ala) 5. OH did not.

benefit :from ~he B-forming propensity of the isoleucine

residue because of its position. The increased stability of

the,\C-terminal susbtitution is in agreement with previous

work.6:a It has been postulated that the "fructura,.l

propensity of the amino acids in a sequence wholly
if

determines the secondary struqture ~27 The results reported

for this worJt show that the liPsition of the amino acid is
t
Ii

important as well.40
u

The balance of aminp acid ~fs;ition a:nd'i:tructural propensity

was further shown by the\':lI'i~A.H.leu(ala)soOHand
J

TFA.H.ile(ala)s.OH results/. Hexa-L-alanine wa~ found to form
,r '-,

B-sheets in a Variety of i!l:;olvents62• Both L:-leuclna and
Ii

L-isQle;;~:tne at the c-tefminal reinforced the .B-structure
-,'.. • F

vlhile TFA.1:I.leu(ala)5i4 0,1 completely dis:upted it.
,I \J

\)TF2\.H.leu(ala)f;.Ol-I beh~\red'ldit:ferently from the other three

peptides. TrLa CDresults were similar to t,hose of previous

1rloJ;kt1ith TFA.H.va*,( alJ;1; ~ \O¥;l;62 and iJ!i is possible that
/. . .';: - \ \ -.

TFA.H.leU(ala);5~6li:}~~~il". :p:¥droPhobic pocket in polar
, \' ,Vi': (,'n"

solvents similar to -6~~,.t\Ya:ptmdin TFA.H.val(ala)$~OH.62
~. -(_" ";;

TFA"H. ile (ala h.OH di.sr\\pt~\ the J?,-structure of

hexa"'1!L-alanine but forms random coil, not a pOGl~et.The
d

(\

hydrophobic pocket in TFA.H.val(ala)s.OH is stabilised by an
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)interaction between the isopropyl side chain of the L-valine

\('atpasition 1 and the L-alanine methyl group at position 5.

There is a hydrogen bond between the carbonyl of residue 3
,

and th~ amine of 6 (Dr. A. Nel, submitted for publication in
.Ii

Biop":Hymers, 1991). A modeL shows that such an interaction
is possible 'l'tTith an L-leucine side chain but there are
steric prOblems with an L-isoleucine, side chain. This
explains why t~e TFA.HQile(ala)s.OH did not behave in the

\\
Same '~ay as TFA.a,.leu(ala)5.0H.
The hydrophobic pocket has been suggested by Matheson and
scheraga41l as a prime cCWdidate for initiation of protein

I; "
folding. The sp9ntaneous imposition of order in a s'cructure
implies a negative frGe energy. The Gibbs free en~rgy
equat,ion (AG=t\H-TAS)shows that the resulting decrease in

.entrolPY, :fromthe imposition of order, works aqad.nst, this.
':LIhehydrophobic pocket brings apolar groups" t\ogether

".\

allow;lng London forces between them:);>'and it brings the
peptide bond amines and darbonyls together for hydrogen
bonding. The free energy released from these electrostatic
interactions provide -~H that may drive the process of
initiation.32 Proteins are sy.nthesised: "theribosomes from
the amino terminal and it is logical to expect that
initiation structures would be directed by amino acids at
the N-terminal. Thus the finding that TFA.H.leu(ala)s.oH, an
N...terminally substituted guest-host peptide, possibly forms
a hydrophobic pocket; supports this theory.
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'7 ~1. Hydrogen Fluoride Cleavage Of the Peptid~ frOltl the Resin

liF is highly' c.orrosive fit l:;'eact.sexothernically W'~:t:htva:ter

and ~s potentially lethal if inhaled. The HF treat:m:enb of~ .. ~

the peptide-resin must thereterEr,a+"J'ays be carried out in a
v..

Q

fume hood and "steps :must be taJ~en to ensure that the

apparatus and 'peptido-resin is q,ry.601The apparat.us materia,l
mus~ be resi~tant to Hli'and must be able to withst.and low

temper~~ltes. )({.eference 64 lists the commercially available
• \1~' • 'lnaterl.a .. ;~ FJ.9ure 38 $11o'l.'7sthe apparatua used for BF

.J '
i <:.

cleava~~I.64 The Inethod!idetailed refers to figure 3'8, the
\\

bracketed numbers refl'ir to the st()pcoclcs and the letters to

the various vess~ls.
\'

7.1.1 Oryi,ng and Distillation of the HF57

( 1) ~as ~lbsed and vessels (B) and (C) tV'ere isolated w~th

( ~ J wnd (4) :respec"cively. A t.eflotl magnetic stirrer and a
\\

rQ

:feJl!gramsi~(;J CoF~"Jere added to CA.). CoFa"was the d:cying
'1 \':1:, t.l

agent for ?t~)~.gas. (A) was screwed into place and (2) was
\) (\

opened tG) allow :manom~ter readings of the pressure in the l-IF
!\

l~,it~. (7) was olosed. to ensure (,that t.he High vaouq7t\ pump
'_l t."1~(}

"... /; . -~'.

\-las I under no ciroumstances, able to sucl<:water from the tap

vacuum. (6) and (5) 'Jere opened to allo'lflthe wat.er vacuum to

Sl,lclt air and the tap was turned on fully. (5) was then
o

turned so tha:t the vacuum line and (A) were evacuated.

Evacuat.ion continuedt '!,lntil the pressure was about 630mm ·of

merciury.
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(A) was immersed in dry ice and ethanol contained in a
t.hermos. This was started 5 minutes before the lIF was /0)

i'( ,
'_';)distilled over. (2) was tllrned so that (A) was open to!'t:he

,
r.aanometerbut closed to the line and the reaction vessels
«B) and (e)) .,)Thesystem was checked for lealts by
monitoring the manometer reading, which remained constant.
The water pump was vented by turning (5) and then turned
off. The liF cylinder Was opened and HF t'las gently distilled
QVS:i: by ope~ing (1.)slo't'lYly.Enough HF was dist.illed over for
t't'J'oto three cleavages (about loml of HF per o..2millimoles
of peptideG4). The vacuum was allowed to drop until a slight
vacuum was 119ft. The level of the dry ice/ethanol bath was
maintained such that CA) remained immersed. (1) was then
qlosed.. The lIli' was ready for use.
(B) and" (0) in figure 38 are the reaction vessels. The

A
-; .~< f,

method will only deal with (B) as the same in~truction$
\ (, ,j

apply for (C) as well. A teflon stirrer bar and anisole
(1..oml per O.2millimoles of peptide) were placed into (l3)
ano1 .it was secured. onto the :a1" line. (2\) vias placed into a 1
litre beaker- corrt',iningwater at room temperature. A
magnetic stirrer was placed Jhder this to stir the HF. (B)

Ii ,

't'\Tasthen cooled for 5 minutes in a dry ice/ethanol thermos.
AS a precaution tap (7) was Che"l't~~ ensur-e that the high

vacuum pump was isolated Q The wate:t pllmp ''lasturned on, (6)
\'opened and (5) closed to the air. (3) vJas turned It.O open (B)

to the vacuum line and (2) was turneQ to open the manometer
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to ~(i4;;!and 9;~S~ it to (A)~. Using the :manometer to check,

the tap vacuam ran until a strong va,CUUIn was attained. The
, )1

jJvacuum was not run for long as the anisole dif6tils over. (5)

'l',1aS turned to isol~~e (5) and the vlater vacuum was swithched "

off. (3) was open~) to allow passage of t~e HF betvl~en (B)

and (A) b ( :2) was t.ui....ned Slo't"~yto allow the BF to dilstil

qcross. The !IFwas not allowed to boil OVer and (2) was
adjusted so that ther~1 ~J~~ a steady G..,,:opin the vacuum. lOml

I'. I

of HF per 0.2 millimoles of peptide vlere distilled. acxoss ,

(:a j "t'l8J.S tllEm isolated with (3) an(~ (A) was isolated 'VJith
I;.,

(2)0

7.1~2cleavage of the Peptido-Resin

(13) was immel:'sed in a .beaker with cruShtad i~e and w'ater and

a magnetic stirrer was used to stir the contents of (B).

Periodically a torch was shone t,hrough (B) to ensure ;t.hat

the resin was suspended in the BF and that the al"isole trIas

melted. The resin itlaS red in the. presence Plf anisole; in the
~~=

absence of anisole, caused by either its solidifying- or

distilling off I the resin turns blue. 6<l. A 45 minute reaction

at O"C 'V7asused. n '
lI.1o the end of the tint\:! ~f!..'I.r 1. was "losed, (5) was opened to
connect the water vacuu~( and t.~j and the line was evacuated •

.'
(3) ~,,~sopened slo\~iy t8' ollo'lrl -th.e liF to distil atf. The

reian was aspirat~d and stirred u~~~~"if pecame a cream
\\ ;...... "~,~~.!.~;.:;"'-'~-

colour.
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I)

(D) was chilled in ~ry i~£e and et'harlol and ('~) "t')'as turned to
'~ I~:='

166

allow airilto be suclted into (F) 0 The t17ater was tU:t'ned off

anq (6) closed. Once (D) was chilled (1) }'laS opened and (5)

turned a,p1/8th of a turn to close 'off the line and access

to the air. The high vacuumpump was turned on and (5)
opened to the line. The line irlas ·tj).~n evacuated for 1 flour.

. ..
(5') 1:J&S then tux-usd to vent. the high vacuum pump and isola'te

the line. The high vacU;Uall pump'was turned off and (7)
. \- !

closed ~ The line t;Zg.~ "ented' by slOir.rly turni~9' (5) to .the

air. This fror;ess Cl~r7;\d ,;he l,ine of HF and (~t~~The resin

and pept/l "Jere rem9ved 'and the anisole ~ashed CJrt~ayin a
! .

sinter/a. 91a~s funnel ,(\lith ethyl acetate. The line was

waSl')~ '!rtl.th acetone and could th~n be 'hsed fdt: the next
{,I

I'.\
'}/,
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jl'
,l' /10

I,
"I4.ppenuix figure 3 Th::1lni', litie al')d apparatus user:" to qt~ave
peptiues f synthesised u~;,ing t-:-BOC f1l1lino\\ acids r ('!Ero:mtnv.-a
:t~sin." s~~ seotion 7.1 for a 'discussion (Of the methods.GI!

\;
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