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An algor1thm, based on. Molecular Nechan:cs calculations, was developed

to locate the blobal Minimum Energg Confarmation (GMEC) DF cgclic
molecules. Th1s was’ used tu Fxnd the bHEu of cgc!otetraglgcgl and also

those': conformations 1th1n 2@ kcalmeIP of thxs confcrmation,_ltﬁhe

! resultlng conFormatlan is composed of four trans amlna acids and has 94
symmetry. The calculated G”Eb carre ponds €0 an omserved crgsta} structure

of dihgdrochlamgdocin and to a proposed fépnﬁqrmation. of cgclotetraglgcgl

I3

itself,

The ring confcrmatiansJof,all bse"v%d cgclxc t&tra v“pEptidES‘ and

”¢f~deps1pept1des were 4;- more or: less exactlg, to some

5confarmation in the calculated lou erer4g set af cgclatetraglgcgl. Onlg
';‘l one e/ception ‘was found and thls oeems to ‘be an intermediate between two

'»gicalculated conformatlons.'};?f"f”,' R "_ T ey

P

.Thé'algcrithm:haé now heen further streamlined into a single computer-

";iprogram and s 'curbentlg being used to locate the GMEC ofvcgcloalkanes‘

“7-(9,9. cgcloundecanel in fhib deparamenu ﬁnﬁ e)seuhere.

-«l Calculationsi were ~also'»f@erFﬂrmed’ on  various derivat1uea of

ilrcgclotetraglgcgl Pratonai1on and H—ﬂ:thglat1on were found 10 profoundlg
Q'alter the relative energ1es of thc various con%nrma&:ons in the Iow‘ energg
‘5set. It was observed that for thes: der ivatives the axs, trans, c;s, trans

,::sequence of amino ac1d> is more stable than the all trans sequencs._

Y

SN

In additxon to peptldes the canfornat lons of other  1Z2-membered rings

ig"were fuund to correspond ta membars of the caloulated set of conformations.

VThase 1nc1uded 12—crown~4 ether< and CﬂJEDJOJ?Cﬂneb—AY

lIuvérder to facilltate éll 5% these ap&w%timns Va Chemical Gréphlés
:Sgstem (CES) wéé Heoeloped  This is an extensive suite uf computer
}lprograms which ut111<es a PDPlLydD _mlnicamputer with‘ & _VRl? 'graphicé
‘ terminal, . The G5 allows intersctive building and  manipulatior uﬁ-
molecular models and includes warious grivamned features,.  Foremost of theéé
is the dynamlic rotation facility which allows the usef o abservé &

structure as it rotates abour the X,Y o 2 a¥is. HMeasurement of distances,



ahéles"éhd‘}£Dh§iqn*uanglésffisiieasg;and;théj;ohéth@#tedfsﬁructure 

,dirgdiig used as input to-a ﬁalécuiabfﬁéchanicél
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1.1 Introduction. . - T

Canformational analgsxs and the llnking o# three dxmenszonal structure‘m*

. of a molecule with reactivxtg were not generallg appreciated concepts pr1ar f”

' to 1950, - In that gear D.H.R. Barton pub‘lshed his work [1]7 relatlng the-r
: chem1ca1 reactivity oF ster01ds and terpenoids to conFormation., However it'
was in the last centurg that the seeds oF th1s idea were~soan by Dalton’s
atomic theorg and the concept of 1somerxsm proposed bg Berﬁelxus, and

"perhaps of greater 1mport and sxganxcance to modern"etructural vchemxstrg>~

V” -vthe 1dea of the three—dxmens1cna1 arrangement oF atoms propounded bg Le Bel,'

B and van’t HDFF in 18“4 '5,”

Eefo;e thcsc 1deas wé?&ipfﬁpégﬂé éﬁemiéth had:béééiméégig-theAéei;ﬁce_
*ﬁcf labellxng compounds accordlng to thclr gross obscrvablc propertics. NE 
- can ﬁéw dpér&ciate,“how these mcasurcble quant:txes and; phenamena are
,irelatEd;'nct only to the atomic composition of moleculesifthe theoFg of. -
'Qal;nbg Hﬁs‘led_ to s&?ucyral formulae) but also, in mangkinsfances, to the
lkythree;dimehSional aﬁrhnéément of the constituent atoms'nndléFoups of atoms

;;_fin the mclecule. This latter idea is playing an 1ncrcasxnglg important -

';;;froié in the understandxng of the behaviour of mGIEuules, especiallg those 

w’l-.whxch take part in the chemzstrg of life. It is now realxsed that thc

P 'bxologxcal .actxvxtg of protexns, enzymes etc.  is 1nt1matelg connected-to

the three— dimensional structure of all of the species involeed.

- - - -

i'Thﬁélover the last qﬁarter-centurg increasing eﬁphaéiSAHEé'been‘piﬁééaj
' f’dpoh those methods (kath experimental and theoreticali whichbgre cahabié of
rdeferﬁinjng the detailed structure of molecules - Iargé’aﬁd émall. -The aim

A pfvall of these ﬁethods is to provide inFormation‘abaut’}he géometrg and/or .
energy of the maleuule under examination. None oF : @he existing -

\experimental methods gives a complete pxcture of BOTH the ensrgy and
geometry of a molecule.  Thus diffraction methods (X—rag,f_neutran' and
electron) give excellenf descriptions. of geometfg bﬁtl no infcrhationw
' Qhatéoever.abnut eznergy while spectroscopic methods (NMR,J_IR  and ORD/CD).

give incomplete information sbcut both geometry and energy.



'Havihg obtain;d}ffﬁom'wh&tebér»SGUEée;.the structuﬁe of'a moledulev it
is o?ten of :nterest to determlne hom far the varxous 1nternal coordxnates,

of the molecule (bond lengths, va‘ence angles and torsion angles) deviate

from their cpo1ma1 values. ; Nhere dev1atlons oF' this kind exist the

o  ’ma1ecuIe ‘is sazd to be straxned"" Straxn can,-xntu1t1velg, be appreczated :

in  terms of deformed ?unctional groups-- non-planar aromatic ‘and alefinic
groups are indicative: of strain in a molecule.  ,Qbalitafivélg, thefe?ore,
strain  is a- read11q eppreczable phenomenoﬁ. ‘Di?#iculfiéé afi#e in>

'attempt1ng to quantxfg th:s stra1n, how doea one compare,’ far example, the
:,degree of stra:n in two essent1allg dissimilar molecules wh1ch both happen ,

7Tto conta1n more or less non~p1anar benzene r1ngs°

~_Tﬁe‘expériﬁ?éfgi;difffcﬁlti&s'Encoﬁnigréd in measufihg sth&ih }mag. be
o dvéé&omc"bg vari§uéﬂ methods oF’ calculating the malcbular proﬁertiea.
‘ Quantum mechanicgl caiculaﬁions, for instance, may be ‘used to determine
:éncrgg;‘ geomztry  and electrcn density., The most theofeticéilg sound type

L of quantum mechanxcal Tcal&ulation are undoubtedig' the ab-initio
- calculat1uns,, unfqrtunatelg these are impractical Fcr‘hse begond twenty ér
"so atoms due to the enormousbamount‘o$ cbmputer resources required.. The
}run;tiﬁé requiréméntr df_-this“tgpé of calcqlation rises as n? wherevﬁvis

- . the nﬁmber of orbitals invclved Simplified, or semi~empiricai “types of
quantum mechanical calculatxons are avaxlqble LEHT CNDO MINDO) but are of

-.:restrxcted util1ty due to the approxlmatxons inherent in them,

An alternative, mhollg empirjcal, tupe of calculation is’ gtiliséa_'in
" the present work. Mciecular’mechahics (empirical Force;Fieldi calculations
are far less costly ofkcomputer time (time increases as N? wﬁere N is the
number of atoms)_ahd ére relatively eésg to perform. This ﬁeihod requikes,
howsver, the existenceho$ a substantial body of experimental data from
" which to derive a foroe-field., This force-field can, by extrapolation; be
used to provide information on nsw, or indeed unobsefved cdmpounds. The
results obtained in this way are found to have comparable accuracies to

many experimental techniques.



.'methods the gecmetrg of the molecule is escribed bg carteszan (orthogonali'~~

results,

12
Molecular mechanics calculations have bheen performed, in”recent years,

on an ircreasing number and type of organic molecules and have been mast

- useful in the 1nterpretat1an and understandxng o? var1ous eyperxmental

-

"Pesults.‘_*'The - elucidation - of molecular confcrmat1on, thermodgnamlc
= properties, reaction mechanxsms and k1netlcs haue been undertaken as well'

. as 1nterpretation of spectrosoopzc (both v;bratlonal and dgnamxc NMR)

Further dzscusszon af the general aspects oF malecular mechanics may
be found in the revzews contaxned in Ref;.‘lzfa. ;

1.2 Potential FUncticns"‘f S JN;. ST S f_ii’,i~[{f

———————

There are a varxetg oF dfoerent techn:ques used in molecular‘

'mechanzcs calculat1ons all of whlch, however, express the malecular stra1n
S energg as the sum of cantr;but:ons from the variou; geametrzc deformabzons—-'

':; (e.qg. bond length stretchxng, bond angle bendlng ete. ). Invmost current'

or crystal coordinates from which the 1nternal cocrdinates~can be'derlved

‘quite simply (see chapter. three). It‘ is‘véssumed: that these internal
‘coordinates have an equilibrium {or straih—free)*value, deviations from
'1f;which cause increases in“strain (normallg“referred to Aés steric or
-i?molebuiér- potential ‘ehekqglvaccording to the relevaniyhbteutia1 funetioh..
u“-f;These potent:al expressxons are part1a113 der1ved from exper1menta1 results

.'gund mag be used to calculate the strain energg o? a molccule.'

“The total molecular potential energg,'wg}rie given by the sum of vsix

ffﬂbdmpbhenfé, which are assumed to he Iargelu»}ndependenftaf one another “in -

i;this treatment, and whose precise form depende'on thefpafticuiar- treatment -

- being used:~

: \g =V Vg R Y, + Vg * Vg v N, »_;-;_'f'(_i)f'fjf .

where the various terms are the components "of ° eneEgg ariéiﬁg from bond



13
length deFormat1on, bond anqlu bendxng (Baeger strain), torsional (Pitzer)
straxn,out—c$~p1ane bend1ng at trlgcnal atcms, .charged (coulombic) and

" non-bonded (wan der Naals ) 1nteract10ns reépect1velg

In the above treatment ccup11ng between the 'cdmponeﬁis‘i(ﬁross - terms

such as stretch~stretch ~and stretch—bend) 1° small [93, and is there?ore

et

neglected.  The F0110w1ng sect1ons describe<each oF_,these terms -in_ more

detail.:

¢a) Bond length de?drﬁétf@thf,.n°

o

Bonds may be regarded as the equ1valents of malecular spr1ngs and
therefure theg have an_ equ111br1um (cr stra1n—¥ree) length.1 The ' energy
requ1red to lengthen or shorten a band (and hence the potentxal - energy

R stored bg the deformed bond) can be calculated from Hooke s Law.‘>

S R SN S P T
N R

T:'wheré ior is therequilibﬁium thd lenéth, i is the’"ogseruéﬂ"fbonﬁ Tlehgth,
and ke" is the force constant for the ﬁype of bond being c;nsidefed (kl
:will vary in propoftion-to the bond order). The deformation of a bond is

co»tlg _1n terms oF energJ, lengthenan ﬁr shortenlng oF, For example, a

ﬁf;tgplcal sxngle bond bg a. aaﬁ 16v01ves expendxng B.3 kcalfmole.f-

"'(b) Bond angle bénding o

- ——

ﬂ.:‘”: .',> _“For small displacements from the equilibrium Qalence ahgle one may

“:~again"utili* Hooke s. Law to calculate the potentlal energy involwved.

' However $or larger dev:atxons ( > 25 it’; s necessarg tow‘Jntroduce a
V;~chb1c term into the: express1an in ordér to take intpf?account the
i, vxbratlonal anharmcnlcxtg of molecules. ﬂnvexhreésion such ééiequation 6C))
s Found‘to be suited to our model [18]. »

Yy uz % ko <Ae2 - k’AGa),, @
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wi‘ﬁer*e‘ AO® ‘~ o - Veo’, e ié the?"obser()éd" e,ngi&-, . Op is the .equ-ilibr-iu'm
angle, kg is 2 forc# constant dependzng on the st:aness af the valence

'frangle under ccns1derat1un and k’ is’ tne cub1c (anh-rmon1c) force Cunstant

ﬁond angle bend1n§ 1% mucn Ies§>d1ff;cu1t thanAbond length defcrmatxcnf'
and  is ccnsequentlg energet1uallg cheaper. ”ar1atvcn of bond angles From'
their cquzllbr1um vulucs is a lerlg commcn oucurrenue s1nce & dev1at10n of
1° fram the v°tra1n~¥ree ﬂngle :1n & C*C—C sgstem requ:res only 8. BiA

kcal/mole;

P~

) Tarsicnal strain’{;' e L {;f ‘ka -f - ‘1}j f!'.L E. T -

F1tzer strain arxseb from 1 2 xnterartxuns betwecn groups attached toﬂ

' ~fbonded atoms. The change:v in energg ar:s1ng ?ram variatxon of torszon-

'fangles from the:r m1n1mum energg values maJ be calculated usxng equatxon _

Ve =2k (1 +5 cos fng'o') PEEEC RN (',4‘)

where w  is the.“observad"utorsicn ang Ie, ’k°;1 is the barrier to Vfree

f”;rntaticn,, s is ~1. for rotatian% whare the eclipsed ¥orm is the energy-'

"i m1n1mum e.g. C-C~C—C or C C—C~H (rotatznn araund uentral C—C bond) and S =¥j

”ﬂi+1 fcr vrotations wh1ch have a staggered conformatzon as m:nimum, and n is-«

-*,gthe per1od1c1tg i €. the numbpr of txmes a 51mx1er cnnFormat:on o»curs _in :

'the revalution of the torsxon ansle. Equation 4> beccmes, for the C=CﬂC—H

.

Ve =B k(1 = cos 3w) .

Torsion anéléé are ’sighedu ‘quantities cahre3§bndiﬁgr to '.théfﬁ

Prelog~Ingold [31] convention which may he. described as follows. In figure
1.1, A must be rotated clockwise totedlipée D,‘the'toﬁsiaﬁ’éhgle A-B-C-D is-

‘therefore positive. A must be rotated counter—clockwiéeiic:ECIipse'E,'ihel”

torsion angle A~B-C-E is therefore negative.



View *

Figure 1.1 Torsion Angle Convention
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The phgs1ca1 phénomena 91ving rise to th»se barriers to rotatxon* havc
- not been clearlg dctcrm1ned, although numeErous. theorxes have been advancedl
’:[11] @uantum mechanxcal calculatxcns ,1ndicate that theg urise From“
‘interactxans between atcms hOT bonded ta one mncther and 1t is there?ur&”.
lvnecessarg to con%xder Qarlcus tPrms sucH as subst1tuent~subst1tuent and
1e1ectron~e1ectron reﬁulsxons,~nuclear—electrnnlc attract1on and electronxc
kinetic ensrgy. Nherever these barrxers come from Lheg certa1n1g axist and
i."theirﬂ,nmissionljfram ;a’maleculah_mgchan1csvmodel'glve rise to serious‘and

unpredictable errors in results.

() Out—of-plane bending -

———

The graups (or atoms) attached to; iﬁigbﬁﬁl (such as "olefinic and_'

>:b§a ccplanar wzth each ather and the

fﬁﬂiirjgonéllgtbms*i.e._ R, iP' C and O; 1n f:guraii 2, should qllulie {in ?thé

. same plane. -

Figure 1.a ‘;fijvf~; -7}f;%ffﬁi”f

: Lf?;ﬂng dev:at1an frcm planaritg results 1n a wéaktning of n~orbita1 uverlap '

'};ﬁand hcncc of the n~bond 1tsel$.; Out~cfﬂp1ane bending patentials,‘in>
ijAadd1tion to propcr tarsiunal pctcnt:als, must bc 1nc1uded tu cnsurc that

_~thcA-geometrg and cncrgg ~of 'clefxns, ketones, peptides retc. : mag bc

'*”; c0rrcctlg calculatcd The pattntial :nergg anisind fram deviaticns from»-

~"p1anar1tg of thzs kind is represented bJ equatxun (4).: =  ¥2 f

B T R ot
VemEgk WBB-XD L, @

;whcre'kx is the out*of*plane bending Force ccnstant and X is the 1mpropcr
’,tnrsiun angle at the tr:gonal atom [iZJ. =f‘*g .-;,-fh'fa‘?ﬁf 2

(e) Coulombic interactions

i




Y
Coulombic (ar electrdstatiéﬁ-inferactions*occur in molecules with tuwo
or more electr1c d1po1es, e.g.~ peptldes, and ‘must there?ore he considered

in the calculat1an of enerqg and gecmetrg of su~h tgpes of compnunds. ,rThe

patent1a1 energg deriued from 1nteract1an* between charged (or partiallg

Saawme e

and qd are the kcharges onyvatoms i and J respectxvelg and rLI' is the

‘1nteratomxc distance.,vff';:“

'”(f)lNﬁthbﬁded intéraétibnsft

-~

Thé éxzstence ufisol1ds and 11qu1ds.are 1ndicat1ve of the presencé o?
   attract1ue forces between atoms whxch are’ Formallg non—bonded. chever the
effort requ:red t compress ,these ‘mater1als begond a certa1n poxnt‘
indxcates that repu131ve %nrdﬁs élso exxst between atoms and grcups of
atoms.; These non—bonded 1ntmract10ns are the most difficult contrxbutors

-+ to the overall steric energy to deal with, as will later become clear.

The potential energg curve between an isolated palr of atoms' (or
‘molecules) has the farm' represented bJ Figure 1 3. This holds for
. spher:callg sgmmetrzc unlts (atoma or molecules) and the pot;ntial energy
(V) i§ a function of the separation of the unit Catomic or molecular)
centres (r). It can be seen that there is an equllxbrlum (minimum enersg)
' fsepar$£ionA?at rbf _Fcr»ncn—sper1cal units the pntential<energg is also a
rl anc£ian o$lthe cri;htéﬁi§h n$ the two unité E13,14J. The functional form
-“? of 1thg'»ndn~bonded, pﬁtential should cuntaiﬁ a tefm- representing this
:dependehce‘an orientatinﬁ. It is unfortunate that it has so far pfnved
'”rifimpﬁsgible to detebmine.the‘forh bf‘this term since nonQbonéea interéctions
.:~are crucially impartanf t?J.in'deteﬁmining botﬁvthe energy én& geometry of

molecules.
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3 NON-BONDED POTENTIAL

FIGURE 1
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The forces between palrs OF atoms (cr mﬁleﬁules) mag be dPrxved fram
the slope of the potentlal curve,’short range xnueractxons ¢ < 38 are
repulsive while longer range ( > 4ﬁ ) yxnteractzans vare‘ attractzve._k The

t';;';" potential curwve for ang pa1r c+ atoms can,bxn p}1ncxple, be calculated from

~ the dev1atxon from 1dea1 gas behdvzour of the cnrrespond1n5 gas. These van

" der Waals’ curves are; hawever d1Ff1cu1t to 'obta1n accuratelg and are

available for a lxmxted number of cases onlu (e, g9, the ncble' gases [151,

CH4, and Nz). AT funct1ona1 Form of V is tHére#dEé taken from

interatomic and 1ntermolecu1ar; 1nterect10n potentials £16l. This has

proved to be reliable‘«although ‘the extrapolat1on ‘invalved lacks an
.vunequ1vocable pngs1ca1 ba>15'~"neglect1ng as 1t does - thé"nature Vof the

- material* between the atoms.,'

The mast cnmmon1g u>ed Functxonal Forms For non—bonded pntentlals are '

“f'the Lennard-Jones potentlal (Gl and the Buckingham potentzal (1)

Y TOh T R
"N ® E”( Ar- =Br 3, n=80or12 = . (6) .
: ) v«ﬂ _.b -, 3 Ll R .
V- = Z ( Rexp{~Br) - Cr ) : R ¢ &
- r i CT i
-fi;The f:rst term in bath of these express1cns takes 1nto account the short

 uiran5e repu1s1ve forces ar1s1n9, when the separatxon oF the two atoms is

..iless than the sum- GF thE1r van der Naals radzi, from nuclear—nuclear and

'i:electron—electron repuls1on etc. - The second term-farises from London
dispersion forces.

o~

5The'preciée'foﬁm7(8) hsed in the present “work'3was -dekived [17] by

gleast squares ¥it of observed and celculated propertxes af crgstall1nea

"u«hgdracarbonsvte.g. >heats of sublimation, lattice constants and structural;-
details). | '

I it S ST C R T

% = ; E(~2a 4+ exp(l2¢1 -~ adl) , : 'IBJA T

 *The two atoms are treated as if they existed in isolation

whereas they would, -in all probabilitg'be'sepafatéd by other

- atoms,



‘zo

' whére:CI is a functxon Ao? the d1stance ccordlnate alone  and equals
- r? X

“der Haals radzl of atums 1 & a,{

+ r*‘) whcre r is thc“1nteratom1c dlstance and ri" . and E?‘ are the vén‘ '

 8 is. the energg coordinate whxch var1es_'3

.'w1th the .size o f the atoms,'s1nce 1t is more dlffxcult to push two Iarge,f_
,iatamS"ta a'small separutlon than two <small atcms N e for. a pa1r Vb?;
" dissimilar atoms is sometxmcs taken as the 9e0metr1c mean ‘of the values for“ f

-~ the two pdirs'u? s1m1lar/atoms.lfff"5~Av"

“In th1s treatment the erpr=331on is summed over all 1 4 cand hlgher’.x
'ipalrs' of- non*bondcd atoms (1 e.- those atoms separattd bg 3 or mare: bonds)"“
‘since 1 3 1nteract1ons are-taken care UF by the angle bend:ng expr3581un. e

‘Other furct*¥1elds- (such as +he Ureg*Bradlcg) 1nclude 1 8 int:rqct10ns 1ﬁf’

1;the n0n~b0nded potent1a1

;11§3fF0rcE%Field§}*‘  S

ﬂll éf the co@égéent potentials aﬁd tht;r >fe;pect1vé purametgfﬁ;";;5¥>
;descrlbed abave, :aré comblned to fcrm a fcrue~f1eld (FF)., Thc tgpe on f
., force~f1e1d de§cr1bed here is & Valenue Farce~F1eld (VFF). ﬂnother tgpe:, 
‘l;commonlg u:ed in molecular mechanzcs calculat1ons -and .conforma#ional;:x
H;j,jana1g31s is the Ureg“Bradleu FF (UBFF) [18] “The ma1n:”difference'fbéiQeeﬁ'“'
, the; two 11es in the treatment “af the »non~honded .xﬁtéfaﬁtiaﬁé ?'théj

:f?analgt1cal forma oF the éotentxals are-the same but the UBFF con31ders 1‘3':;

'7-and~ h1gher interactions rather than 1 4 and h1qher as in VFF’s., The UBFFL;-

g' also has lznear, as well as quadratzu terms in (1 - lo)r,( 6 ©y ) etc.

Hs prewuoudg mentloned bllxnear crnss—terma, euch as. ( 9) are included ?
: ;:>in same forceﬁfields ris 19,c@]
%o = Fheof Tlo? (07002, - e

te to

~In these 1nstances- theg appear io ha&éf"mére 'e??écf”?dﬁ~*~calcuiéte8"f

- vxbratlonal frequenc1e< than on geometr:c or thermodgnamxc pfopefties [vl.



&

- One other tgpe of ’cross*term’ should he ment1aned here.,- Hgdrogen

bonding -plays  an 1mpurtant role in determxnzng the' geometrg and energg of

peptides e.9. as. in Flgure 1 4

Tt has been found E21] that a s*parate ?unctxon [22] is not necessarg - a
-comb1nat1cn of o¥ caulomb'c (5) and non-bonded (8) potentlals suffices to

',  51mu1ate H-bonding

: 1.4 Deriv&tionl(or P&Eéﬁ&te?iz&tion)'b? Fbﬁ;e;%ields>jljf71

- Usiné the variéuélebeeéﬁions desbribed fh éection’i‘Z’if'ié possible

:"?'t6755$1¢u1&te the sterlc energg of a part;cular molecular geometrg. It
irema1ns, however, 1o ass:gn values fcr the uarlaus fnrce constants (kt ke,
€ etc.) and For the reference (Qtra1n~¥rpe) lenqths,Aanqles etc. which
- ~ wi11vaccurateIg pred1ct a -uarxetg of phgsxcal parameters (geometrzc,
J?fnspectroscopxc and thermodqnamxc) In Drder toyﬁchﬁéve:thié:if‘is nécessarg
:‘?that there exists a- large bank of exper1ment=l datx on as wxde a. range of
>-?lffkicompounds’>as poss:ble. s.Tne pfecls1onvp+'the force*Fleld 1srdependent'on
'fgfgﬂiffthe'aﬁcufabg of the’ experimentgi'data -~ ’good’ data  i§ ffééfefbr§~ highly
Ty 4;dres"ira:b1e. | | v ‘

*‘:Initial estimaﬁ;s foEV-FarceA coﬁsiants fare normailg -Obtained frﬁm
Lﬁdibfaiiohal analgsés :wHiIe equilibrium bond lengtHS“ éﬁa vangles are
t”iﬂ borrawed" from microwave spEUtroscopg and n~rag 'or; electron diffraction
';results.i' In\ valenue angle deformatzan, for example,'1t has been shown’

»f~’.[18 23] that an accurate pred:ctlon af LyPerzmental energxes and geometries

1requ1res dxfferent equ111br1um angles For dfoerent substxtutlon at the
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céntral atom. i

Hau1ng obta1ned an estimated set 0¥ force tanstanta 1t is necesaarg to
bptxmxse 'these thh reapect tc the :experxmental data. Two methods of
ach1ev1ng this are in common use (a) trxal and error . [61 and (b) least

squares. ualculat1cns [18,2q].

In methud (a) the var ious parameter\ are altered on a trlal and error
basis . in order tn autempt to locate the opt1ma1 values. —h1s process is
clearly a lengthg and t1me~consum1ng buSJne>;. Parameterization of an

| alkane/alkene FF- [1@] bg th1= method took appr011matelg two gears.

Method (b) 1nvolve< m1n1m151ng the squarLa af the d1f€erences between
" experimental and calculated propertlaa wztn respect to the ForCE*¥1e1d
- parameters. - Thzs methud is known- s the COHSISTEHT »Force~field (CFF3

L methad The CFF meth;d produue§ freliablé fcrce—¥ielasi'giving good

‘"L-aagreement with exper1m=ntal data, the alkﬁnefalknnp CFF of ErmPr and L1$son.

’TEEB] produces mean abbolute d1fferenue> hutween obaerved and calculated

L bond lengths of °. aaaﬁ bond an:jles of :a.\. and torsion angles 1.8%.

S Métﬁod (h, hbwe@er,'is hn lessntime—cchsuming than.method (al, nor is
the accuracy of CFF’s. significantly hetter than FF’s prbduced'bg method (al)

Cren. ey

:251;5 Local Minimisation of Potential Energy

e : ——

'thé §fartin§:;tru;tﬁféﬁdsed in molecular ﬁmeﬁha;iés ‘magijhOt--bé vfih
" genzral IS' not) a wery close approximation to .thev edUllibrlum {or
2 sth$iﬁ~free) structurse, .IﬁAmay,have heen déﬁived froﬁ.»moleculgrl:mbdels
* ;(see>}Chaptef 3) . or from‘dif#réction studies on relatedAcohpcunds. HIt is
tthereFéré,necessaﬁg‘td minimise the steric energy nfﬁ:the jmol&cule with
”;respécf to it;s ibcﬁfdinétes feither internal'of cartéslan):,;ﬁ method of
o sustemaficallg adJustiné“the'000rdinates in order rtov reach” the minimum
llkénefgg Cis requireﬂ. ZIt,lé Qsdallg‘simplef and mafé convenientrto operate‘

on cartesjian coordinates rather than on internal coordinates (except in the
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case of very 1arge molecules [81).

There ex1st a.vnﬁmber of algorlthms EESJ far‘ perfcrming Funct1cn
.:minxmzsatlon‘ and Asomer cf‘_tﬁese have baen ﬁdapted For use in molecular
- mEuhan1cs calculat10n> E”] Mo§t oF the>e procedure= are. adequate where the
:number oF var1ables is small < 5) whereaa molecular mechanlcs calcuiatxons
- tup:callg invalve betwecn 4Q and EBB varlﬂbles. Var1ant3‘ and adaptat10ns

of the Newton—Raphson. mlnxmlsatlon a130r1thm have proved ta be vxrtually
 'the cnlg u@eful and rellable tupe Lg,261. The <unsequent dlSuUSSan will
he conflned to Hewtcn—Pﬂphson methods epplxed tg cartesxan coordinates (x{)
as utilised in the prescnt work At a minimum (or maximum as the unwary
find - to thezr cost) of. patentlal encrgu the'flrst partxal der1vat1ves of

‘potentlal ensrgy w1th rcspect to each coord1nate must be zera ji.e.  the net

fcrce 'actxng, on ang atom must be zero -~ Eduh atam is i 1ts equzllbrxum

~position.

i - 1,2, 3,....un e
" N is the number of atums T TS R o
and x is a coordinate. o :

w0 or alternatively:

Ve =@ Aok ,;}- Ce el i

'&‘?Huwever for the 1n1t1al, trlal set of . coordxnate< x thlS wxll nbt “he  the
1?fcase and 1f the m1n1mum is- represented bJ xl then-

X8 o= x4 8%,

sfi; mhére 5x is the véctor‘o+ ;Drrect1on> requxrlné.to b;‘éépl;ed tc thé- fri%l

coord1nates x in order to reach x8. Equatxon (10bJ then bECOmES' ; | |

3 Vxteo =B (100) f;j B
';fwh1ch bngaglar ’s expantlon hECDmES‘ ' 'm:"f“  : 35§. J?;téi
PR ,r':V;(x F8x) = VIO £ VISR + Leanaaas = B, ?Eidé;{u

:713This:§kpahsion, far-caﬁpu(tatidnal simplicity i# usbailg tFanéétéd after

v;tHe linear term in %, so that eguation (10d) reducé§ thr

5 VLG V"(x)&x - 8,  .,f;§ 10e) )

g where due to the trunuatlon of the Tag}cr series 6x is now an- approx1matxon

to the previous 8x. Eguation {(10e) now yields 62:_
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T R
’55_5‘—y§(x?yvgtx);

or in a more general forms

=B ot Va0,

where B is a scalar step length and V;(ii+:;iic;'ﬁné:xgénérclised inverse

(matrlx) of V"(x).«

' Eguation (lé) ccnnntﬁ~5e"éci§ec 'dirécilgi to . 'give-nXQi dQE to the
truncat1nn cf the Taqlor.ber1es but must b - iterated to convergence. The
qeneral Newtcn—Raphson xteratzcn ((12) w1th B=1) is dxvergent for trial

'~structgres~ Far, frcm the: minimum ~: thls bexng the case™ fcr almost anuy

,generated‘structure The trlal structure must thercFore bev pre—cpt1m1sed

 'f.to a - reascnable apprcxxmat1on to AB One method cf d01n5 thls uses (122

'¥Vw1th B < 1. ThlS makea u<e cf the fact that for pocr tr1a1 structures the

L 1~calcu1ated shth, ax,_ﬁis-fin the ccrrebt d1rect1cn buﬁ the magnitude is

cver—estlmated wlth B = i Tne speed c? converqence. of (12) is reduced
:#;when B < 1 but pacr appron1matxons to /6 wlll eventuallg converge. Motice
“that this methcd involves a time—consuming caleulation of Vg (%) for every

Citeration.

ﬂ seccnd pre—cpt1m1<at1an a1q0r1thm is thit of - sfcepest .descentQ in.
wh1ch V"(x) is replaced hg the identity matrix I. H prcper choxce oP B for
g each 1terat10n [2?] leads to ccnvergance cF evan the crudest apprcx1mat1on"
[7]..- Steepest descents w1ll onlg reduce - the ccmpcnents of V’(x) to around
c 8.1 kcal/mcle/ﬁ since 1t ccnverges at that polnt. A few. 1teratxons (2 or
?_3)-<of (12) thh B = 1 are then requlred $cr full ccnvergence (usuallg 1n 

- the reg:cn of 187 k;al/mole/ﬁ is taken as a close approx1matzcn to V’(x) -

e,

The flnal apprcach [“2] replaces tHe matrix of cecOna derivatives
V"(x) by a matrzx F su»h that">v_. 'i: ‘?:l:é;“

82y ()

CF = eeneen

6x;6x3>

z



'1=9; methods of calculating 1t are d1scussed elseuhere [8,28,29]. i
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% =~BF VIO, a3y e e

whéfe ?'d:.is‘tﬁéwiﬁ§éF$e;b¥‘F Th1s block dlaganal method év;rﬁnﬁeé- thé
aca11ng prablems ihhéreni '1n steepest de*cents, sxnce B is’ set tn 1, but
lacks 1tS. talerance OF veru crude sfructure> _; Cnnvergenceggxs rapid to
about B as kcal/molefﬁ ~iend -thereafter:'*low ';Fulliconvekgehce is best
, achzeved bg using (12 wlth B = 1 (the Full Matrix (FM) methcd) ‘as ‘opposed

L to cantlnuance of (13), the Blcck Dlagonal {BD)Y mpthod.kii“ 1,;'

It has recentlg been Pound bg thte [8] and notaced 1n the course of
- thlb work that a Further s1mp11+1cation of the BD methad the Pure Diagonal
”(PD) 13 as good as,A1¥ not hetter thﬁn the BD. Th° PD method 1nvolves

replacxng the matrlx F (1n (13)) bg a matr:A G SUbh that

2 6 V ur)
s
- TG o= .2._.._...
. 67(&'
"so that (12) becoﬁes:i
ek = SVMIOOAVEOO. LT A

The PD methnd 1s Far mare tolerant of ponr approwxmatians to x@ than the BD

“;,and canuerges Just as - we11 U

Express:an (12) makes use of a ’‘generalised 'invehse":matrix and

w{ifi.é.C51cblﬁtioh>d# Derivatives

——

’rthéteQer.method js;used'in minimising the - paténiial->enéf§g one ,isA
}'?reﬁuiégdv;to calculaéé a£ iea$t the‘first;'and'ofﬁen-tﬁénséépAd:der;vatiues
“ooof éﬁérgg.with respe&ﬁ ta coordinates. 'Since” the calculation. o? these
'-'dériuativés is respdnsihle for some 68 — 80% of the total-ﬁomputer time

involved in the energy minimisation process it is essential 4o consider



. of the force—field.

E-fcalculatlon QF ¥1r\t der:vat1ues by central JleEPEhuEb is a szmple matter:

: apprar1mat10ns to F"(&{;x-

26

,careful‘g the mathod hu mh1ch theg are caluulat=d Tuwo fundamental options

are avallable (é] analgtlual 6%,;(b3 numerxualxﬂcalculation of the

’_derivatiVes;,, Rnalgtxual derxvatlves Care. di$¥icdlt to program but are -

faster than numer1ual der:uatlues wh1ch, -in turn are. readxlg programmable.

: Hnalgtlual calculat1on requzres extens1ve reprogramm1ng in the event of a

‘change in the functional Fcrm of ang pot#ntzal } num»rlcal calculation of )

the der1vat1ves is, of»ccurse, larqelu ind ependent of the Functlonal form

In qeneral therefﬁre; it is best to use &nalgﬁicalA derivatives - with

-

- an establlshed force—fleld where onlg praduut10n work is undertaken and to

' use numer1cal der1vat1ves when development of a force-Fleld 1s in prugress.
'Hawever-,wlth carﬁful programm1n9 and the use of appropr1ate approx1mat1ans 
SLit s possible'fc reduce the:fimewtakéh to evaluate numerical derivatives

© oso that theg become prEFerWEd jn'*all _ciftﬁmstanceéiAvahe nuﬁerica]’

ROy

CfrOx) = DRGxy ok bx) ~ Flxy — 6x)14Bex, . (15)

‘fandyihei‘numeriEal géaluatiah of "f’(x{; bg evaluatith F(x{ + ax)f énd“
' [.f(xti~ ax) takes_“tmicé fas'~lon5 ‘as the analgtxcal calculatxcn of f’(x )
515‘31nce the tlme _requ1red to evaluate f(x) ‘nnd f’(/) '1s comparable."

13:5:S1m11arlg the second der1vat1UE> could ‘be calculated from* f i':'

ff(x;,xs) = [?(x; + ax,xs + §x) — (z‘ - 8% ,yd + 5x) - (16)‘
D Fixy + 6x,k3 ~ §n) + f(xi - sz,lehlsx)3/46x‘.‘ :

- However numerical calculation of (16) reguires four function evaluations as
compared to one for the analytical form. Programs would, therefore, run

four times  slower if this form was used. By using’ " appropriate -

J) (331, howsver, a mare‘economical»algorithm can
be developed k

" The first derivatives are evaluated using (15) anﬂ. the second
derivatives from (1B or (193, Let

Frixy = Lfixy + §x) - F(kLJ]/Sx;.(zL + 8% <= x ), ‘ U
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then A e , _ ;
£ %) = DFOxL FEx) + Flxy —5x) —BFxIISx , . (18)

and ' o o -
Frix{,x;) = [Flxy +3x,xj +3 %) ~ fcx-é,x‘-) .+bfx) - (19) o
FOXLHBx,x)) + FO,%0178x 5 (G +3x <= %)

This means that all of the terms in (18) and all but -F(X‘L'+Sx,'x3 +_85¢5 in

. €19) are known from the calculation of the first‘derivatives.i Only one -

-function evaluation is required per second derivative — with the consequent i

saving in time. o S N

- 1.7 Summary

The preceding sections havé shown that no one method of minim&sing the - -
" potential energy is capable of going from the crudest ;nitial structure to
-the minimum of energy. The exceptiohs to this are the Variable Metric
Methods [33]1 which involue generating sucéessivlg better approximations to-:
Vg (x) ‘as minimisation procesds. It is in general neceésarg, to combine-
the Fﬂ procedure with one of steepest dascent or diaéonal (BD or PD)
methads. The present work uses a two~stége Newton—-Raphson with a

_combination of FM ({12) with B =1} and the Pﬁ t14) methods; derivatives are

caleulated numerically.
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2.1 Introduction

——— ——— ——— -

The preced1n3 chapter has shown hnw ;;t 1sf boss;b]e ftﬁ Vcalculate
' -prec1se geometrles correspond:ng tc local m1n1ma of energg.: In most cases
- these minima are dlscrete ccn?ormers DF the compound under studJ It was
" van’t Hoff who proposed that rotatxon around a élngle bond wa> unrestricted
but that nnatzcn about a double bond was hlndered l;Hé thuught that .it
.should be pDSSlble,iSINPIQ by rotat1on eraund one or more’ single bonds, to
obtain  an  infinite  number~'o€‘Cstcreczsamersv;ile.;”gconfarmersv of any
compcund.‘ The.firsfziﬁdiﬁafions th§£'Eétatiﬁn“%rbuﬁdysingle‘bonésrwas not
- free were prov1ded bq B1<cho+f in .-18%9 - and 1891 In —thosé gearé he
'puh11shed papers [1] whzun éroposed that the preFerred conformat1on of

. butane was the staggered canFormat1on and that re>tr1cted rotat1on occurred

in mult1p1e~subst1tuted ethanes such as the 1somer1c dxsubst1tuted succ:nzc)

The ¥1rst exper1mental prooF that rot=t10n 'abou£, sfhgié1'bths Qa§
;re\tr1uted - came ;fi ;in . 1922 when: " the ' étructuré - of
2 ~d1n1tropheng1—6 6’“d1ugrh06g116 acid (II) was resolved into opt1ca11g

- active  forms EZJ.V. From 1939 onmarda ev1dent9 rapldlg accumulated that

'~restr10ted rotat1on was verg wldEapPEad In ethane, ?or example, it was

'“t'Found that the observed and calculatcd entrop1Ea were d:?ferent [3]. ~ The

“most sensible explanationfwas that a barbier ta  free rotatidn existed

although quite how it arose was not, at the time,'cleah;;

Cpncurrentlg with the work on aliphatic mq}ecﬁlés consi&érable though£
Alwas: béing appliedv'fo' cgclic systems. Baeyer [4] éﬁgaeé£§d'that.a11 the
,:atoms in a ring should be coplanar and therefore the straxn in a ring could
:be‘ deduced from the d1f+erence betwsen polggonal ‘anglesA'involved in
 achiev1ng this and the tetrahedral angle. ‘ﬂccardiné ta Vthis ’strain
lthenrg - the strain »should decrease from cuc!opropane o a minimum $t
mcgcloﬁéntane and then inééeask 1nde+1rntelu. Thxs' was not, vhowever, in
accord with experi@ental heats of combustiﬁn. Sachse [5] resoluved these

-differences by returning to the tetrahedral atoms of wan’t Hof+ and
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- produced, . for example,f the chair and boat fcrms of cgclohexane. Sachse.
- also realxsed that thcse puckered rings gavc rise to the - possxbil1tg of
non*cqu1vulent subst:tut1on:5?:c:' that axxal and equatnrial substituents

were.possible." '

These ideas oF Sachse were largelg 15n0red until 1918 when Mohr [6]
showed that the -chair and boat forms of ,cgclchexanE'vwere readily
Vintercunvertible and cculd_nat bea separateﬂ thus expla;niﬁé Tthe lack of
eviden;ef for fwblzéﬁrm;f:cf ;#E§ moieéﬁfe;'iﬁa5331 E?] provided the final
.prnaf when his eléﬁ£réﬁ;ﬂiffraéfi$ﬁ‘QSER ﬁru;édifhat cgciuhexané existed in
the chair form. | N

é uarietg uf confarmers (lccal m1n1mu uf éncrgg) eani exist for most

~-‘mulecu1es_ - which then is ther mcst stable (the global minimum energy)

. conformation?.

: ;i2.2 Rotation About One BOﬁd';i,; ii‘ ;iv'?>;;mﬂ

——— ——— o e

The siﬁplést'cFQanic molecule thch cén haQe con?ormefs is éthane._
) Kemp and Pitzer £°] suggested that the barr:er to free rotatlon in ethane
j—was abcut 3 kcalfmale. ‘This assumption enabled the reconc1ling of
experimental and . calculatéd (from statxstxcal mechanics) hedt capacit1es .
un&vchtropics. The var:at1on ‘of potentzal enerqy as oner af the methyl _ 
~groups rotates is shown in f13ure 2.1 znvwh1ch the eclipsed form is shown,

" for clarity, as having a torsion angle of about 18 instead of @ degrees.

;‘The molecule of  ethane Qill adopt onez of the Vstable staggerea
conformat ions in,:pré%crenﬁe to the eclipsed fcrms.‘ In the case of ethane
the minima.(and ma;ima) are identical and therefore no one minimum is
préfcrfed over ﬁng other. However substitution of methgl groups’for two of
thé hydrogens to give butane radically alters the situation.  There ought
'.still to be three ﬁiniﬁa and thr&e maxima  but thégF should now be -
distinguishable in terms of energg,‘as is illustrated by figure 2.2.

" There ars now two different types of minima and maxima. The lowest of



Potential energy (kecal/mole)

60, 120. 181, 248 . 328.

TORSION ANCLE CDEGREES>
ngure 2.1 Rotation about orne bond.



POTENTIAL ENERGY C(KCAL/MOLED

1 " 3. 1 [ . ]

68. 128. 189. 248, 328. 389,
TORSION ANGLE CDEGREES)

Figure 2.2 Butane Conformations.




37

the . minima corresponds-to an'enti“cpnfernatinn'(both ﬁethgls as far apart
. as pass1b1e) wh1le the cther< represent enantxpmer1b gauche confarmat1cng.
The hlghEbt max ima uorreepond .uD ec11p31nq 0$ buth methg] groups while the

other two represent ecl1ps1ng of a methgl.bg hgdregen £e1.

In bath flgures 2. 1 and 2. 2 the curve represents the potent1a1 energy
at a vg1ven. ratat1un. aF the central torsion angle._.It is impcrﬁdnt to
realise that thla assumes that the other intnrnal cccrd1nates (bond lengths
and angles) are -fxxed .and‘ ?hat nokuther.tarsxonvangles-(}n the case of
butane) are changiné, fhie‘is e'najar’ resﬁricticn the r&mi?icatiuns af

which are discussed later.

2.9 Rotation fbout Many Bonds - -

———

JAIn'mu =zt practlcal ﬁ1tuat1pn¢ mnre than one torvlun angle wxll be Free

- to - uarg in euch a wag as tn aF{ect the pntentxal energg Nhen two torsion

»ziaangles are varg1ng it is still a relat1velu gasy matter tc calculate and

frepresent all» the. alluwed . conformers, _In‘ this 1nstance the energy
:;inFernaiinn is bestedisplaged as é Ramachandran plot [9] and_this method is
extensively utilised [18,11,121. Examples of this type of plot are used

.fater.ipit is nn.eaegvnafterAﬁo locate the areas of low energy from these

'r;plote’and therefore fhe'glabel minimum.

The drew1né cf the Ramauhendran plats deSur1bed abpve »requires thet
”the potentxal enesrgy be ealuulated at a reasonable number of angle pairs if
‘meanjngful information is to be ohtained. At 30 degree intervals, for
»;efample;' 122 = 144  evaluations are reguired. When more than fwovtorsian
 .ené1ee are varging"ealculation of the potential energg ‘hgpersurfacev
reguires _12“ evgluatiene‘ (wnere n isx the number of tersian anyles) and
some pag of displaying fnevn*dimensicnel infermatiUnAahfained. In view of

. these difficulties interest has tended to focus on cyclic molecules.

It is possible to treat chain molecules by statistical mechanics
methods [36,371 although in most cases” the results are not of sufficient

kialogical interest to warrant much  attention, For example. long chain
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r

hgdrdcarbcns exist 1n randcm sequences oF gauche and antl butane un1ts.
. The excePtlﬂﬂS to th;s are prctexn chalns and work has been done on various
types [19,20,21, 221 f ,f---*'"~"'

Ring closureicon#fhainslﬁhe values'whicﬁ torsian'anglés C&n' haQe and

it 'ié possible; in sxmple cases, ta predzct thc ueometrg oF the various

allowsd ccn$armers From molecular (e 9 Dre1d1ng) models. In these  cases

manipulation of the mudals is su$Ficient to locate most, if not all of the
- allowed conformations. It skould be emphasxsed that this nppl1es only . to

small r:hgs since larger r1ngs 1nvolve too many ver:able tor31on angles.

Attempts to use thxs method DF selebtxng vsuitable~looking coanrmers
on_ more comp11cated, sgbtemS' have been madé E13 14, 15] far example
{:cgclodeca~1 6~diene [13,14] where eleven canFormat1ons have been lﬁcated
from Dre:dxng mo&ieLs end subsequentlg m1n1m1sed It is falrlg certazn
ﬁjthat thxs list is 1ncomp1ete although th; calculated global ﬁ1n1mum . energy
ni;cbnfﬁfmatiﬁn ' does carrespond to- the ggometrg observed bg electrodv
uiidiffrébfion [16i;;vrl V ' | o : - B

it can be readily appreciatéd thét a more V@gsteméﬁic method of
3locatihg the global minimum energy cbnfdrmer i$ needed and mefhods oF‘doiﬁg
this héverbeenbprcducéd.:{These,are,1howevervfesthicted tc;tﬁd. claéséév nfr
system, namely égcli¢ ‘61igo§eptidés_ [17,18,29) aad” giobular  proteins
' E19,ZB,21,2i]. The sub#equrﬁt %éctioﬁs‘.oF “this chapter descrlbe these 

" methods.

oo

72.4'Cgclic Oligopeptides iiﬂ»l - ,7 o _?; ; . :~:i7 L S
':fﬁere existyfwo aﬁpréa&hes to locating -thé. Qiﬁgéf-:ﬁiﬁiﬁum. energy
LCdnfdrmatian of cgﬁlic ;péptidés. - In the first’-a hgpo£héti6ai iinear
oligapeptide chain is cansfructed from appropriate a@ino~ac3d residues
i whlch have standard Pauling~Careg uebmktrq [25] “If it5ié~aé$umed that
bond lengths and angles are fixed then a set cf §1mu1tanecus equat1on> can
be formulated the solutions to which give a range of wvalues for the torsion

angles (@ ,w,) . (@2,w2)....§¢n,wh) which describke conformations of the
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linzar peptide which g1ve r1se to exact closure af the r1n3 [29 3@3. The

mathamat1ua1 basxs c? thxs is'eummarlsed 1n, he appendxx tc thxs chapter.
The amida groups are assumed ta be planar and ezther cis . (CO*'Q ) or. trans
‘(nns 188 ) as is appruprzatu The IUB—IUPQC rules for nnmenulature [24]

Care used here and  the cmnventicn Fmr nam1n9 tOF»lDﬂ anglee is shnwﬂ in

C Ffigure 2.3,

“Fig, 2.3 .
;Tf;fﬂ‘peptide of 5 or 6 residues will giwve rise to a considerable  number
_of solutions to these simultansous eguations some of which can be

- eliminated by applying various energetic and qecmetric criteria. Firstlg

Ramauhendran maps [31 of pcten+1a1 energy as a function af the two torsion

B o angles ¢ and w are caluulat d for the N*auetgl~ﬂ'-methgl amidcs .of thé

f amino acxd residues present in the pept1de Hrea;iuf low energy (uallcwed
regxons of sterccchcm1ual spﬂbc ) can be locqtéd. v THE iéét#;:d? torsion

'.angles (Wl»wt)ii - 1,nrcbta1ned as solutiohé tg th= siﬁultaﬁcads equatiﬁns
afe “then individually compared with the !ow energy vaiuesj for the

;qppropriatc amide. _Those solutions in which one or mureiofithe residues

lies outside the apprubriﬁte range are eliminated.

f’FUFtHer splutions'caéibe eliminated if ~aﬁlg sgmhetrié_;éonfdfmatinns

aré' regarded as acceptzble [25]1. Having redused the number of conformers

L toa manageable level theg.can then  be ‘optimized in fdhe"cf tHe mag§
described above (this is necessarg'since ring closure doss hot‘necessarilg

give rise to a minimum of enesrgy)l.
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"?The abovevschemé'mas5iuséd in the 1nvest19aticn’ off'ﬁhe ‘sgmmetric

minimum energg conformat1nns oF'“cgclchexaglgugl EES] and some two dozen

‘confcrmers were located,_ The maJor fdrawbazks to thls method are the
;1n51stence on standard Paulzns-Coreg geometrg for euch re°1due and the
'_frequ1rement that conformers be- sgmmetr:c. In eFFect . large propcrtxon of

- the - po*sible con?ormers are n~ver ccnsidered s1nce real“ peptides do not

'"i;adhere strictly to the Paulzns-Coreg rulas, eaperzallg in the smaller (4 or

5 resxdue ). rzngs. In cgclotetraqlgcgl fcr example, the minimum energy
'»conformat1on is an all—trans c0n¥1gurat1on w1th 84 sgmmetrg [1? 27,281 and
th;s recuires Far from standard seometrg to erfect ring closure This
" conformation would nct, thercfcre,,havevbeen lqcated by this method .

A The second nethcd cF lccatzng the glnbal mlnlmum energg conFormatxon

of . cgcl:c oeptldes uscs the low gnergy areas of Ramachandran plots to

'.'Tjgenaraie p0351b1e ccnfcrmat1ons rather tnan Acl:mlnate -imp0551b1e ones.

'Q;Var:atzons of up to EB degrees Care a11owed in a~carbon bond and all

'53'torsxon, angles to achxeve rxng closure *-tkere is therefcre no _insxstence

xon art1¥1czallg fixed geometrg. Thxs nathod has suc»esg$ullg Iocated an 54
“conformation with a non-planar (by 17 degrees) trans amide qonr:guratxon as
’,the‘vglnbal minimum of cyclotetraglycyl L1731, It was developeﬂ during the

course of,this work and is ?ullg descriked in Chapter four;fQ* av

2.5 Globular Proteins

| s

. The méthods of eﬁ;fég minimisatibn‘described in Chépfer‘éﬁ;’can nbt be
uéed on proteins because the efficiency of the Newton*Raphson 1terat1on 1s
.fgreatlg reduced for prab!ems exceeding 78 to EB atoms,” Steepest descents
or pure diagonal methuds would still work since these effectiuelg treat

éach atomAin isolatioh. ‘Steepest descents has heen usédvonftﬁfoteins L3113
although it converges on a point too far from the true Miﬁgmum for real
1confidence in it& resuits and evzn this convergence tockv~S vprohibitive,,
amﬁunt' of computer time for a relétivelg smallv(afodﬁd 588 étom) protein;
Some way of reducing the djmensionalitg of the problem needs to be  used

before molecular mechanics calculations can  successfully  be used on
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proteins.

Severcl.methcds are ava1lab1c fur_dalng>th1sv‘and theg include' (a)
fixing the Hgdrogen atcms r151d1g to. tne c, H ar O atoms and cnlg allowing
them to move in cancert ulth the parent aécm, (bl keep1n9 all bond ‘lengths
and angles F1xed and onlg ont1mxslng the tor<10n angles E32] “bhen using
‘thls method it is normal to ﬁpplg (a) as well am.! ;n add1t1on, to fix the

w torsion angles at 109 ~1eav1n9 cnlg P . yJ and X to be optimised.
In some treatments the X . are assumed to have standard values as well as
- the w . Finally (c) treatlng the amlde res1due= as $1xed un1ts represented
by van der Waal’s envelopes of Mpproprlate shape (spheres; ellipsoids
etc.). R fofce~¥ield is then devolcped in terms of the lengthb, ‘angles,
@-tars1nn anglea et between the cnvclcpes EBB] This last method seems to
be the most Suqcessful;.andb has‘ been used on bovine pancreat1c trypsin

" inhibitor [331. . -

' iIﬂ"1s poss1ble u<1n5 the prachures outlined in’ the preced1ng

‘“'Q.pﬁraqraph to ‘locate local minima for proteins and tuwo methods of Fxndxng

-the global minimum have been developed.. The first [33] allowS‘ convergence
on the nearest »Iocal mihimumvwhefeupun thermal motion iﬁviﬁe‘protein is
simulatéd. This has the effect of joltlnq the protein ,out"bf the lacal
:minimqg into anotherr pctentzul well which has (hopeFullg) greater depth.

Repetit1cn af this pro»eSa shauld lead to the qlﬁbal m1n1mum.,4

The second hethad [;1] is oureig em01r1ua1 It uéeé fﬁéf%act fhat’tﬁe:
rprobabllxtg of finding a given amino-acid sequence in’;a particular
stru;tural feature (pleated sheet, B -bend, a~heli? etc.) éan Ee determined
from a statistical ana1951s of all protein structures determined by X*rag
i crgbtallographg .These probabilities can then he used to predict the gross
: structure of a new prntein'which can then ke optimiseﬂ. The coordinate set
. .derived from the predicted structural features should  be close ﬁo, or
‘“in&eed‘ in the potential “uell cdfreéponding to thefglcbai.M§ﬁimum. This

: méthad has heen used to prédict tws‘ possihle éohfarﬁétiéns of glucagon:

[341,
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2.6 Pppendix ~ Bcherag&5§:M:thod cf.Si&diﬁaﬁ:aﬁs Eﬁuatiohs'

o - . —

Thls eppendix contalns a summarg o? the' math matical b&&iSV4Uf the

':,method of derivxng sgmmetr1u cgcl1c peptzdes descrxbtd in sectxon 2.4. BAs

Can example a molecule w1th CB sgmmetrg has been chosen.;r ji: ' 

"the‘ that‘,throﬁﬁhﬁuf ithis"ahﬁéﬁéﬁk'vmdtricés are 'répkésented by

under1ined upper - case characters (e.g. A) while véctors_arefrepresented by

‘underlined 1ower.case:1et§ers {e.g. <a},dllfothcr varisbles are scalars.

CB sgmmetrJ requires ﬁhat a rotat1on of 2"/3 abcut the symmetrg axis

B leadq to the same structuru, the F0110w1ng is. therefore true-

(- 1Y um

Flg 24

IF F is the (i)th unit es defined in Figure 2.4 cunsisting of rigidlg

E arranged ~atoms such ‘as R' and B then a mulecule oF farmula (IV) can -

3 - cel

adopt CB sgmmetrg.




9 local cartesian coordxnate sgstem 1s now def:ned for each r131d structure

with 0r191n at BL v For un1t 1Qw The x-aAis is pointed tawards QL_ and the

.y and z axes are pecxf:ed bu same suxtab1° atcm in the (1)th un1t.-~,I¥ a

given:'point in _spact 1s defxned bg pos1tion vectcrs r(x) and r(1~1) with

— . T -

‘réspect to the (é)th'ahd,(i~1)£h‘¢65;dinat¢ Sggtems then - © .

FO~1) = TU-DRMDAG) + pli=1) (@)

where TCi~1) is a 3X3 orthogonal ro;ﬁtiﬁhvmatrii_tu briné‘thé_(i)th - system
" into the same orientation as the (i=1)th vhen o= 9; R(i) is a matrix for
Ca ruﬁatjbn"of qft:abbg¥}§ﬁ§‘g}ax#%éﬁﬁhe Biﬁ-—?ﬂ{_ vecﬁor)'3i§§n>bg:

1 8- B S e

@ cosT -sin'YL S 6D I

SR =ROYD =

;f}{gzﬁﬁd’p(i*i)xis’the pd$éticn?§ect6r‘aF E}L;‘Vw;r}t. tha (i;iij“Acoordinate,

" ._system.. By repetitive use of (2) we Can now get the position vector of any

- point in space w.r.t. any coordinate system if we -“know. it’s position

’>,i7véc£or war.t. B ang‘-cne:sgstem. Notice that the (3m)th Egordinate system

~L1]canjEeAﬁegarded as-the (D)th ‘system due to the cgcli&f}hature o?_ the

'f_ﬁ5mbieculé and this convention will be used hereafter.

A;fib tfénsfarm»fﬁcmithe (m)thucbckdinate-sgstem to thévaJthbrequires:

e F@) = Urtm +p VS

©where -

U = TORMTIRE) ..., Ta-DRM) - (8) .

. and L o Do e

o = p(@) + TERWIPUI + TBIRDITIRDIPR) + ..... .




44

T(m~2)F’(m-1)p(m-1) e

U brings the (m)th sgstem;ihto tHeFSSmE dFiéhiatﬁDﬁ'as‘thé'fB)tH and P is

the position vector c? thgioﬁigin of fhe"(&ith'Sgstem>w.r:£;.hthe (@)th.

In 5, mclecule w1th CB sgmmetrg a rctatzon aF EIVB about the égmméirg”.
axis will cause the (B)th and (m)th sgst=ms to cverlap (1 e. will have the
& .
- osame effect as (4)) and therefghe u and p,must be~-re1ated ;in"a specific

way.

Twn new ccordinate sgstems are naw defxned th» (B’)th and the (m’)th
o having the _same arientatzan as the (B)th and (m)tk respectzvelg and each

. j'hauing ur1gins at the same po1nt on the vgmmetrg ax1s. If r(@’),and ri{m’}

Jaréuffhe pa31t1un vectcrs of, h‘;p&ihfgfm;hyf.“ftthe?ff@f}jh-fand (mf)th“

”{cnardinata sgstems theni

rE =@ by (D)

';P(Mfﬁ'= r(m5'+bq R A.:(S) ;

U e -~ S e

r(B’) - Ufu, iEﬂVBJr(m’)

-~ -

""‘whéré-q:iétthe position &é&tcr éf'-the'>$ri§ihj"afi the _(8)th - for. (m)th) |

- “coordinate system w;r;t(;>]@he (87)th (or (m’)th) and u is a unit vecﬁqﬁ ¥

"(with:direction cosines u,, uy and ui in the (B)th system)  lying along

the sgmmetry axis. -

If ¢ - 22103 then nvsj | | R o
C‘~C°s¢)+cos¢ uxu,c-cos'et»)—‘uz'sm’ct» Bpl-casyroysnd]
Li(e ;#): UyUyli-cosp)rizsind uy2Q-cosd)+Cos & U~,uz(k CosP)-UxSin
- ux(n-coscb)-u,slncb uqu(l ~cos G yruSing u 7—(& cos)+cos |
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From 'r:?) (8) and (9) we obtain

@ UEu,+ZIT/‘3]r(m) + (U[u,Zﬂ'/BJ-I)q A
where 1 is tlf've’ uhit m’atr;ix‘.: Froﬁ (‘47) ;r‘x'd_:(i_l);bg compamson

' et curu,zﬂxa:l—nq"'

e . - —

ThusU and poin {7 a.nd . (B) must, in.a molec:ulewi’t.h €3 " symmetry, be

| given by (12) and (42). From (18), (12) and (13) we have -
CTrU = u = L+ Boos(EMA - (44 -

Cland from (A

" p must be perpendicular to the symmetry axis.

-

Starting fram (14) a.nd (MiS.)V we can  now solve 'For' the dependent

wxables:_'tm_ _and ’Yw\ in  terms of the independent var-ia.bles”f ,“f

o . "?"msz .Iﬁ'order ta‘efmphasxsefbhat ftm_; and _'tm are -urfknog.nfxsvw»‘theg _shali,.

be r‘epr*esé_-hted as ‘»g and n respectjvelg and sin‘xila.r"lg _R_’("H and Sm will

be f:eplécéd by X and Y. From (5)

U = AxBY (16)




- where
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" and from (6) T

©From (@)

and’ -Fl?orﬁ (18i, (15) hecomes

p(i)(uzs' - ”32.)"_41 p(2)(u5\ = Uy

) + Rty ~ U,

2\

L If we now. introduce 'an;aa.:id‘iticnallv matrix C such that C = AXB, U now equals.

e _C‘Y.""-"-Thie'.‘-_imdtrix'" c and :the.vegtuf P are ‘Fﬁnctiché only of the independenfi

v&?iablés and of OHE uhkncnﬁnn 6= 'L’NH . (14) and (19) can nu:uh'ise Gn’i'bten as: .

,a’c‘:ﬂﬁs’q"#‘- B'm'nrj'% Y = a_ : (28) N E )
'°’i“ahd ‘ AR .*f I ) "vr~iiAfijf5';'
o | | A. ,r;l"v’c'osnA + B”siﬁ n+ vy a B '.".(21)‘_" :

- iuhef'e_i ) o ' |

. o ec@E +C@E
B - cEm - cE @@
v =€) ~ 1 - 2eosE3 o

:‘and .

@7 = p(1)(C(ED) ~ C(32)) ~ p(2ICUI) + pCUR)

B’7 = —p(1)(C(22) + C(33)) + p(RCULB) + p(ICID) (233




fw‘ cuc10nonag1gcgl the problem ié'vfour—diméﬁsional' even after éolving the
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p(ICIRL)
‘ where‘Cfiij is thé‘(i;jifﬁ’eleﬁenfia¥ C", R T

Saivfng (EB)vand ié1)JSimﬁlﬁaHécusig’giﬁ;ﬁ o

‘ ) COSn = kp)y) .':::...‘, ’Bé’j/‘(a’ﬁ") __. B;ay)) : I R
.' ' o - (24)
. Sinﬂ = (Y’a”f—" u Y}))/(a B” — B) )l) e .

bg squar1ng and addxng each o? (24) n can be elzm1nated and fj;;
. '(B y’_' ’_: v B”) + ('0’6” '__ B au)
"',;Za?~1(a p” - p’ "J = B ~l. (25)

‘4¢hich is an algebréic‘expressfonliﬁ a singléwunknawh é:&hichicaﬁ be solved

vnumeriballg.' Having scivéd‘$bF C then n. can he obtained from (24).,'

This method is not much use for largsr than hexapepfides since for
ucgcloheXaglgcgl (1$ we assume fixed cis or trens amides) there are 1273
-.'var1ab1e torsion anglea for C° symm=try, Solving the,lébéve eﬁuaticns

: reduces-»the d1mens1ona11tg_.From 4 (= 12720 to 2"(for"Ci‘or c2 fhe

f,dimanéidnalitg is f‘3  which is  stiil . manageable). a-.Howeveh for

s1mu1taneous equatxons and thus still intractable, The dimensionality

»contxnueskto increase as the number of residuss increases.. -
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Generation and Manipulat ion of Molecular Models
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3.1 Introduction B

in-order to apply ihévmoledulaf mecﬁanics calculatiﬁns described above
it is necessary to derive a set of coordinates (internal or cartesian)
‘corresponding to & reasonable approximation to‘the required geometry. This
is unfortunately not a trivial problem for anything other than the simplest

cases e.4. ethylene or benzene which are essentially only two—dimensional.

The most elementary method of generating a trial set of coordinates is
by using ‘“standard’ wvalues for the intefnal coordinates (for insﬁance the
eguilibrium bond lengths and angles of ;he carresponding force—field might
- bhe employed). Using simple three—dimensional geometry it is possible to
- derive cartesian coordinates from the internal coordinates. .. This process

becomes very tedious and prone to error for large non—planar molecules.

Another simple method involves the construction of a hechanical (e.gq.
Dreiding) model of the structure and then measuring the coordinates either
directly from the model or by by casting a shadow onto graph paper. In the
latter case a second view (perpendiﬁular to the first) must be measured to
obtain the third coordinate. A more exotic version of this method
(generally used for wvery large molecules) uses space—fiiling models which
have metal indicators at the atom centres. ¥-ray photographs are taken of

the finished model and the coordinates derived from these £11.

“The most generally useful method involves generating the cartesian
coordinates from internal coordinates using a computer. The following

- section describes an algorithm for doing this.

3.2 Cartesian Coordinates from Internal Coordinates o .

An algorithm for generating cartesian coordinates [21 is illustrated

by figure 3.1.
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z0 9. 3.1

If 1, 2, 3& 4 are assumed to be 'initiallg‘.coplanaélfthen their
. coordinates can be readily éalculated frdﬁ two~dimensional>geometrg. Atom
2 is taken as the origin and standard wvalues Qsed ?or;the\bond lengths (1\,‘
1, and 133 énd for the bond angles (9, and 957, ﬁtomrd is ‘then rotaied ‘
- around the 2-3 bond (the Z-axis) to give the Fequired value 6F the torsion

angle co, by means of equation (11,

o

xn4 coses -SinCdy xa4 N
yn = sincy, cos oy 8 Yoy : (1)
zn, 2 a 1 L z04, "!

/

where xn, yn and zn are the new coordinates and xo, yo and zo are the old
coordinates. The origin of coordinates is then shifted to atom 3 and a new

orthogonal coordinate system defined in terms of the unit wectors x’, y’

— —

and z® where =z’ is given by the direction cosines of the vector Joining

atoms 2 & 4; y’ is given by the direction cosines of the wvector connecting |
atom 2 and the point P; and x* = y’A z’. The partially constructed
molecule is then rotated into the new coordinate sgstém by:

xn{i) Ix?* mx’ hx’ xo(i)

ynti’ |= | ly’ my”’ ny’ yolil (2)

zn(i) 1=z* mz’ nz’ zo(i)
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where i =1,2,...numbar Df atoms; 1Ix’,ny” etc. areAdirection cosines; and
xn,ya esto, have their,kpreéious significance.d'étom 5 can now be added
(inifiallg coplanar with atnmé 2, 3 & 4) and its coordinates found by use
of _équation (1) followed bhy equatich‘ (2), Further atoms, up to the
required number, can be added and their coordinates found by repeating the

process as above.

Numerous programs are available for carrying ~out  these -calculations
but most suffer from the fact that the user cannot examine the structure
until it is complete. Ewven when the structure has been completed it is
difficult to tell from a list of éoordinétes (or evén torsion angles)
whether the correct conformer has been built. In addition these programs
generally have very complex inpUt formats in which atoms are referenced by
: ﬁheir position in a list or by obscure ccde numhers. Great care,. and often
more than one attempt is required in the usse of this type of program

particularly when building cyclic molecules.

A method combining..the a&vantages of letting a computer do the
mathematics of transferring from internal to cartesian coordinates with the
ability to examine the madel as it is Eeing constr&&ted is the ideal
salution to the problem of generating maleculgr models. Such a system was
developed, and extensively used, in the course of the present work..

-

-3.3 Chemical Graphics Systems

. The use of computer—produced graphics to represent -the structure of
chemical  species is logically divided into two distinct types of

application: {(a) static representation of single molecules or crystal

packing and (b) diagrams which can be directly manipulated by the user.

The most widely used ané most well-known program of the first tupe is
the Dak Ridge Thermal Ellipsoid Plotting Program (ORTEP) [3] which utilises
a pen plotter and in gensral runs in hbatch mode on a large mainframe
computer. This program is limited to displayging already known structures

{most commonly from X-ray experiments) although it does provide extensive




facilities Ffor measuring the’ geometfg-~of thefétrdéture;w This program
suffers from the complexity of the required inpuﬁz-and the number of
‘attempts required to produce a reasonable view of sven a small molecule can

be high.

The second type of program (commonly termed interactive) allows the
user to communicate with and direct the operation of the computer. These
programs require the use of a cathode-ray tube display since mechanical
displays (such as pen plotters). take too long ta draw the pictures.
Interactive programs can he divided into two broad areas the first of uhich
employs a storage tube display. In this type of program (e.g. ref. 4) a
static picture is displayed and if it is required to - alter thié then the
wvhole picture must be erased and redrawn in its updated form.  This type of

- program ﬁan be regarded as an extension of the ORTEP-like programs since it

essentially draws static pictures under more direct user control.

The second type of interactive system utilises dishlag tubes whica
- allow the salective alteration of parts of a picture without the necessity
of redrawing the entire picture. Raster scan and refresh displays fall
inte this category ahdv hoth have bheen used for real-time interactive
sgstéms (see for example rkf. - 5). The higgest advantage of these systems
“is that the user can see changes as they ccocur — for example in a static
»‘égstem it might require several attempté to ohtain'a satisfactorg view of a
molecule. In a dynhamic system one simply watches as the view alters until

a suitable one appears at which point the picture can be ’frozen’.:

This section has described the differences between static and dynamic
‘displays but one further consideration is important in chemistry (and in

v

- many other fields).

‘3.4 Representing Three-Dimensionality

————

A major difficulty in any method of drawing chemical structures is the
fact that they are thres-dimensional objects. Some method of representing

the third dimension in the two dimensions available is required; Each of
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the systems outlined in the pFecéding”éection is -limited in some way by the

hardware involwed in producing the picture.

The ORTEP program uses tapered bonds tbrindicaté-depth, the end of the
bénd nearest to the viewer has a larger radius than the farther end. This
construction is illustrated by'figufe 3.2. This is adeguate for simple
cases but becomes less so for more complicated structures. Figure 3.3 for
example shows a conformatiﬁn iCarboﬁ atoms only) o? cyclo-octa~l,5-diene in
which it is easy to see the spatial relationship between bonded atoms but
iz 3 or C7 nearer the viewer? The situation is somewhat improved in a
newsr wversion of the prﬁgﬁam. fORTﬁP IT) which eliminates those line

-gegments which are‘hidden behind other lines., = This is achieved at a
- ponsiderable cost in ﬁamputer. resoﬁrcés (botﬁ in core requirements and

execution time) limiting use of this version to mainframe computers.

f second method o? displaying depth information available to static
systems uses stersgoscopic pairs of drawings. This inwvolves drawing two
“wisws of the structure at spproximately + and‘-3‘de9rees to the required
vie@ and presenting, in some way, one only one view to each eye. The
" images should then overlap and give the appearance of thhee*dimensionalitg.
In the ORTEP program‘ this is achieved by drauing the views side-by-side
E(e.g. figure 3.4) and looking at them through =& special wviewer . A
‘similar system has hsen ﬂeveloped for use on CRT displays wvhere again the
views, are displayed side~hy—-side [8]1, 1In this instance a more complicated

viewsr consisting of a system.of lenses and prisms is required.

A more elegant version of this basic technigue is to superimpose the
stereo pair but draw each in a different colour. Meyer [7,81 has developed
this method for use on a colour TV monitér;cne view is drawn in ~red, the
other in green and when the screen is nbsérued through‘appropriatelg

- coloured filters <(one for each ége) a yellow three-dimensional wview

results.

The major fault in each of these stersgo pair methods is that they

reguire some sort of  optical device to achieve ths effect of
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~three-dimensionality which makes it difficult for more than one person to
examine the structure at any one time. A further problem arises in that
some people find it very difficult, if not impossible, to make the images

overlap while extensive use is cumbesrsome and tiring.

The best static method of conveying depth information is an extension
of the ORTEP system. Tha whole structure is ‘depth—cued’ in this method,
not Jgust each individual bond. This can only be done on a display which
allows wariable intensity drawing. Those parts of the structure closer to
the wiewsr are drawn brighter than those further away as shown in figure
3.5. The intensity 'oF any part oF'the display is proportional to the
Z—coordinate (perpendiculaﬁ to the plane of the screen, with X and ¥ in the
plane of the screen) therefore front and back confusion does not arise.
The ohwvious advantages of this system are that no optical aids are required

and that depth assignments are unambigucus.

'éérhaps the most eiegant method of deriving depth fnformation is only
available on displays with a dynamic capability which is used to display a
_constantly rotating structure [9,181, This is known as the ‘kinetic éepth
. effect’ and the three-dimensional effect is ohtained by the viewer from the
fact that points with large 12| coordinates (as defined sbove) appear to he

moving faster than those with smaller 1Z{.

.

_Un#ortunatelg this iebhnique suffers %romAthe Sinsteden illusion [111.
fhis arises from the ?éct’that points of opposite sign of the Z-coordinate
appear to move at the same speed - one cannot distinguish Frbnt from back.

In order to overcome this deFéct it was necessary to use @ combination of
the ‘kinetic depth’ and ‘depth-cueing’ techniquesvin which the intensity of
each point is wvaried ‘as it 1is rotated producing a totally unambiguous

picture of a structurs.

To achieve this effect it is essential to use a refresh—type display
singe only they have the capabilities +to perform both dynamic picture
updating and have varying intensity display. This feature is embodied in

the chemical graphics system developed in the course of the-present work
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and described in the fdllaming sectién.l>

3.5 A Description of the Graphics System Used

—— o~

#

This section is logically divided into tw6 pérts:‘i(i) Vhafdware and
(ii}? software. ‘Hardware’ is a term used to encompass the physical parts
Cof a computer system i.e. the electronics, switches, discﬁ drives etc.
which actually perform the various operations of the computer. Software,
on the other hand, is the generic name for th§ instructions (i.e.

programs} under whose contraol the hardwars opesrates.

A detailed dis;ussion of hardware is not apprnpriaté ta. this thesis
and therefore only a list of those items making.up_the facilities used will
be given. This is moét conueniently done in schematic form and figure 3.6
is a block diagram of the components of the system. As can be seen from
- the diagram the system is based on the ubiguitous PDP-11 central proceéso;
with the graphics capabiiitg provided by a ¥T—-11 display processor with
attached CRT display. This system provides a powerful general purpose

computer with reasonable gquality graphics at (relatively) modest cost.

The programs which now collectively form the Gilasgow University
Chemical éraphics System (GUCGS) were written during the course of the
‘present work. They were written in FORTRAN to run under the Digital
Equipmentr Co.’s RT-11 operating -system. GUCGS is intendedvta allow the
chem;st {unaided by computer scientists or .- specialists) to buildv

manipulate, and measure thres—dimensional molecular models.

In order to facilitate the user interface with the system all dialogﬁe
with tﬁe various programs is in as plain English as possible while user
ihput>is precedad by an.explanatorg prompt. Erroneous input is recognised
as such and the user invited to retupe the lihe thus avoiding the usually
fatal‘effects of bad typing. The various options available to the user are
displayed in the form of a ’‘menu’” and this is shown in figure 3.7 which
alsa contains a view of a simple molecule. Options are se!é&ted by typing

the capitalised letters in the option names which are arranged according to
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function. The various options are described in the following subsections.

-

3,5.1 File Handling Options

This group of options allows the user to store and fétrieve data in
one of the standard formats.
GEt file fetches (GEts) the contents of a file which is in the standard
system format. A1l details of the structure are ohtained and a picture of
the moleculeAdisplaged. Erraors or omissions are reported to the user.
PUt file writes (PUts) a file containing all the information known to the
system about the currently displayed structure in the format which can he
read by GEt file. The logic and operation of the computer filestore are
totally invisible to the user when using these commands - the user is
merely aware that his data are stored somewhesre.
NEw filevélloms the user to input the details of a structure from the
console terminal. All the reguired input is prompted for and may be ﬁgpéa
in free format. Errors are trapped and sppropriate ocorrective action is
taken ér the user is regquested to retupe the line,
CSsr file reads files in the format used by the Crystal Structure Search &
Retrieval (CSSR) system maintained by the Science Research Council; This
allows access (wia a computer in Edinhurgh) to ower 17,888 crystal
structures.
DAtabase allows rapid retfieval of a 'structure from a locally—generated
file.. Two such Files are currently maintained one of which contains the
coordinates of all hydrocarbons studied by ihe'mclecular mechanics group at
Glasgow. The other contains all of the cyclic tetrapeptide conformations

“genarated during the pressnt work.

3.5.2 Structure Alteration Options

This group of options allows the user to alter and wmanipulate the
displayed structure. The warious options are: JOin atoms together (i.e.

*form’ bonds between them). Tuo modes are available (a) all atoms t¢loser
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than a specified distance are joined (except Hgdrogéns,— H-H bonds are not
allowsd and the maximum X-H distance is 1.27 J; (b) tuo specified atoms are

Joined {or separated if already bondedJ;

.BUild allows the user to constfuct a‘structﬁfe (or add to an'éxisting on;)
by entering the internal coordinates of a new atom with respsct to three
existing atoms. ﬂlteknatiuelg oné can change the position (and
connectivityl) of an existing atom. The cartesian coordinates of the new
atom are calculated using the algorithm described in Section 3.2.

REmove an atoh from the structure. All trace of the speéified atom is
removed from the displayed structure.

ADd H’s makes life easy for the user by building Hydrogen atoms onto medium
atoﬁ backhones. This could be done by repeated use of the BUild option ﬁut‘
wouid he tedious. The Hydrogen atoms are added according to medium atom -
type e.9. for methyl groups a torsion angle is reguested and the Hydrogens
disposed accordingly.

One can AlLter a torsion angie without»a#feﬁting any of_the ofhef internal
cuardinates (i.e. bond lengths and angles are maintainad fixedl. The
alteration ccours in real time and the user selects the required setting of
the torsion angle by striking any key on the console terminal. HWhile the
~alteration is taking place counters display the ocurrent wvalue of the
torsion angle and élsb the distance bhetwsen two specified aioms.

Close perfﬁrms a ring closiné algorithm. This is a useful feature when
" building rihgs since one often finds that the‘ends of a ringvare the wrong
-distance ‘apart. Close tfies to rectify this by adjusting torsion angles by
‘a maximum of 1@l degrees, this émall deviation ensures that the ring

conformation is maintained but is sufficient in most instances.

3.5.3 Measurement Options

-

These three optinné enable the user to measurs the -various internal
coordinates. Thus the DIstance sepérating any two atoms, the ANgle between
“any three atoms and the TOr(sion) angllel defined by any four atoms may be

readily obtained.
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A ‘wild card” feature has been incorporated intc these options such

that replacing - an atom name'by an asterisk gets all reasonable atoms i.e.

for angles specifying ‘%’ instead of an atom name gets all bond angles.

3.5.4 View Alteration Options

These options allow the user to change the viéw..df ~the structure
without changing the Y% structure itself in any way. The first tuwo of
these options are rotation functions which are performed in real time i.e.
the rotation occurs dynamically. énd the - desired wiew is "frozen’ by

striking any key on the console device.

Oné can ROtate the structure about the %, Y or Z axis”where the axial
system is defined as in figure 3.8 with ¥ and ¥ in the plane of the paper

and +Z coming towards the viewer.

Y s L ‘ “__rrlv';'. - » -

=
F'is_ 3.3

“The ’speed’ of rotation can be chosen: dependiﬁg upon the accuracy with
which a required wview is needed. The molecule would first of all be set
_spinning fairly rapidly while & large number of possible wviews uwere
‘examined; 'having selected a view the structure-cuuld be set to turn slouwly
while the exact orientation required was sele cted. 7

In addition to rotation about-éhe coordinate axes, ARb{itrary} rot(ation)

allows the user to specify a rotaticn axis defined by any tws atoms. In

‘this case the speed of rotation is fixed.

VPerp gets the ¥(isw) Perplendicular) to a plane defined by three
atoms., This feature is useful when examining trigonal systems. BEst view
caloculates and displays the view at right angles to the mean plane of the
molecule. In general this corresponds to &he view with least overlap of

atoms and makes getting an uncluttered wview of even large and complesx
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structures fairly straightforward.

3.5.5 Drawing Alteration Options

These are essentially cosmetic in vhature - being switches between
alternative drawing modes. The three opfions are: (a) HIdesSHow H’s which
allows the hydrogen atoms to be temporarily removed from the drawing. This
is useful in the case of a large or cluttered molecule since it can greatly
simplify the drawing. The hydrogen atoms are still present and any
rotations, for example, are performed on the hidden hydrogens so that they
reappear in the correct positions when SHown. (b} FAgain in the case of a
very crawded structgre it magv be desiraple to omit the atom labelling.
This is done hy using NO labels. LAbels restores the atom names to view.
- (o) The displaysd structure is depth-cued as described earlier f9.4,figure

3.5) and this feature can be switched on or off by using ClUe onsoff.

In the preceding three options only that facility which is actually
availahle for use is shown as part of the ’menu’. Thus if the Hydrogen

atoms are hidden then only SHow H’s appears in the ‘menu’.

-3.5.6 Miscellaneous Options

ORtep produces an ORTEP diagram of <the molecule in the current
‘orfentation. The required wiew is set up using, for example, ROtate and
the ORTEP drawing produced either on the visual display unit or on & graph
ploﬁter. An added feature is that the program sets up a file containing
standard ORTEP.instructions which can be used to generate the drawing on

any machine running ORTEP.

PEcalc is an implementation of the block diagonal potential energy
minimisation routine described earlier (Chap. 1). A relatively crude
structure can be generated and then used as input to the minimisation

routine — the optimisation is performed and the refined structure displayed

for further manipulation.
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fi Z0om feature has been included to facilitate close examination of
particular areas of a molecule. One zooms onto a specified atom and all

other atoms within a designated radius are displayed.

-In a crowded structure it may be difficult to see a particular atom of
interest. LOcate causes the vrequired atem to blink on and off at the

maximum brightness.

COngest can be used to predict . the outcome of certain classes of
stefeoselective reactions. The algdrithm of Hipke and Gund [121 is used to
- calculate. the steric congestion above and below the plane of a trigonéi
atom or a double bond,  the ratio of these congestions can be used to
» predict the relative amounts of the resaction products reéulting fram attack

on the trigonal centre.

3.6 Conclusion
.ﬁll‘of the operatiéﬁé deécribed in the following chapters werercarried
out -on the hardware described in Section 3.5 and represented by Figure 3.6
V_and uéed the programs making up the.Chemical Graphics System also described
in that section unless otherwise indicated. The FORTRAN coding invol?ed in
rthése programs runs taA;several hundred pages and is not, therefore,

‘reproduced,
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4,1 Introduction

———— - e

The concept of the Globa1  ﬁ§hihum éﬁergg C&hfdrmatibn.-(GMEC5 waé
introduced in Chapter 2 and Vﬁethodsr for ldcating it were discussed in
section 2.4.v This chapter describes;the development of,the aléorithm used
in  the location of the GMEC and other louw ;energg conformers of
cyclotetraglycyl. The methods evolved d&ring the work on this compound

have heen subsequently refined into an automated single-program procedure.

" The approach used here is an extension of a techniqﬁe applied to
Gramicidihv S by de Santis and Liguori [1]. In this each of the amino acid
residues was represented by the corresponding enantiomer 6F ;ﬂlanine Gi.e.
Pro, VYal, Orn and Leu were represented by L-Ala while the D;Pherresidue was
replaced by D-Alal).” Preferred values of tha (@ ,y@) ’torsion angle pairs
could then be obtained from a single Ramachandran piot [21 of an Ala—Ala
~type dipeptide. The values for D-Ala were taken as the mirror images of

the L~Ala set.

The Gramicidin S structure was then constructed by generating all thé
possible 2x45 permutations of the preferred torsional values. Only nine
conformations resulted in an end—to-end distance of less than 18R (i.e.
were approximately cyclic) and these were further examined for the phésence
- of the known hydrogen bonding pattern. The two conformations fcontaining
this feature were subjected to potential ehergg minimisation, but only in

(P,P) space, In order to determine the global minimum.

4.2 Why Cyclic Peptides? [3]

e o -

Two criteria ought to be applied to any theorefic$i~*méthod of
predicting the physical properties of molecules. First;g,the)sccpe of the
problem must be such that the results should be generallg ~useful; and .
secondly, - . the results, in tﬁe first instance at least, should be
checkable by experimental metheds. Molecular Mechanics meets both of these

criteria in that molecules of. a reascnable size (unlike ab—-initio
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calculations) can be dealt-with and there are a multitude of.uexperimenfal_
methods (X-ray and n.m.r. being prime examples) for the discovery of

molecular structure.

Since resources of both human and cchputer time are ‘ﬁnf ‘unlimited a
rider muét be applied to the first criterion - simply the pfcblem must be
tractable as well as interesting. The solution to this is "...to -combine -
biological relevance with structural simplicity..” [31. Cyclic peptides
fulfil these conditions especially if we choose to consideﬁ peptides

composed entirely of glycine residues.

The large number of conformational states availabie 'fcr.a Iinear‘
peptide of ‘even a few amino acid residues is substantiallg reduced by
- eyclisation. Thus the problem is reduced to managéable proportibns without
losing relevance since ocyclic peptides are biologically éctiue. Theg'
perform a variety of functions and it is known that their activity is

intimately related to molecular conformation [41.

* The small size of the glycine residue means that sbout - 75% of the
possible conformers of the dipeptide are sterically reasonable (see Figure
"4.2) while for all other amino acids the set of available conformers is
substantially reduced bg the bulk of side chains and only aboﬁt 25% of the
total are reasonable [21. Tt is therefore not unreasonable to suppose that
the &;?ferences in ring conformation betwsen cycloglycines and other cyclic

peptides can be interpreted in terms of the side chains of the non—glycyl

residues [51.

On the basis of these arguments it was decided to attempt the location
of the Globkal Minimum Energy Confermation of cyclotetraglycyl, together
with all of its low energy conformations. Cyclotetraglycyl is itself an
interesting problem in that there is some doubt as to its conformation
(this is discussed later), Further thers are 3 number of
cyclotetra-peptides and -depsipeptides whose  structures have been

determinad.




The algcrithm‘used~1n thiS'work 1s shoun as a block diagram in Figurs

4.1 and each stage isidescribedtbg the follnwing sections.
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4.3 QObtaining the Generators -

——naon —— R . 2

In this context the £erm "Generatqrs"_is.ﬁsed to”dénﬁté;thé pairs of
(P, Wy ) torsion angles which are preferred bg the aminé HCid residues
making up the peptide undeF'cénsideration. Tﬁese pfeferred ibfsion angles
can be  obtained from a Eamachandrén plot of the corresponding MN-acetyl
N?-methyl amide. Thus for cyclotetraglycyl only N-acetyl N’-methyl glycine

(referred to hereafter as GlgGlg)'need be considered.

Rings composed of four amino acid residues are known tav=§ohtain cis,
as well as the more wusual trans, amides. It is therefore necessary to
~caleoulate four Ramachandran plots — one each for t,t-GlyGly, . c,t-GlyGly, ‘
t,e-GlyGly and c,c-GlyGly (where ¢ = cis and t = trans). These maps are
shouwn in Figures 4,2 - 4.5, In these diagrams the numbers‘”represent_ the
potential' energy (in kcals/mole) above the minimum energy v&lue.' Values in
excess of 7 kealsmole sbove the minimum have bzen omitted thus the blank

arzas on the map represent regions of high potential energy. The energy

was calculated at 18 degree intervals of ¢ and Y .

These diagramé clearly show the large areas of cbnfﬁrmétional “space_
availabhle to the glycine residue. The calculated map for t,t—GlyGly is
wery similar to that obtained by Scheréga and coworkers  [6] who located
seven minima. In view of the size of the low energy aréas and the slight

differences between the four maps it was decided to use six arbitrary

generator pairs mhich covered the available conformational space. This
removes any possibility that the final results could have depeﬁded on  the
éxact location of the minima used as generators which in turn may well be
force~field or minimisation routine dependent. The chosen generators can
be used to generate any of the cisstrans canfigurations whersas Scheraga’s

were only applicable to the all-trans configuration. The (@ ,@ ) pairs (in

degrees) used were: 1:(98,60), 2:(-128,60), 3:(123, 18807, 4:(~120,1833,

5:(128,-68) and 6:(-23,~63).
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4.4 Obtaining Starting Coordinates

.

The starting coordinates used must.represeht a reasohabie'ap@pximatian
1o the eguilibrium bond lengths and angles in thertarget sgstéﬁ since these
internal coordinates, with the excepticﬁ of a-taqbon angles, are unchanged
by the folding process. The walues of the wvariable torsion angles
(@ andy ) are unimportant since these are set to the appropriate values

during folding.

Two sources of starting coordinates - " . are available: they
may be obtained from crystal structures containing the required fragment;
or the linear starting conformation may be constructed using one of the

methods of Chapter 3. A combination of these two sources was used.

Initial coordinates were obtained from a crystal structure of
cyclo—actasarcosyl [71 which <2odtained amide units of varying geometrg.r
.The appropriate configuration of cis and trans amides was then 'constructed
Qsing the Chemical Graphics System. There are ‘six unigue cis/traﬁs

configurations of cuclotetraglycyl: TTTT, CTTT, CCTT, CTCT, CCCT and CCCC,

4.5 Chain Folding

The linear starting chain was folded up in all possiblé' ﬁefmutations
of the generator torsion angle wvalues. Cyclotetraglucyl has three
independent and one dependent (@ , W) pairs (onz pair lies across what will
beco;é the ring Junction and is therefore undefined until the ring is
élosed). There are then 63  (for each‘ cisstrans-  configuration)
ﬁermutaxicns of the independsnt pairs of torsion angles. In addition the
remaining pair of torsion angles was set to each of the generator values
after folding giving 6% = 1296 possible conformastions. Since there are
six cisstrans configurations the total number of conformers generated was
7776,

Subsequent examination of the generated conformers has shouwn that the

setting of the dependent torsion angles is in fact redundant since the six
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*different’ conformations generated by this almost invariably converged on
the same conformer during potential energy minimisation. This feature has
been omitted from the fully automated procedure described later.

4.6 Ring Closure

It should be apparent thét of the large number of -conformations
generated only a proportion will even approximate to the>required ring.
Each>of the generated conformers was subjected to a simple pattern search
procedure aimed at optimising the distance between the ends of the chain.
This procedure depended on geometric rathsr than ensrgetic criteria and was
aimed at getting the chain end atoms within bonding distance (an ohvious

necessity for cyclic molecules).

Ta effect closure the ring torsion angles (@, @ and o))‘here allouwed
te be altered by up toA 29 degreez. In addition the a-carbon valence
angles were similarly allowed to vary by 28 degrees. Limiting the torsion
angle wariation to 2B degrees ensures that the generated conformation is
approximately maintained. WYalence angle variation to acheive ring closure

is only required in small rings of less than 8 atoms,or 4 or fewer amino

acid residues.

The target end-to-end distance was 1.5 Pngstroms but anything closing
. to within 8.3 A of this value was taken as being acceptable. Fewsr than
one-sixth of the originzl conformations were in  fact oyclic {or

: épproximatelg so) and passed én to the following stages.

4.7 Sterically Unreasonable Conformations

ot

 The remaining conformations must be screened to ensure that they
conform to the normal precepts of chemical sense. This is necessary since
neither the folding nor ring closing algorithms pay any attention to  the

stereochemical outcomz of their efferis. As a result of this many totally
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unreasonable conformers are present at this stage i.e. conformations in

which the ring is knotted or twisted back on itself.

The method employed ;6 testing for unre%sanable conformations was to
caloulate the number of.interatomic-distances of 1.98 or less and comparing
the result with the number of bonds that thers ought to be. Since any
exbess *honds’ can. only b2 due to very short non-bonded contacts the degree
of sﬁeric crowding can ke readily assessed, Notice that only those
'contacts invalving C, ‘M or O atoms were included in the count of short
cantacis since most H...H -non-bonded contacts can be handled by the
minimisation routine. It was found that the exact value used as the
minimum acceptable non-bhonded distance was not critical since there was
gensrally a clear division’between the acceptable conformers and those to
be rejected. Borderline  cases were &ocepted  subject to further

examination.

'Thelz % of the confurﬁétiﬁns tested which turned out to be reasonable
Cwere ali examined visually using the Chemical Graphics System. A number. of
conformers were rejected at this stege mainly due to wvery bad H...H
contacts arising from Querlapﬁing “CHZ— groups. Bad gecmetry at the ring

Junction caused the rejection of a few conformations.

4.B.Pateht1a1 Energy Minimisation

———

ALl of thé surviving conformers were éptimised uéing the pure diagonal
en=rgy minimisation algorithm described in Chapter one. It:is important to
note that prior to optimisation in all 3N-5 coordinates it would have bgen
pOSSible to further reduce the number of conformers if ONLY the global

minimum was required.

This could have been done by takirg statistical weights into account
since each gensrator can be assigned a statistical weight [81 and conly
those combinations of generators with high statistical weight products need

be considered. Additionally a preliminary optimisation in & reduced
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dimensiorality such as ((p,ul)'space (keep?ngrco torsion angles and hbond
lengths and angles fixed) would have indicated the likely contenders for

the global minimum.

In the present work the global minimum AND all other conformations
within roughly 28 kcals/mole of it are requifed and therefore neither of the

shove procedures were adopted.

The two stagé; Newton—Raphson iteréﬁive pptimisation procedure is
described fully iﬁ Chapter one. fn existing force—field [9] was employed
and the parameters used are listed in Table I in which the various symbols
have . the sighi?icance assigned in Chapter one. The force constants have
units of kecalsmolesA or kcal/molesdeg as appropriate while charges are in

units of e.

The first (pure diagonall) stage of thé>minimisaﬁi0n was carried out on
thé PDP-11740 minicomputer. The r.m.s. first derivatives(of energy w.r.t.
the coordinates) were reduced to 0.1 kcal/molesB or less. Convergence o%
the pure diagonal metHod is rapid to this point tupically requiring from 58

to 259 iterations of the optimisation. The number of iterations required

was dependent on the starting geometry of the conformation.

58 iterations of optimisation take around 2.5 hours on = the
minicomputer compared to 5 minutes on an IBM 378 mainframe machine.
Howewer jok scheduling priorities on ‘the mainframe were such that - the
optimisations were run only at night which effectively gave a tntai elapsed
time of 12 hours as compared to the run time of 5 minutes., . Furthermore
Jobs reguiring .in excess of 15 minutes run time (i.e. .more than 150
iterations) would not be run AT ALL on the mainframe. These schedulihg
arrangements, designed to handle a large numbher of sméll Jobs, mean that'
far a single user (as in this case) a minicomputer provides jJust as much
computing power as the largest of mainframes, as well as being huch more

convenient 1o use,

Some conformers failed to converge under the optimisation because the

generated geometry was too far frem a minimum. Wnere possible in these
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TABLE I. Force Field Parameters.
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cases any obuiousig bad geometry wés—gdgﬁétedvmanuallg using the Chemical
" Graphics System, this was norﬁallg sufficient to induce convergence. R(fter
all of the conformers had undergone the first stage minimisation it was
immediately apparent that some mefercﬁﬁoerging an ‘the same geometry. Where
this was definitely happening only oné OF‘the pair (or more) passed on to
the second sfage (Full Haﬁrix) oétimiéatian. Where there was any doubt as

to the final result no elimination was done.

Mirror images were also rejected in this (and later) compariscns, these
arise since gensrators 1,2 & 3 are the mirror images of 6,5 & 4. This
megans that the generator sequence 1111 is the mirror image of 6658 in a

_symmetric configuration such as TTIT or CTCT.

The second stage optimisation was carried‘cut on an . IBM  3?®/168 at
MUMAC “since the amount of core available on the minicomputer (28K words)
was insufficient. The PDP-11/42 now has 64K words of core and the Full
Matrix minimisation is being implemented on it. ’Optimisation was regardeé

as complete when each of the first derivatives of energy w.r.t. the

coordinates was less than 19_5‘ kcal /mole A,

On comgletion of the full matrix minimisation the remaining 66
conformers were examined using the Chemical Graphics System and it was
noticed that in some cases amidz groups had “flipped” from cis to trans or
vice wersa. This usua}lg occurred near the ring Junctionlandlis therefore
hardly surprising since the geometry of some of the ring junctions was far
-From~ ideal. A further comparison was‘therefnre carried out between all of
thevremaining'cahformers rather than within configuraﬁions as previously

done. This left & total of 48 unique conformers ranging up to about 2@

kcalsmole above the global mininum.

4.9 Results

o r—

Table II shows the numbesrs of conFormers‘remaining after each stage of
the algorithm, The Global Minimum Energy Conformation is an all trans

conformation with S4 symmetry. The most interesting feature of this
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-conformation is theffact{thatAali‘bf'ﬂhe;amidévunits are ﬁﬁn—planar Eg 17
degrees, as was to be. expé;ted EiBJ;;  The 'énéﬁgies,; relative td"this~;
minimum, of the other low eneray conformations are shown in Table III while -

Figures 4.6 — 4.45 show the geametﬁiés and ring torsion angles of these.

The GLn codes in'Table 17T aﬁé:;Figukes  4;6 - 4,45 'réfer tdh th;‘
starting configuration’ cf‘the conformation i.e. GL1 refers to a starting
all-trans configuraton, - and Table IITA shows the whole list. The final

~configuration is shb@ﬁ"as CTTTT, CTCT etc. Tﬁgfhumberéhé;£ér'the hgphen
. givé‘the sequénce of genéfétnrs i.e;‘,1111 means that generator ﬁo. 1 'waé

. used four times.

+.-The presence of conformations containing cis-amides in the low energy -

éet‘ is not surprisiné'ﬁin ‘view" of the strain.'imposed‘.on all—tfaﬁs
canFormaficns‘ by ring closure. Even the calculated minimum energy
conformation has considerahle Pifzer and Basyer strain. In éontraét the
CTCT conformations arebalmostkeﬁtirelg free'from strain in the region of
" the amide grbups and thjé compensétes for - the éresence 6? thevenergetiqaiig o
?“Qn¥avdurable cis amides{:-'iw ' -
Facing these figures are tables of the orthogonal co-ordinates of thej:i;

various conformers, together with the values af}é'XN, and Y (as
defined by Winkler and Dunitz [10d ).

GL1 TTTT : RER
GL2 CTTT SRR

S GL3 CCTT S
A GIA CTCT S
s GL5 ccer ~ SEEE
cLé ceee o |

TABLE ITTA. Corxesvondence between GI codes
and starting configurations.



. ATOM ® ¥ 2

c’1 2.01167 -8.84881 ~1.38374
01 1.37288 -8, GBESS -2, 28732
M1 1.47357 8. 27833 -0, 21658
M1 2.91%08 8.81312 8. 42521

cplL B.03328 8, 9655 8. 13639

Hii  -8.45493 ~@. 57923 ~£). 55851

H1Z2 0. E3652 ~, 32353 1.14372
cr2  ~B.57506 1.47283 tl. 68434
02 ~-0.80611 2.08288 1.13883
N2 ~B.elezz Z. 055830 -1.1843@
He  ~3.31796 1.5855%6 -1.98132
CAZ2  ~@.84v428 3.49055% -1.33638
H21 -1. 25875 3.98142 -6, 44865
Hez ~1.55833 2.62528 -z, 15968
c’3 B, 49522 4. 089585 -3 . 69252
03 B.75631 4, I5ED -2 57594
N3 1.41788 4,087 1“4 -], PARS4
H3 1. 15592 3. Pa74: 5. 15815
cA3 2.96194 4, 263“? -], SHE7L
H31 3. 05629 4, 78270 ~-1.942208
- H22 3.26783 4,93376 ~f. 19597
Cr4 3.49974 2.83568 -, 855086
04 4, 19861 2.87927 8. 17817
N4 3.15958 2.81566 -1.78382 .
H4 2.57828 2.32442 -2, 53924
A4 3.36427 B.55948 -1.68619
H41 4,874929 8. 3a584 -1, 89738
H42 3.75194 B.17447 -z, 53487

. Orthogonal Coordinates of: GL1-5252

AMIDE  CHIIC)  CHICM) TAU

1 ~12. 42 11.31 174,97
L2 12.54 ~11.3 ~174.99
-3 -12.53 11.833 = 175.00

4 12.54 ~-11.35 ~-174.99

" Planarity of the amide groups of: GL1-5252




91

| -184 65 163

2 104 -65  —163
3 -164 65 163
4 104 -85  -163

Figure 4.86 GL1-5252 TTTT 54



atoM . X oy oz
c'i 9.89893  -B.33655  2.58748

01 1.B4288 -1.82982 2. 89888
N1 B.02876 8. 24473 1.69622
H1  ~B.69K38 B.81684 2.89468
k] B.84538 @.15812 B, 22517
Hil 8.84854 -8, 49848 ~E. 12494
HiZ2 -B8.89781 -8.29921 ~£), 89622
cr2 8. 16838 1.51564 ~£1. 42341
0z ~B8.78291 1.94341 ~1.89677
M2 1.27149 2. 23358 -6.24385
He 1.29168 3.15929 ~8). 62497
ch2 2.46013 1.81881 B.52446
H21 3.33419 2.3vz22 8. 16683
H2z 2.66160 8.75899 £.34878
c’3 2.31297 2. 06868 2. 08904
03 1.36B877 2.76174 2.41772
N3 3.18389 1.48738 2. 82033
H3 3.98:19 8.915i8 2.42197
a3 3. 16648 1.37351 4.29138
H31 4., 18t Z.831E7 4.61282
H32 2.36528 2. 22046 4.64148
c’4 3.84284 a.z1E97 <,93993
04 3.99475 ~3.21138 5.61327
N4 1.34635 -3, 50152 4, 76844
M4 1.92686 -1.42731 $.14148
ChRd B8.75169 ~8.88es4 3.99288
H41 B.53815 8.97295 4.16794
H42  ~B. 12234 —@. 64835 2, 35043

_ Orthogonal Ceoordinates of: GL4-4532

AMIDE  CHI(C)  CHICN) TAU
1 . -2.52 1.50 175,89
2 - 1.87 3.4 2.78
3 . 2.5% ~-1.91  -179,99
4

~-1.87  -3.14 ~2.78

| Planarity of the amide groups of: GL4-4532 -
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1 121
2 -83
3 124
4 83

Figure 4.07
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166
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—166

GL4-4532 CTCT Ci
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' ATOM % vy ' z
Cr1 2.20140 -B.13998 6. 85074

o1 2.16795 8.86434 1.57793
N1 1.16965 -@,52911 £.11868
H1 1.26382 —-1.34647 ~0.45248
cAl -8.13167 8.16188 6.87769
Hil  -8.17431 8. 75834 ~£.84375
HiZ2 ~-8.84z282 -8.57228 6.82873
c’2 -B.33555 1.98859 1.25913
gz -8.37799 2.328593 1.86429
2 -8.49371 8.56145 2.47113
HZ -B8.539618 1.28297 3.23383
ch2  ~-8.55654 ~B8.87482 2. 2e8ve
Hzi  -1.25873 -1.37E98 2.13714
Hzz -8.96378 ~B.98322 3.81942
c’3 8.76728 -1.68823 2. 772es
03 8. 87634 -2.63183 c.8ves1
N2 1.76647 ~1.14298 3.50578
H3 1.62418 ~B, 28434 4.83386
CA3 3.88779 —-1.73e87 3.63695
H31 3.23857 -2, 53451 4. 69362
H32 3.11867 = -2.73176 3.85843
c’'4 4.24373 ~3.91171 3.19715
04 5. @5865 -8, 53269 <. 85269
N4 4.37243 -3.28784 1.91824
H4 5.184973 8.084385 l.67122
ca4 3.45621 -0.98134 6. 83253
H41 3. 19677 ~-2.935928 B.92677

H42 3.95241 -8, 85489 ~£, 13589

7 Orthogonal Coordinates of: GL4-1531

CAMIDE  CHI(C) . CHICN) TAU
1 -2.04 -@. 63 178,59
2 ~1.14 1.17 -3.24
3 -1.32 1.58 177.74
4- 1.1  -5,57 - -1.99

. Planabitg of the amide groups of: GL4-1531 -
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Figure 4.08 GL4-1531
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S ATOM X Y 2 -
1 ~1.14874 - -B.15478 2.25376

01 ~1.99126 -0.82548 1.63858

Nl - -B.B8171 8.23385 1.71784
N 8.58872 8.83359 2. 26858
AL 0.3e8289 B.83586 8,.28819
Hii 1.413414 -8.32757 8. 23664
CH1Z2  -B.28479 -3, 78159 ~B. 16936
cre 8.23119 1.37289 —£1,38543
o2 -B.88531 1.81571 -1.82181
N2 1.18985 2.31324 -8.87312
HZ 1.87542 2.87335 8.52535
chz B8.93264 3.75212 ~b. 34163
HZ21 8. 14585 32.93173 -1.88116
H2Z 1.86533 4. 17765 —-8,72572
c’'3 B8.56473 4,38853 £.986878
03 1.49784 S.85798 1.35637
N3 -B.358217 3.99975 1.51688
H3 ~1.17258 3.39978 6.97428
CA3 ~-B.98641 4, 19739 2.92661
H31 -B.313%8 4,93472 3.48416
H32 ~1.99658 4. 26886 22.99848
C'4  -0.81463 2.86845 3.62081
04 8.22218 2.61713 4. 28875
M4 ~1.69373 1.920882 3.31813
H4  ~2.45958 2. 15823 2. 71885
A4 —-1.5165S5 8.48117 3.57633
H41  ~2.44925 3. 83888 3. 96835
H42  ~B.72973 8.38136 4.315797

40rthngana1 Coordinates of: GL1-5623

AMIDE CHIWC) CHICN) TAU
1 11.48 -18.48  ~173.91
2 12.49 ~11.59 -174.61
3 -11.59 18, 43 173.84
4  ~12.45 | 11.68 . 174.61

;Planéritg of the5amidE'grdﬁps5nF: 6L1-5623" O
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. ATOM % ¥ z

c’1 1.088240 8. 99548 1.83862
o1 1.48298 1.95343 1.11439
N1 B8.32583 -B. 88268 1.41933
H1 B8.11652 -3, 74288 2. Bea7e

cAl ~B.22050 ~8. 14268 8.95712

Hii B.324671 -0, 93875 ~B, 44836

Hiz  ~1.23833 ~8. 48328 8.11166

cr2 -B,14579 1.11287 -6, 78644
o2 8. 7R959 1.17671 ~1.68317
N2 -B.99569 2.18437 ~6.55878
H2  ~-B.98227 2.92762 ~1.12888

cAz  -2.07941 2.18824 8. 44251

H21  -2.746B81 1.26128 g.25882

HzZ2 -~2.68172 3.81478 8., 32897

c'3 ~-1.58983 2.86389 1.87252
03 -1.98978 1.18988 2. 59774
N3  -B.83252 3.88538 2. 29281
H3 -B.62322 - 3.80538 1.65139

cR3  -B.28622 3. 20298 3.65563

H31 6.75181 3.54659 3.68852

H32 -B.853245 3.59483 4.168%2

c'4 -B6.36U32 1.93872 <. 49858
04 ~1.21638 1.83655 $.395308
N4 B. 43893 8.93892 4, 27893
H4 8.33553 £.13366 4.83368

CR4d 1.57272 8. 95587 3.26962

H41 2.17585 8. 54855 3.39117

H42 2. 24589 1.88214 3.45411

Orthogonal Coordinates of: GL4A-5126

AMIDE CHIC) CHICH) TAU
1 8.31 ~1.58  —~179.69
2 B.56 B8.58 ~. 88
3 -8.31 1.58 179.78
4 ~8.56 ~B.58 2.808

P Planarity of the amide groups of: GL4*5125/.j
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ATOM X z

by Y

CoglL 0 1,43327 8.48259 1.8514

- 01 2,46981 8.19183 1.22652

N1 B.22448 8. 366887 1.32554

Hi - -B8.55187 8. 78250 1.85728

cAl  -B.83861 B.88326 -B. 88835

M1l 8. 77558 ~-7.61836 -8, 47871

HiZ -8.96985 ~3.56523 -@.17171
c'2 -9.11980 1.38765 -8.84316

oz B.84%580 1.67758 -1.53827

M2 ~1,13058 2.18838 ~0.54218

H2  ~1.84344 1.76307 . Beoz2

crz ~1.15301 3.55835 -8, 84594

H21  -2.19223 3.89275 -§,99498

HER  -B.39974 3. 76817 ~1.76875

C’'3  -B0.52444 4, 26681 6.32518

03 g, 68126 4, 77158 B.z28158

N3 ~1.12846 4,133976 1.58898

H3  ~1.99728 3.65324 1.54697

cR3 ~-B8.5eve2 4.47488 &.79839
H31 B8.32674 5.17297 2.67854

H32  -1.25221 4,94858 3.44654
C'4  -B.82758 3.17981 3.41534
04 -8.74292 2.59s31 4.24427
N4 1.831935 2.62433 2.88635
H4 1.53306 3.11791 2.15854
cR4 1.52275 1.25199 3.15692
H41 8.91884 8. Teev2 3.91971
H42 2.55057 1.28158 3. 58885

Orthogonal Coordinates of: GLI-8Z52

-AMIDE CHIC) CHI(N TAU
1 -11.57 12.45 173.84
2 . ~-12.34 11.48 172.29
3 - -18.52 9.57 174.73
4

18.29 -B8.36 ~176.43

ﬁijiaﬁaritg of the amide groups of: GL1-6252 - -
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Figure 4.11 GL1-6252 TTTT



atoMm % B
cri B.38P72 -B.17S7S 2. 63657

01 -B.22864 -B8.52212 3.65922
Ml -0.15145 —3.34385 1.432z28
Hi  -1,89837 -8.66733 1.39635
cAL, B.45435 B.091143 B.13479
H1ii 4 1.54827 -8, 18363 B.18873
Hi12 @ B8.89320 -8.66912 ~f. 64288
cra B, 18672 1.438932 —-£.24833

99826 B.36285
BYSTE -1.88748
LS931E ~1,45741
L53718 -1.2771ie
926356 -1.26818
8E223 ~2. 236858
L BIBAY £, 13416
EEET3 6. 27485

o2 - -0.81898
M2 B.829681
H2 1.68731
chz 3.87299
H21 8. 14988
H22 1.32429
c'3 1.69134
03 2.9183%

}

AV A€ I (N N N OO SRR TV R RVl R
Y
i
=X
i}

N3 1.89886 1.84843
H3 B.11428 .9884e 1.18774
CA3 1.88686 L2123 2.33753
H31 2.87127 42696 2.19183
H32 1.38632 91264 2.954568
cr4 1.65199 .875a1 3.83242
04 1.23161 .82835 .19824
N4 1.924268 1.78895 2.32243
Hd 2.27613 1.98692 1.39382
CR4 1.77483 8. 48255 £.88414
H41 2.02116 8.38428 3.87B86e5
H42 2.58179 ~3. 24663 2.38599

Orthogonal Coordinatezs of: GL1-512

AMIDE ~ CHI(C)  CHI(M TAU
1 -1.58 5. 98 2.31
2 9,49  -13.97  -175.58
3 -15.,37 11.46 171.62
4 3.97 1.32  -178.01

Planarity of the amide groups'nf: GlL1~-5212 M .
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Figure 4.12 GL1-5212 CTTT




ATOM K Y 2

c'1 1.835944 -1.,34554 1.95487
01 1.15366- -1.34554 1.95487
N1 1.34665 -8, 24852 ©.88578
H1 . 1.85471 @.64041 ~E. 736008

CA1 -9.088744 8.85885 -6, 16414
‘H11  ~B8.21683 8.394378 -6, 77783

HiZ2 ~8.54683 -3, PT343 -6.71129
c'2  -b.83us2 8.26116 1.13917
02 - ~1.85467 ~3. 48628 1.35236
N2 - —-8.329692 1.17435 1.99898
H2 . -B.25259 1.23851 2.88363
ChRZ 8. 78084 2.83798 1.83646
H21 8.56708 3.83899 2. 22767
Hz2 1.82838 2.15875 8. 77654
c*3 1.986838 1. 48448 2.57437
03 1.887886 B. 76347 3.56850
N3 3.19882 1.76977 £.11851
H3 3.28052 2.41393 1.38772
CA3 4. 44988 1.22906 2.68111
H31 5.220811 1.18186 1.98475
H32 4.88364 1.91822 3.45426
C’4 4.38732 -8, 15727 3.27541
04 . 4.88842 —3.34452 <.44139
N4 3.82633 -1.14139 £.53014
H4 3.66475 -2, 82342 2. 97889
Cchd  3.36E75 -1.83721 1.13885
H41 2.65628 -1.93919 6. 58464
H42 3.84796 ~-8.139176 6.63641

Orthogonal Coordinates of: GL4-2141

AMIDE  CHI(C)  CHI(NY  TAU
1 ~4.63 B.96  -174.36
= ~2.05 6.17 3.23
3 1.28 1.88  ~-175.54
4 -2.85 6.17 3,23

- Planarity of the amide groups of: GLé;éidi.;
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Figure 4.13 GL4-2141 CTCT C2



ATOM X Y 2

cr1 - 1.69927 1.1328354 ~1..88283
01 1.45417 8.66535 -2, 28627
Nl 1.836858 - B8,75793 £.81818
H1 = 1.34273 1.12358 8.89132
Al -B8.86115 -8, 2a7eY 8, 85835
Hi1  -B.75987 -8.813%6 ~B. 76843
Hig 8.35488 -1.28568 -6, 16383
c'2 -B.78111 ~B.18783 1.38377
02 ~B.47358 -1.85165 2.21949
N2 = -1.63975 8.76393 1.675683
H2  ~2.89558 8.71498 2.57355
cA2  -2.14191 1.83e48 8.78199
H21  —2.99452 2.33321 1.243958
H2 -2, 39678 1.39158 -8, 14864
c'3  ~-1.11966 2. 9837 6.45912
03 -B.80282 3.14518 ~£, 72928
N3 ~5.56085 3.51461 1.45804
H3  ~-B.784975 3.22834 2. 32496
CA3 8.59847 4. 43568 1.28678
H31 B8.33593 5.238238 B.53652
H32 8.73145 3. 68687 2. 23064
c*4 1.82471 3.703538 B.87261
04 2.49775 3.14e81 1.75243
N4 1.93432 3. 48816 —6.41831
H4 1.29989 3.81821 -1.86348
CAd 2.78116 2.25387 -0, 92225
H41 3.42166 1.95721 —B. 22565
H42 3. 15429 2.58411 -1.88219

Orthogonal Coordinates of: GL2-6251

AMIDE  CHI(C)  CHICN) TAU
1 -4.79 ~1.88 174.51
2 3.64 -4.78 .72
3 -2.33 7.44 179,30
4 16,15  -15.57  -178.45

ii Planaﬁitg of the amide groups of: GL2-6251.

{
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1

ATOM
c’i
01

Ni

H1
cAL
H11
HiZ
cre
0z
NZ
H2
war:
21
Hz2
c’3
03
N3
H2
CA3
Ha1
H32
crd
04
N4
H4
chAd
H41
HAZ

X
2.16285
1.47798
1.64221
2.23868
B. 22676

~3.34812
8. 15765
~8.41151
~B.68356
~8.68424
-1,81646
~3. 31724
~@. 88935
~B. 66930
1.13530
1. 48953
1.9877
1.65165
3. 42807
3. 70633
3. 64635
4.28138

4.88739

4.31842

4.88388

3.63967
4.12727

3.76924

h
-8, 49331
~1.38377
B.26521
3,87974
8. 26747
~3. 47298
~-B.B2683

63338

2730
. 14533
.BS1EE
.A7I33
. 98354
44463
43353
PIFTY
L7939
.E8957
L BEEGL
L F1442
29162
2. 96559
B. 86850
B.63435
~B. 38094
-1, 2925

6. 39594

3= PIDI DG G- G = DD e

Z
-1.25894
-1..98286
-8.31188

8.28536

B.87651

—~6.49269

1.12937
—~£.88195
B.94231
~1.29228
~1.347@7
~2.581=28
~3.36687
-2.55329
-3.800833
-3,92371
—2.38172
-1.663266
~£.68038
-3.51586
—. 99486
-1.47378
-.91351
-1.88161
£, 19526
-1.57891
-1.18686

-2, BSE58

Orthogonal Coordinates of @ GL4-6221

 AMIDE

1

2.
3-
4

CHI(C)
~-B.16
3.26
- =B.16
3.26

CHICMI
~1.48
~2.34
~1.39
~2.34

TAU
178.323

8.21
178.33

8.21

i

, 'PIanaritgnu? the amide groups of: GL4-6221
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1 121 69 179
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4 -79  -14 3

Figure 4.15 GL4-6221 CTCT  C2



ATOM X ¥ oz

c’1 B.71331 8.137e8 2.42829
o1 B.37883 -3, 18243 3.55838
N1 -3.18882 -0,12725 1.41138
H1  -B8.98758 ~, 84577 1.64771

chl 8.14998 8.85379 -0.83138

Hi1  1.13792 -8,34711 -8, 27549

Hi2 -B8.37678 -B.53422 -0.68174

cr2 B.86318 - 1.48434 -B.51427
a2 1.83187 1.97224 -1.11665
N2 -1.82182 2.19384 —-8.24197
HZ2  -1.77618 1.7538639 6. 25165

CRZ ~1.14144 3.53193 -6, 54894

H21 -2.18851 4. 82427 ~6.21715

HZ2  -1.86461 3.784332 -1.63816

c'3 ~B8.81857 4,35517 g.15999
03 8.92283 4.83826 -8, 48795
N3 8.80187 4. 22926 1.47651
H3  -B.7e549 3. 76288 1.92187

CA3 1.16883 4, 48278 £.33337

H31 1.98174 4, 968398 1.77638

H32 8.88649 5.148z24 3.16335

cr4 1.68762 3.12838 2.84529
04 1.49456 £, 86580 <.B84958
R 1.96593 2,23%13 1.92517
H4 1.985958 2.52759 B.965996

Ch4 2. 86846 B. 79583 2. 19887

H41 2.66652 8.67283 3.89417

Ha2 2.68818 8.38852 1.37432

Orthogonal Coordinates of: GL1-6214

AMIDE CHIC) CHICH) TAU
1 2.71 ~3.73 1.71
2 -2.43 4.35 176.98
3 -11.48 12.84 173.85
4 18.39 ~5.43 -173.78

Planarity of the amide groups of: GL1-6214
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Figure 4.16 6L1-6214 CTTT



‘ATOM % ¥ z
el P.2E9%6 B.78402  -B.14496

01 1.85244 B.77163 -1,31225
N1 1.51718 B8.41251 6.886045
H1 1.92818 B.34816 1.79664
cAl 8.11388 -3.81817 8. 77867
Hi1 -8.33141 B.323954 —£1. 16268
Hiz 8.89861 ~1. 11226 B8.73859
c'2 -B8.,72981 8.43659 1.94291
02 -1.05623 ~3, 48279 2.73427
N2  ~1.84621 1.71787 2. 86975
H2  ~1.62918 1.97847 2.84385
Chz  ~-8.7Bue? 2. 883z 1,12588
H2i  ~1.17169 3.72913 1.46997
H22  —1.11938 2.57242 6. 14487
cr3 8. 78877 3.876E2 8. 99556
03 1.24139 3.37144 -3.11685
N3 1.52817 3.812391 2. 83684
H3 1.88188 £.898928 2.95911
CA3 2.97773 3. 28878 £.14433
H31 3.12458 4.14857 2.88e55
H32 3. 49618 2.43337 2.61285
cr4 3.62698 2.61211 £1.81398
04 3.88704 4. 88286 B.57791
N4 3.91872 Z2.65285 8. 854608
H4 4.24189 2.34853 -6, 95488
-CR4 3.78821 1.28277 6.11993
H41 4.82872 B.BB47s 1.11282
H42 4.33666 8.67162 —~0.59552

Orthagonal Coordinates of: &lL4-2634

- AMIDE CHIC) CHI (NJ TAU
1 1.66 -4,.73 176.98
2 2.95 ~4,45 -1.18
3 1.25 -3.81 179.324
4 1.24 ~5.18 —4.54

tPlanaritg‘nf the amide groups of: GL4-2634
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Figure 4.17 GL4-2634 CTCT
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® o Y 2
164 } 1.91173 -1.34274 0. 37768
01 1.23712 -2.326877 8.16396

N1 1.42138 -8, 12880 8.23918
H1 2.08878 - B8.85788 8. 46299
chl 8.88761 @B, 1792 ~8.85323
H11  ~B.88667 1.156863 -8,54963
Hiz = -B.48725 ~-3.58234 ~8.72116
cre  -8,78417 B, 17346 1.255008
0z ~1.58823 -8, 7547 1.47917
N2 -8,36055 1.684188 £.18188
M2 8. 34922 1.78477 1.94434
CRz  -B.76563 B.98618 3.59733
‘H21  ~1.79968 8.62984 3.67754
Heg -8, 78u92 1.97187 4.85797
c'3 B.15658 b.@1417 4.31818
03 -B.28949 -1.85827 4,74389
N3 1.45166 B.291%6 2, 29926
H3 1.74728 1.1e66853 3.89222
cA3 2.51184 ~{. BEE36 4.65196
H31 3. 4168084 -3, 13927 <, 98993
M32 2.17245 ~1.31172 5. 46854
crd 2. 82216 -1.50842 3.43261
04 2.54157 ~Z. 71688 3.42922
- N4 3. 23597 -8, 86898 £.34887
o H4 3.48757 @.11485 £.41878
- Chd 3.28563 ~1.48674 1.88134
H41 4.832€66 -3, 95936 £.38218
H42 2.56541 ~2.52283 1.86967

Orthogonal Coordinates of: GLi-1111

CAMIDE  CHI(C)  CHI(W TAU

1 8.44 ~8.58 ~173.94
2 B.53 ~8.52 ~-173.96
=8~ - ~8.51 -8.52 ~173.96

4 8.53 ~8.53 -173.96

'ilqunahitg of the amide groups nf:'GLi-iiii
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Figure 4.18 GLI-1111 TTTT . C4



ATOM % ¥ z

c’i 2.5572 1.17481 6. 92664
01 3.77534 8.98793 6. 15273
N1 1.89679 B.16517 8. 87928
H1 2.87752 -B.74362 8. 25928

CAL 8. 22604 0. 22688 ~B. 83584

Hi1  -0.88799 1.21556 -, 36480

H12  ~.89923 ~3. 48483 -6, 88242

cr2  -6.43391 -3, 15363 1.27484
0z 8. 26647 ~3. 78163 2. 13966
N2 ~1.716208 B.18813 1.49364
H2  ~2.18678 -8, 20226 2.36317

cAz  ~-2.53589 8.88448 8.57651

H21  ~3.64338 8. 82857 1.88588

HZ2 -2.68971 B.25443 -, 36838

c'3  -2.19417 2.22588 8.31538
03 -2.12223 2.63682 —£.85261
N3 -1.75711 2.93437 1.34439
H3  ~1.79677 2.,53833 2.26313

C A3 ~1.84793 4, 21831 1.19438

H31 ~1.72750 4. 96837 6. 77863

H32  ~8.68953 4.87788 2. 16361

c'4 @, 12677 3.99958 E. 26684
04 8.28123 4.62987 -4, 79925
N4 8.99623 3. 86844 £. 68858
H4 8.91221 2.62152 1.58487

cr4 Z.837v83 2.58971 ~g. 26218

H41 2.93639 3. 26888 ~. 13623

H4zZ 1.77183 2.65888 -1.38883

' Orthogonal Coordinates of: GL2-6664

- AMIDE CHIC) CHIM) TRU

1 ~3.23 1.98 -£.88
2 B.76 ~3.29 ~e. 74
3 -7.61 8.27 175.08
4. —4,47 1.14 173.85

- Planarity of the amide groups of: GLZ-5664
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- Figure 4.19 GL2-6664 CCTT



ATOM % ¥ 2
cri - 2.@36TL -B.57172 B.98120

o1 1.46788 -1.683%6 1.36654
N1 1.44423 8.30836 6.18688
Hi 1.982861 1.87188 -8.17288
cAl . B8.85932 B.28234 -6,38843
Hi1 -B.18%9@5 1.87378 —£.91448
Hiz 8.89637 ~3.66643 -8.97239
c'2  ~B.989653 B8.95354 6. 76E59
D2 ~1.75581 ~8.92428 68.71213
N2 -1.14763 8.99194 1.89759
H&  —1.9165%8 B, BR4EG 2.42438
cR2 -8.33275 z2.21823 1.87287
H21  -8.95798 3.61637 2,.27818
HZ& B8.67213 2.54784 £.91467
c*3 B.816838 1.94417 2.82434
03 8.92637 8. 88823 3.2B8651
N3 1.78262 2.89428 3.96436
H3 1.55873 3.81892 2.68794
CA3 2,96448 2.64135 3.78726
H31 3.72521 3.37887 3.58858
H32 2.79756 2.78496 <. BEYB4
cr4 3.43385 1., 25985 3. 39260
04 3.54621 8. 36834 <.24874
M4 3.47387 1.84581 2. 68598
H4 3.3e611 1.84188 - 1.48601
CR4 3.45212 -B.27123 1.43554
H41 3.78565 -1.84221 £.13387
H42 4.,12990 -8.27742 8.57591

Orthogonal Coordinates of: GL2-4113

AMIDE CHI(C) CHIMN) TAU
1 8.93 5.18 -175.53
2 ~3.89 7.97 2.75
3 4.99 -4.29 -173.83
4 11.82 -18.49 -169.77

~Planarity of the amide groups of: GL2-4113
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ATOM ¥ ¥ Z

c'1 Z.42923 -0. 47847 ~£). 89548
01 2.4827 -8.47612 -1.33539
N1 1.36823 -8, 18564 6. 54594
H1 1.44961 -8.22117 1.64337

cAl B.84279 2, 18331 £.11828

H11 B.8zE73 B8, 24699 —6.97438

MHi2 —8.66685 -8.68141 .38653

c'2  -B.de2iz 1.58487 B.67478
02 ~1.58048 1.53451 1.21145
N2 8.30261 £.58353 £1.358491
H2 ~B.82528 3.42699 1.81327

CRzZ 1.64538 2.63772 -0.82163

HZ1 1.79578 3.61442 6. 49229

Hz2 1.69259 1.83213 —6.81412

c’3 Z2.72564 £2.43343 1.92864
03 | 2.48488 Z.57382 Z.21e62
N3 3.96658 2. 88383 6.68393
H3 4,64221 2.05252 1.41732

cA3 4.48148 1.81372 -8, 66973

H31 3.69856 1.74245 -1.41697

H32 5. 10353 2.66595 ~B. 95683

c’d Z. 32428 B.55735 —&.77289
04 6. 39952 B.62744 -1.48218
M4 4.93688 -3.57634 —-£, 28115
H4 5.53498 -1.37873 -0.31951

ca4 3.7e522 -B. 79562 5.61338

H41 3.81422 -8, 21742 1.53788

H42 3.67I76 ~1.84553 8. 99547

Orthogonal Coordinates of: GL5-4232

AMIDE CHIC) CHIN) TAU
1 ~B.38 -8.12 178,34
2 B.52 4,89 1.67
3 1.82 -4,37 —d. 47
4

8.33 1.88 - - ~1.57

.Planaritglof'the aﬁide gﬁaﬁps u?:'GL5~4232f
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ATOM % Y 2
C’1 1.46566 B.41324 1.59237
o1 231892 0. B9s92 8. 75831

N1 - B.1e527 B.31343 1.36842
H1  -8.4731i8 @, 57es? £2.89329
cAl -B.43855 -3, 68834 B. 88717
Hili  ~B.54588 -1.17824 " B.88242
HiZ  ~1.44363 B.33869 6. 88765
crz 8.34024 9. 34934 ~1.13588
oz B. PIHTE ~3. 52689 ~1.92339
N2 8.35728 1.63853 ~1.37264
H2 1.82604 1.8e287 ~g. 22304
chR2 B8.15123 279182 —£. 54843
H21 ~B. 15484 &, 4eRs? 8. 44968
H2Z2 —8.71948 3.26548 -1.68358
c'3 1.24708 3.83e41 ~£), 44321
03 2.01842 3.556839 ~1.48385
N3 1.38245 4.61136 B8.62721
H3 2.11814 3. 89927 £.559835
CA3 8. 57687 4,57868 1.86384
H21 3.931339 5.38128 2.55352
H32 ~B.48436 4.81157 1.61575
cr4 B.63869 3.25831 2.58421
04 -8, 40479 2.7e112 3.84308
N4 1.77458 2.5v4a7 2.52258
H4 2.55248 £.99915 2. 84851
ced 1.89494 1.14369 2. Bd5E3
H41 1.26418 8.87144 3.69746
H42 2.93184 8. 85783 3.689638

Orthogonal Coordinates of: BL3-3156

- AMIDE CHIC) CHI(NY TAU

1 -9.60 3.76 172.67
2 2.17 1.33 1.42
3 B.32 @.17 1.97
4 19,83 -1d.44  -175.22

Planarity of the amide groups of: GLS—EiSSJ
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ATOM ® Yo Z

cr1 ~1.86342 1.873954 1.71263

01 ~1,71345 1.84478 .8.98468
ML -B.27556 B.13283 1.22976 -
H1 B8.28328 -B.47188 1.8c806

cAl  -B.82259 -3, 87581 £, 28643 -
Hi1l 8. 856429 -8, 72658 -B.34945

Hi2 = ~B.88522 -3.59319  -0.63782
cra B.2B758 1.22368 -B.95128
02 -B8.64335 1.59592 -1..77337
N2 1.36678 1.33816 -0.71764
HZ  1.441409 Z.7622 -1.25783
cAz 2. 48937 1.57823 6.19463
Hz21 3.18726 1.B82783 -£).39312
Hz2 2.87344 @. 83668 6.938%8
c*'3 3.89175 2.76789 6.82638
03 4.191597 3.12832 ©.38159
M3 Z2.49781 3. 48158 1.82794
H3 2.59048 4, 14377 £. 27655
CR3 1.1987S 3.84569 2.48776
H31 B.73p12 3.93288 £.85538
H32 B.S4z267 2.72658 1.59363
c’4 1.32698 1.97656 3.47264
04 Z2.43084 1.818%9 < .88587
N4 5.27914 1.22248 3.88376
H4 8. 48748 8.56138 4.54249
CAd4 ~1.87038 1.28959 3.28995
H41  -1.51621 2.26178 3.44272
H42  —1.7B621 @.51733 3.65624

Orthogonal Coordinates of: GL6-2351

AMIDE ~ CHI(C)  CHI(N) TAU
1 4.97 -1.65  ~174.90
2 -0, 27 -4.64 ~0,99
3 - B.32 -4.539 -2.68
4 . ~-1.81 - 1.49 2,44 . .-

:*Plaﬁarityrcf the amide gkdupg'b¥:=GLE42331;




108

2 —149 77 2
3 85 -158 2
4 57 42 {

Figure 4.23 GL6-2351 CCCT



ATOM % Yy z
c’1  ©9.85378  ~1.86798 1.89959"

ol -B.2s6878 - -2.42261 2.88173
N1 - 1.85898 -3.81254 1.12636
Hi 1.98468 -3.43787 - 1.84813
cAl 8.88216 -8, 12157 8.36378
Hii - 8.21873 -8.24781 -8, 78247
HiZ2 -B8.9c684 -B8.58778 B8.55213
2 -8.11382 1.36824 8.66157
02 -B.24828 2.13773 -8, 29724
N2 . -9.85966 1.88831 1.91866
H2  -B.18237 2.79373 2.84776
- CAR 8. 12973 1.88854 3.12961
H21 8. 13665 1.6%56586 <, 88597
Hz2 1.11978 8.54798 3.06428
c'3 -B.95565 ~8.83134 3.34563
03 ~2.82149 @8.11828 2.72888
M3 —-8.77959 ~-1.84382 4,18779
H3  ~1.54046 ~1.62788 4. 28523
CA3 B. 48652 -1.339E82 5.81613
H31 1.25631 —-38.628154 <. 80788
H32 B.12327 -1.18411 6.85716
c'4 8. 84462 -2.78721 <.91846
04 B8.52415 -3.56143 5.82551
N4 1.55245 —-3.2B8357 3.86817
H4 = 1.78155 -4,17743 3.826e81
ch4d 2. 09628 -2.37618 2.73478
H41 2.687208 -2.96156 2.88722
H42 2.59214 -1.53782 3.12127

Orthogonal Coordinates of: GLS~4245

AMIDE CHIMC) CHI NS TAU

1 2.65 ~-3.67 -175.18

2 ~3.79 B.54 2.25

3 -1.51 ~B. 48 8.v8
R . ~-@.18 - - 1.95 1,79

flfPlanaritg uf the amide groups of: GLS~4245
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Figure 4.24 GL5-4245 CCCT



ATOM X

S z
c’'1 B.4z814 ~1.48281 1.63824
01 -B.68178 ~£.34638 k. 98835
M1 B.61156 -8.22239 1.24423
Hi1 1.82824 0, 42493 1.87422
Al B.15921 8.3191s ~£. B4356
Hi1 1.839332 8.63368 -£.61263
HiZ2 ~-3.38589 -8. 42999 ~£.64415
c’2 -B.73658 1.81879 B.18336 .
02 —-B.25187 2.64662 6.08283
N2 —-1.97752 1.36373 B.62879
H2  ~2.53483 2.19872 8.71914
cAz  -2.6804z2 8.8%9414 6.87814
Hz1  -2.81685 ~3. 73888 1.88342
H22  ~3.28926 ~.11848 -B8.81182
C*3  -3.833218 8. 16693 2.86171
03 ~4.228329 B. 44748 1.83881
N3 - -3.19214 ~-8.84147 3.296682
H3 ~3.86886 -5. 64288 <4.83333
CA3 ~1.21683 -8, 37238 3.69263
H31  —-1.12439 ~5. BEE34 2.93486
H32 ~1.56720 8.15621 4.61957
crd4 ~1.64380 -1.82851 - 3.93891
04  -2,.60645 -2.47637 4.41747
N4 - -B.48998 -2.46118 3.67877
H4  -B.44688 ~3.45289 Jd.81112
cA4 8. 78243 -1.82985 3.88535
H41 1.55468 ~-2.51877 3.12732
H42 B. 256356 -3.94491 3.67288

Orthogonal Coordinates of: GLS-Sdd1

AMIDE  CHIIC)  CHI(H) TAU
1 7.30 -4,61  ~174.04
2 ~3.60 6.92 1.06
3 -1.16 4.81 2.19
4 -1.69 .39 p.g3 L

?1 Pianaﬁitg of the amide gﬁmuﬁé¥nf: GLS—%4&1}?4
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Figure 4.25 GL5-5441 CCCT



ATOM X oy z

c’1 - 1.156836 ~B.B84987 2.32998
01 1.28124 1.18932 2.38426
N1 B.51892 -8, 788E7 1.48716

. H1L . B.37326 ~1.78827 - 1.43868

cAl  ~B.25226 -8.17367 6. 29625

Hi1 8. 37883 -B,17733 -£,.59865

Hiz2  ~-1.133232 -5.78451 B.87783

C’z2 ~B.63775 1.24216 B.58443
02 -8.12148 2.17321 8. bBe48
N2 - ~1.66H852 1.46241 1.466887
HZ2  ~1.93718 2.41728 1.59868

CR2 . ~2.49584 8. 45833 2. 135966

H21  —-3.27451 8.133997 1.45845

Hz2z2  ~3.81835 8. 94429 2.99413

c’3 ~1.8391°7 ~5.78936 £.71957
03 ~-2.08029 -1.88192 2. 18277
N3 ~1.83889 -8, 783594 3.78358
H3 -B.77FB93 -1.36819 4.21817

CA3 -B8.62883 8.53358 4.49288

H31  ~B8.630895 1.37887 3.79839

H32  -1.49634 8.76167 S.19776

c’4 5. 58548 8. 46861 5.27778
04 H.61148 8.94784 6.41852
M4 1.69874 ~-8.121286 4.77981
H4 - 2.49596 ~8. 15648 5.37438

CR4 1.34660 ~-B8.77271 3.46334

H41 1.48780 ~1.88431 3.54755

H42 2. 98365 -B.81775 3. 205208

Orthogonal Coordinates of: GLS-1232

AMIDE . CHI(C) CHI(NY TAU
1 B.02 -1.77 175.67
2 . ~-1.13 6.72 -1.52
3 -1.97 ~7.68 -5.55
4 1.83 2.50 8.24

C Planariﬁg-uf the. amide groups of: GL5—1232 ;
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Figure 4.26 GL5-1232 CCCT



H32
crd
04
N4

Hd -

S CcPd
H41
H42

X
2.36500
3.21813
1.46298
1.58025
8.43235

 ~B.13851

B. 95611
-3, A7EE1
-3, SEIE?
~1.23236
~1. 52648
~1.38229
~2.88512
~1.85737
-3, 15243
-3, 12338

§.85817

1.64838

B. 34469

B. 51965

1.76168

1.19185

B. 58428

2.11698

2.67816

2.39569
- 3.39281

1.63380

Y
B. 95867

- B.63919

8. 66854
-B. 84597

L2765

~-8.61318
8.37392
1.44961
1.28326

" s

-Gty
) e B

-

=3

1121

N{‘JNHN&LGML&MH!—*

Y-
~1.09128
~1.. 84698
~01.58586
-8.99217
B.45016
B.52448
1.39960
. 18017
~5. 97391
1.14260
. @.87857
£.53622
2.51865
3.12318
5.30681
3. 76908
3.48183
3. 99962
2.96681
3.19761
3, 468969
1.47602
6. 77446
B. 97256
1.59604
0. 46561
-5, 65839
~1. 05206

Orthogonal Coordinates of: GL3-1622

AMIDE

1

2

- 3
4

Planarity of the amide groups .

CHIC)
5.83
B.76

~4.32
~-2.17

CHITN)
2.38
4.89
1.89

-1.86

TAU
-1.76
-1.24 -
-0.49

175. 41

of: GLE-1622
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Figure 4.27 GL3-1622 CCCT



H4
Chd
. H4l
H42

=

-8,37825
8. 62397
-8, 28732
-8, 22882
8.68168
~-B.25925
-3, 436395
1.58558
2.18433
2.14836
3.11581
1.51547
2.23048
8.6e6052
1.87152
@.381472
1.8887v2
2.72587
1.542008
B.52144
£.21833
1.74298
2.72152
B.917vaz
1.87615
~-B.27647
-1.15418
-8.31983

}

Y
1.84471
2.13132
0. 71264

-, 82893
B.28736
1.88886

~3,64543
6.8e34s

-8, 43649
B.2731z

4
~2.11521
-3.31713
~1.64633
-2.31911
8. 26286

6.45967
—-£), BE6ESY

-£. 86408

~1.@1442
1.89238
1.17992
2.26805
3.89724
2.59861
1.99285
&.43793
1.225%4
. 91398
8. 78969
1.83698
1.28448
~f. 72352
-1.11748
-1.57613
-2, 55229
~-1.24904
-1.46534
-7,18753

Orthogonal Coordinates of: GlL4-Z2i22

AMIDE

1
2

SR

4

. Planarity of the amide groups of: GLdQEIEE;T%

CHIIC)
B.61
~-8,62

- -3.83

2.43

CHIN)
2.89
B8.73
8.39

~4,62

TAU
g2.12
—2.28
i77.18
-1.88
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Figure 4.28 GL4-2122 CCCT



ATOM bt ¥ Z

c’1 2. 166865 -~1.48%86 B.66249
o1 2.67355 -2.38782 1.22118
N1 B.84524 -1.27682 6.54919
H1 B8.26946 ~1.97834 0.98536

CAl 8. 14247 -B.15761 —~8. 18426

Hi1 B.65258 8. 84458 ~1..84438

Hiz  ~B.88123 LASE34 —6. 35283

c'2 B.88:28 .BEB2ET? 6. 79294
0z 8.26038 LB7TEZ 2.88713
M2  -B.12624 LETPTEL B.38687
Hz  -B.16418 . 82844 6.96822

A2 ~-B.33727
H21  ~1.37882
H22  ~B.237v839
c’3 8.58043
03 8.07255
N3 1.89386
H3 2.47214

.BE7324 -1.188356
L8258 | —-1.18770
84183 ~1.73935
85486 ~1.52384
. 89478 -1.82688
.61448 ~-1.55221
.48144 -1.76858

Ly

]
EEUMNEANLRIAG,ORLONE =D

CR3 2.585%49 . 35788 -1.22224
H31 2.83145 L34728 ~1.71898
H32 3. 6UEa7 - 37E68 -1.64298
cra Z.69689 L15822 B. 27464
04 2.55633 L 162E: 8.996839
N4 2.95683 . SEE28 6.88718
H4 2.97651 . 91888 1.88544
Cr4d 3.87582 ~3. 33628 E.11841
H41 4.18599 -3, 85212 8. 26965
H4z2 2.94877 -0, 25488 6. 96294

Orthogonal Coordinates of: GL4-2422

AMIDE CHIC) CHICH) TAU

1 6.48 3.51 2.54
2 1.22 -1.22 -0.82
3 B8.49 3.51 2.54
4 1.22 -1.22 -B.82

; ‘Planarity of the amide groups of: 'GL4'-V-2422’52,;:
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ATOM X ¥ oz
Cr1 o 1.42437 8. 49776 1.62516

01 8. 76722 1.47867 - 2.82564
Ml 1.83247 -8.27642 B.62532
H1 1.81762 -1.8413% B.35166

CcAl -B.28961 ~@.18817 . -8.14986
. H1l B8.082468 -3.87111 - -1.21889
Hiz2  -B.83662 -0.98193 B.p1812

c'2  -1.01674 1.13877 6. 28440
02 -2.11896 @8.97332 8. 75861
Ne  ~B8.55543 2. 33669 ~8.89951
HZ  -1.13631 3.11881 8.13264

CAZ2 B8.716833 2.68231 -68.77132

H21 8. 488556 2.91478 -1.88945

Hz2 1.38811 1.88482 —-8.81249

c’3 1.36688 3.88852 -£. 15574
03 B.75781 4,95858 -B.31456
N3 2.58949 3.86798 6.52299
H3 2.81988 4.74721 £.88988

CR3 3. 48578 2. 73208 6.820848

H31 3.687927 1.3868528 6.35424

H32 4,38:43 2. 85802 6. 38663

cr4 3.68928 Z.56436 £.31353
04 4,87422 3.82713 2.94314
N4 3.31871 1.413838 £2.91462
H4 3.45134 1.36778 3.96592

CR4 2.76561 B.zi6z8 2. 26461

H41 2.63175 -8.58152 3.088244

~8. 14348 1.52147

H42 3.484357

Orthogonal Coordinates of: GLS-2:441

" AMIDE CHI(C) CHI(N3 TAU

1 2.81 -B8.74 ~-178.61
.2 . ~1.28 ~1.28 —£.34
3 B.28 -8.12 8.92

-1.13 2.51 B8.73

Plahahiﬁg of the amide graups'nf: GL542441}¥£
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Figure 4.30 GL5-2441 CCCT



“ATOM bt Y

z
c*1  -1.88721 1.196853 2.21728
01 -1.75849 1.32851 3.26238
M1 -1.13398 B8.161432 1.38714
H1 -1.88817 . ~B.53368 1.65912
cAal - ~9.32814 -B. 15283 6.28816
Hil B.52558 -8, 7SEz8 B.53488

CH12  ~-B.91244 -8, 78937 -0.47138
crz2 8. 190908 . 99838 -8, 62883
oz i.42828 L2LPT3 ~{. BE726
N2  ~-8.61688 . TIETH ~1.37827
H2 - -B.18786 .41843 ~1.96523
Az ~2.87923 S9996 ~1.52168
H21  -2.25358 . SBE9 ~2.34561
H22 ~2.58118 .S6181 ~1.83263
C’3  -2,88114 13813 ~£.32791
03 -3.37835 BBEE3 ~6.37358
N3  -3.Be27Z2 .91571 8. 72566
H3 -3.68155 LSPE41 1.43781
CH3 —2.55983 . 288687 £.93151

PR AEUMUMOWNER,EAEREAENE D=

H31  -3.3B8%6 LO7IsE £.51846
H32 —2.58640 .49516 2. o584
c'4  —1.21491 LEE37E 8. 34276
04  ~-1,19878 <2858 ~£.61836
N4  -B5.B9897 . 15493 6.385867
H4 B.7e519 LS22608 6.47231
CRd 8.06283 24223 1.99316
H41 B8.13298 . 85557 2.89638
H42 1.01565 . T1838 1.98211

Orthogonal Coordinates of : GL6-1611

AMIDE CHICC) CHICMI TAU
1 -8.97 -5.399 -£.65
-2 . B.98 5.88 2.65
3 -8.38 ~5.98 -2.65
4 B.98 5.98 &.65

} ‘Planarity of the amide groups of: GLE-1611

1
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ATOM - ® ‘ Y 2

c’1i 2.88142 8. 273408 —-.41167

01 1.77116 1.37291 -6.89732
N1 1.21262 -5, 48723 £.23185 -
H1i 1. 43966 -1.39742 6. 53486 -

cAlL —-B.18:76 ~8. 18938 8.52613 -
Hi1 -8.83288 -8.61822 -£.19376

HiZz  -8.45559 -8, 47842 1.52186
c'2 ~-B.47680 1.37663 @. 49847
02 ~1.43721 1.77875 -f. 18862
N2 B8.255821 2.21252 1.21649
H2 B.85843 3.15878 1.13145
ChZ 1.41819 1.85888 2.85713
H21 1.42759 8. 77962 2.215608
Hz22 1.38583 2.32649 3.094814
c’3  Z2.78923 2.34215 1.43356
03 2.66777 3.37556 €.74834
- N3 3.84663 1.66415 1.88378 .
H3 4.85792 2.84334 1.14625
CA3 4.83881 8. 46933 £.42113
H31 4.97228 B.65488 £.99593
H32 3.26573 8.326394 3.16552
C'4 4. 24434 -3, 83323 1.75869
04 4.645739 ~1. 79643 £.49682
N4 3.97472 -1.13977 8.48322
H4 4, 1477 -Z. 67881 8.17894
CRd 3.59233 -8.21883 ~£1. 56888
H41 3.54342 —-B8.74168 ~1.52971
H42 4.18538 B.62833 ~G.65129

Orthogonal Coordinates of: GLS-3522

AMIDE CHI(C) CHITN) TAU
1 B.51 ~1.23 175.67
2 Z2.68 -5.83 -1.43
3 o ~1.91 S.e6  ~-1.73
4 .

1.6 -2.67 .. B0.28

'Pianaritg of the amide grnups“df: GLS—SSEE;}
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Figure 4.32 GL5-3522 CCCT




ATOM - X ¥ z

&

c'1  ~1.95484 -8, 88128 1.13883
01 —2.74297 -0.53878 1.93681
N1 -8.67164 ~8.34819 1.12560
H1 ~8.41893  ~1.18481 1.73239

cAl B. 43594 @.16131 @. 28845

Hi1 1.35735 B8.13273 £.873398

Hiz 3.56928 -8.55151 -£.53154

cr2 8.34873 1.545%3 —£.31536
oz . 16934 1.63873 -1.53981
N2 8.45a14 2.62327 8.45245
H2 8.43634 3.51143 -8, 01841
CRz B8.694=22 2.65235 1.98783

- H21 G.58815 3. 68667 2. 26928
H22 1.73832 2.378E8 £.87454
c'3 -B.18577 1.78253 2.77416
03 8. 34464 B.83241 3. 376867
N3 ~1.47919 2.84649 2.98769
H2 ~2.85083 1.47373 3.54346
CRAZ —-2.23797 3.14136 2.27312
H31  ~2.38d44 3,92529 3.82363
H32 -1.63871 3.59226 1.44274
cr4 -2.68281 2.69884 1.79832
04 ~4.61375 3.21832 2.27918
N4 —-2.68833 1.737E8 6.871908
H4  -4.58872 1.48283 8.61487

- CR4  —Z2.Z27e8 1.87385 6. 248532
H41  —1.88739 1.85315 6.81168
H42  ~2.82461 8.6196% ~@. PB9B6E

Orthogonal Coordinates of: GL3-6535

- AMIDE CHI(C) CHIIM TAU

1 ~2.289 4,82 &.82
2 - 8.84 -3.51 ~8.908
3 1.46 3.36 i.84
- 4 - =B.75 -3.33 - =2.51

k;fPlaharifg:of‘thefamide groups of: GLS-6535
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X ¥ 2
c’1 ~B.34278 @.82525 2. 63087
01 -1.82383 8.78937 3.66713
N1 -.74954 8.22393 1.51865
Hi - -1.65735 -8.19868 1.52888
cRl -8.81377 8.14888 8. 24298

Hii 1.83257 -8, 62861 B.47986
HiZ2 = -8.36806 -8, 72074 -3.32611
c'2 -B.18549 1.37789 -8.62333
o2 -1.14527 2.12512 -, 38068
N2 B.68329 1.65475 -1.5981%
H2 B.51344 2.47619 -2, 13722
CAzZ 1.88128 B.877E2 -1.96958
Mzl 1.72561 @.52850 -2, 99535
He2 2.81845 -B.81852 -1.36189
c’3 3.18740 1.64881 ~1.93564
03 3.86776 1.68461 -2, 97267
N3 3.59419 2.28887 -8, 82428
H3 4. 58281 2.67289 ~{. 83423
cA3 2. 85842 &, 22594 B8.45155
H31 3.28472 3.19477 1.82855
H32 1.81288 2.58263 B, 21538
c'4 3.03613 1.89614 1.31779
04 3.98991 8.34898 1.87448
N4 2.18133 8.81930 2.284608
H4 2.33118 ~3.068214 £.83168
Ch4 8.98528 1.59623 2.66393
H41 9.83:419 2. 49256 2. 03552
H4z 1.11881 1.84%845 3.68378

Orthogonal Coordinates of: GLS-2383

AMIDE  CHI(C)  CHIM) TAU

i B.88 2.86 4.82
2 - 1.47 ~B.63 -1.86 -
3 . ~B.88 - ~-2.85 -4.82
4 -1.47 8.53 1.86

Planarity of the amide groups of: GLS-2353
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 Figure 4.34 GL5-2353 CCCC  Ci



ATOM - * A Z

c'1 ~-B.75583 1.18344 .07640
01  -1.61811 8.3479%6 2.38567
Nl - -B.63382 1.838598 B.97471
H1 . 8.7z86c4 1.72265 8.84168
cAl. -B.21218 g.95622 —-£. 86180
Hii B.68226 -B.66742 B.83712
Hiz2  ~1.14783 -8, 49558 6.85911
Cr2 ~-B.13d55 8.88272 —~1.43466
0z B8.389327 8, 75837 —1.95645
N2 ~1.18862 1.21927 -2, 82898
H2 ~1.83145 1.5808932 —2,94969
Chz  —-2.68348 1.23123 -1.59881
H21  —32.6%084 8.413839 ~£.13347
H22  -3.085436 Z.15784 -1.36849
c'3 -3.808v87 1.12387 -, 14286
03 ~3.63490 8. 14867 8.28894
N3 -2.71216 2.183339 £.69983
H3  ~3.13743 2.87892 1.68534
cAz ~1.93489 3.29313 £.38261
H31 ~-8.393348 3.815%3 -£, 15863
H3Z2  -2.49317 3.91127 ~E. 38286
c*d4 ~1.53567 4.18877 1.57876
04 -1.83189 5.36891 1.488838
N4 —-8.91428 3. 78292 2.65588
' H4  -B.72363 4.38931 3.35974
. CRd -B.47148 2.33647 3.81218
H41  ~3.94185 2.88836 3.96529

H42 B.6882 2.356389 3.19154

Orthagonal Coordinates of: GLS-1611

AMIDE CHI(C) CHIN) TAU
1 ~2.38 3.43 ~174.84
P24 -4.51 7.62 8.33

ch ~-4.64 ~5.68 ~5.98
4 -8.83 1.186 ~8.79

* Planarity of the amide groups of: GLS=1611
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Figure 4.35 GL5-1611 CCCT



ATOM X ¥ : z

C’1 . B.41246  1.71855  -1.9414
01 8.82729 2.89897  ~3.05829
NI B.43642 B.43713  ~1.59900
HL  ©.79987  ~8.28949  ~-2.31410

S CAL -8.83443 © -3.17847  ~£).34330

Hi1 ~1,12749 —8.21769 ~£, 38896
Hiz2 B.31834 -1.21436 -, 39594
crz 8. 36643 8. 45226 £.97385
02 ~B.55196 8.83356 1.72381
N2 1.63243 8.57248 1.33884
H2 1.80:11 8.83668 &. 26568
CARz ‘2.83198 8.15333 B.58836
H21 2.914356 ~.93351 8.67688

H22 3.7161z
c'3 2.93783
03 3.85276

. SEEDE 1.86341
- SEG44 ~6.88718
L A2EEL -1.569583

}

POUMNMONOOMAUNER = GESE

N3 2.93226 .TETED ~1.29888
H3 3.12559 .91917 —c.. 27832
CA3 2.82937 LS9162 —£.48116
H31 3. 89563 . 13472 —~E. 81353
H3az 2.64995 - 84351 ~1.14511
C4 1.77144 . BE40S €. 59788
04 - 2.1533% . 24526 1.76467
N4 8. 486827 . 96415 8.31889
H4 -B.1581S 14189 1.856186

CR4 ~B.14532
H41  ~-8.11188
H4z -1.28287

L TrA37 ~1.81274
. TITET -1.53129
S2957 -6.81928

Orthogonal Coordinates of: GLS—-1652

AMIDE CHIIC) CHINY TRU
1 -1.31 ~7.63 ~3.27
2 1.32 7.62 : 3.27
3- -1.32 ~7.62 -3.27
4 1.32 7.62 3.27

| Planarity-of the amide groups of: GLS-1652-: ..
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ATOM X Y 2
ci 1.69716 -8, 86586 1.68436
o1 1.84917 -B.65783 £. 72839
N1 1.z22822 ~@, 59946 8.47725
- Hi 1.80126 8. 88638 -£1.31583
Al -0.88214 8.06417 B.19914
Hii  -0.58104 -0, 48853 ~£1. 58991
HiZ  -B.77528 ~8., 83544 1.81168
c’'z @, 15218 1.53870 ~f). BBzz4
0z B. 16856 1.89896 -1..26952
N2 B. 436828 2.33887 6.89818
He 8.64211 3.33551 8.63628
cAz 8.39811 2.12768 £.35187
H21  -@.25565 1. 28884 2. 56206
HEZ  -8.183e7 2.99825 2. 88204
c’'3 1.67428 1.936873 3.15122
03 1.55604 2.812%6 ¢.38392
N3 2. 85569 1.66834 &. 62628
H2 3.62589 1.57763 3.27267
CR3 3. 25045 1.575852 1.20664
H31 2,41585 1.3284e6 £.55344
H32 3.81842 2.58881 8.91645
c’4 4,34711 8.57344 £, 91167
D 5.328384 1.683639 6.38594
N4 4.21645 ~-B.72332 1.18971
H4 5.82133 -1.28927 £, 98835
Chd 3.88893 —~1.44454 1.79819
H4l 3.32817 -1.56853 2.85998
H42 3.84u72 -2.44788 1.36164

Orthogonal Coordinates of: GLS-S£51

AMIDE CHIWC) CHICN) TAU
1 8.89 ~d,14 -176.97
2 -~6.48 4.73 -, 82
3 1.33 -5.73 8.76
4 ~1.45 - 5.43 1.17

"'Planaritg of the amide groups of: GL5-5251
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v oz

w
c’e 2.89243 B.42346 1.36517

01 1.71881 1.568574 1.66833
Nl - 1.48538 -3, 39854 6.57493 .
Hi  -1.7c446 ~-1.38514 £.38974
Chl 8. 826084 -3.11833 B.11845

Hit @.81638 @. 84952 -8, 39938
HiZ2 | ~B.38323 -8. 87738 -.68138

c'2 -8.8e977 -8.87ve35 1.32196
0z -1.8BY9355 1.63838 1.83367
N2 ~1.35321 -1.18189 = 1.86597
H2  ~1.92651 ~1.8%463 2.68167

CA2  ~1.32441 ~£2.55519 1.3213%

“H2L -1.97E16 -2.55428 B.43888
H2Z  -1.88117 -3, 22478 2. 84487

c'3  -@.81837 -2.21c88 6. 92842
03 8. 10681 -3, 59368 ~f), 24685
N3 B.53587 ~3. 45574 1.81826
H3 1.74419 ~3.9477S 1.49888

cA3 8. 97uss -~2,99313 J.z1vez

H31  ~D.B82688 ~2.94871 3.64438

H32 1.27593 -3.867815 3.83144

c’4 1.59879 -1.561584 3.21756
04 8.89694 -8. 64453 3.53438

- N4 2.77947 ~1.48255 2.63881
- H4 3.28800 -2.38812 2. 35684

chR4 3.26137 -0,19857 2. 89784

H41 4.89218 -, 34754 1. 48878

H42 - 2.88118 8. 44838 2.91421

Orthogonal Coordinates of: GL3-1662

AMIDE CHI(C) = CHI(M) TAU
1 -18.58 9.92 178). 77
2 ~3.83 9.55 -4.69
3 -3.84 4.67 —.20
4 -13.44 13.37 169.38

Planarity of the amide groups of: GL3-1662 -
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- ATOM
B Vi |
o1
N1
H1
cAl
Hi1
Hiz
c'2
0z
NZ
H2
CR2
HZ21
Hz2
c'3
Q3
M3
H3
A3
H31
H32
c’4
04
M4
H4
Ch4
H41
H42

bt
1.84224
1.82897
8.82993
~B.59285
~B. 19584
8.51121
-1.286848
~B.84737
~3. 73246
B.8836
B.84559
1.61561
2.99483
B, 92604
2.73998
3.88539
3.33685
4.13263
2.96445
3.36186
1.88468
3.356664
4.80:243
2.84564
3.36613
1.38178
B.83655
1.668081

Y
~8.61585
-1.33237

B8.81153
8. 56798

Orthogonal Coordinates of:

AMIDE

1
&
3
4

" Planarity of the‘émide~grodps5of:‘GLSLBSBE'

CHILC)
-3.87
-1.22
-1.31

2.18

7
2.25882
1.62114
1.67683
.. 22807

8. B2e22 B.21859
~-8.65133 -8, 27853
-8, 38235 6.81935

1.321=23 -0.45165

1.e8287 ~1.46271

2. 28326 6.81562

3.17278 ~-B8.45363

2.15558 1.23763

1.18681 1.24885

£. 25399 2.87742

3. 14638 1.44832

2.20843 6.28333

3.17836 £.83433

3.78928 2.73459

<, 37eES 3.82725

Z.89565 4.78395

2.3747S 3.96714

8.98477 3.85832

ag.928s8 3.95492
-3,13418 3.82894
-B. 99686 3.889399
~B. 38257 3.69939

8. 574808 4.B85358
~1.14489 4.322868

GL3~-3532

CHI N TAU
4.63 172.87
3.43 -B.98
-1.47 ~4,.081
-56.82 ~£1,93
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Y 2

ATOM X :
c’1 B9.95431 8.68917 2.13923
o1 1.81648 B.71377 3.37849
N1 ~D.84819 B. 87927 1.52821
H1  -B.89323 -B. 42643 2.18199
Al —-B.25361 -3.62167 £, Be874
H11 B.57274 ~5,68872 ~0.31454
Hi2  ~1.17864 -3.e5817? -~8,89157
Cr2 -B.37325 1.15618 -6, 79418
o2 B.38271 1.18937 —-1.83447
N2 ~1.16854 2. 16643 ~8. 46696
He  ~1.25842 2.98563 -1.13928
CAz2  ~2.86551 2.27311 6.69878
H21 ~2.82328 1.48838 0, 68298
H22 ~2.59389 3.23116 0.64594
C’3 ~-1.47693 2.18122 £.88838
03 ~2.02871 1.43589 2.899989
M3 ~5.48344 2. 29688 2.42841
H3  —-B.13177 2.84514 3.481e7
CA3 0.35018 3, 88525 1.62144
H31  -8.32666 4.89375 1.3B8608
H32 1.13846 4, 28237 & 23177
c'd B8.98971 3.38581 £.33297
04 B. 289324 4, 09287 ~-8.677352
M4 1. 72881 2.28831 B.27474
H4 2.17528 2.1088s -1, 59798
R4 2.86879 1.3v3%90 1.37745
Ha1 2.67785 1,93768 2.89197
H42 2.78513 8.57622 6. 98626

Orthogonal Coordinates of: GL6-1616

AMIDE  CHI(C)  CHILM) TAU
1 -3.35 ~7.,37 -1.74
2 8,35 7,37 1.74
3 . -B.36 -7,37 -1.74
4 8.35 7.37 1.74

Planarity of the amide groups of; GLE-1616
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ATOM K ¥ 2
c’1t ~B.61625 8.56599 2. 73673

01 -8.13485 B.85541 3.84123
M1 8. 14568 B.54862 1.64768
Hi 1.18549 8. 884539 1.77813
CAl  -B.22878 B.24633 6.24899
Hi1 B. 526838 0. 45665 -3.13331
Hiz ~1.17322 -8.28185 8,15344

cre2 -8.14817
o2 - @8,99985
N2 ~1,28484
HZ  —~1.62461

ChRz —-2.63264

H2l  ~2.81577

Hz2 ~ -2.97417

C'3 -3.50788
03 -4.35388
N3 -3.367Y83

43832 -0.61737
.92916 £, 8321893
.12194 -1.18132
92743 ~1..66847
L TESTT —£.97485
.93481 ~B. 29676
. 435934 -1.96241
92268 -£,53588
35387 -1.33365
LAdEzB 8.67622

a

s

WPRRIMWLEQUNE S = DD e

H3  -3,97883 . 193241 8. 93068
CA3 ~2.389836 LB3722 1.70625
H31  ~1.78158 . 29433 1.31437
H32  —1.78933 . 913288 1.96541
c'4  ~3.83895 . S4AE66 2.,97562

04 -3.76128 .35194 3.68518

M4 -2.89285 1.29626 3.38766

Hd  -3,22373 1.83328 4.,25324
cad —-2.89923 8.2%5164 2. 71298
H41  ~2.58448 B.11583 1.71263
H42  —2.23968 -8, 7e873 3.23442

Orthogonal Coordinates of: GLE-5235

AMIDE CHICC CHICMI TAU
1 -1.20 - -1.94 8. 76
2 . . -2.21 3.32 ~8.83
3 . B.57 -@.32 . l.88
4 : B.29 -1.88 - ~1.72

‘fPlanaritg'hf the amide grbups:ofﬁ-GL6~5235;ﬁ
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Figure 4.41 GL6-5235 CCCC



ATOM X ¥ 2 R
c'1  -B8.48285 1.85683 2.e8227

01 ~1.192@9 1.14383 - 3.55563
N1 ~B.67929 g, 35364 1.50628
H1  ~1.5%9881 - ~8.83644 1.42458
ch1 8.19154 B8.23778 6.31653
Hil 1.19857 -8.87834 £.68337
Hiz  -B8.208181 ~-3.537332 —~£1.34843
crz 3,17973 1.34956 -8, 44124
o2 ~-B.92730 2.88481 -6, 68685
Ne 1.29223 2.16273 —-8.82861
H2 1.16282 2.933238 -1.37375
CAz 2.62822 1.68598 -8, 72e7S
H21 . 3.38837 2.32139 -1..36968
HzZ2 2. 72286 B.68368 -1.16573
c’3 3.48717 1.63625 6.61160
03 4,89:148 | B.82718 B.83299
N3 3.35728 2.61726 1.58954
H3 3.90743 2.49862 £.337393
CA3 - 2.55091 3.85481 1.47833
H31 3.23952 4, 69586 1.36267
H32 1.88724 3.87862 £. 6BE66
Cr4 . 1.7874 4, 82855 2. 71357
o4 1.78783 5.21151 3.22357
N4 8.99636 3.88e32 3.22653
- H4 B.45293 3.2:6863 4.85843
Ch4 B.93367 1.78739 £2.71811
H41 1.685678 1.87z284 3.315687
H4z2 1.35575 1.73598 1.78994

Orthogonal Coordinates of: GL6-6541

AMIDE CHIC) CHICINI TAU
1 -2.68 8.61 6.47
2 5.19 -8.45 -1.66
3 1.85 —2.41 2.33
4 8.25 -3.2% 8.91

Planarity of the amide groups'of:>GL6~6541Au‘




- 127

=72 130 -5

2 -72 44 6
3 127 -46 5
4 -136 137 2

Figure 4.42 GLB-8541 CCCC



ATOM ® ¥ P4

cr1 1.56311 -3.54571 1.87849
o1 2.18168 ~1.322584 1.13933
N1 8.53459 8.18564 1.48836
H1 8. 16467 8. 85682 2.11593

cAl 8. 08544 8. 2%631 B.18743

Hi1 B8.64941 ~-B8.26186 -f. 68793

H12  ~B6.938143 -B8.21595 6.87824

c'2 -B.13439 1.72748 -8. 22367
0z ~-1.83322 £.33z248 6.35168
N2 8.73469 2.339898 -8.97798
HZ B8.52956 3. 326285 -1.11128

CR2 1.82466 1.88968 -1.82975

H21 2. 48887 2. 72avv -2.19514

ME2 1.34227 1.43238 -2.71841

c*3 £.83785 8.86217 -1.32418
03 2.93338 -B.28883 -1.94825
M3 3.68198 1.14627 ~E.34147
H3 4, 35637 8.433685 —£.12349

CA3 3.68368 2.335532 £.52479

H31 4. 78857 Z.82175 8.79157

H32 32.26931 3.18674 8.83781

C*d 2.98983 1. 97638 1.78244
04 i.88171 Z.28248 1.96873
N 3.286&eD 8.87284 2.41882
H4 4.15395 8. 44531 £.14438

Crd 2. 325986 ~-B8.82887 3.86878

H41 1.69592 5. 58584 3.78518

H42 2.84326 ~B8.84336 3.58824

Orthogonal Coordinates of: GL3-5152

AMIDE  CHI(C)  CHICNI TAU
1 ~18.33 19,82 167.01
2 6.63  -11.58 3.03
3 . B.73 -5, 37 . 3.23
4 ' 18.55  -24.23 ~165.28

Planarity of the amide grauhé'of: GL3-6152
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- Figure 4.43 GL3-6152 CCTT !



“ATOM ¥ ¥ ' z

C'1 - B.59766 1.737866 ~  1.42658
Q1 1.86294 1.77317 -1.13811
Nl  -B.23661 B8.82965 8.93653
Hi ~1.208431 8.87387 1.18375

Al B.11928 -8.1144% -£.13383

Hi1 B. 97865 -8, 7a786 8.19631

Hi2z ~8.69253 -8.81738 -6.,35115
crz B8.58548 -1.36868
o2 1.71562 LB9292 -1.52983
N2 —-B.37778 19592 -2.21793
H2 8.02589 67731 -2.99545
cpz2  ~1.84520 21741 -2.31796
H21  —1.99622 . 24443 -3.87981
H2R2  ~2.27683 . 82887 -2, 74486
C'3  ~2.71648 L581439 —1.14548

i

oam
.
o
X

Y

03 ~3.88733 -3, 8534 -1.85182
N3 —-3.24982 . A8243 —£1, 38947
H3  ~3.84239 . 1BEZ8 8. 48487

CA3 -3.82188
H31  -2.44827
H32 —3.9832298

L93STT —£1. 21936
32746 -1.88519
.46127 -6, 28838

el &g

c'4 -2.29976 L1637 1.88967
04 ~2.84923 LTET1Y 2.12861
M4  -B.99759 L3811z 1.82498
H4  —3,58336 L5718z 6.13248

chd  -0.85z53 84584 2.B6501

H41  -B.55567 66466 2.996632

H42 8. 68031 LTETIG 2. 27725

Orthogonal Coordinates of: GL3-1255

! AMIDE CHIiC) CHI (M TAY

1 -15.89 18.77 168.93
2 ~4.23 9.83 -2.87
3 ~6.889 4.87 ~£. 86
4 28.95 . —28.73 -167.97

: Planaritg of the amide groups of: GL3-1Z55
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Figure 4.44 GL3-1255 CCTT



ATOM bl Y Z
c' 1.23836 -3, 35522 Z.88583

01 1.48426 -8.21639 3.38581
N1 B.18338 8.21804 1.48776
H1  ~B8.43128 B.74416 2.88833
Al -B.254668 B8.89247 &.89526
Hit 8. 19366 -3,73111 ~8.35833
Hi2 -1.32516 - -B.13447 B.13769
cr2 -B8.11494 1.26856 —£i, BE862
D2 -~1.87828 1.455639 ~1.63631
M2 8.99482 1.93336 ~(.99793
H2 8,99933 Z.67188 ~1.72681
chAz 2.18899 1.97341 ~8.13389
H21 1.94233 1.543218 6.82971
HzZ2 2£.39946 3.82117 £.88727
c'3 3.3586329 1.38731 ~0.62678
oz 4.52877 2.821e8 —E1., 34357
N3 3.59843 9. 28379 -1.225909
H3 4.52359 -3.12254 -1.42825
CR3 2.568588 -8.65232 -1.73236
H21 1.68687 -3.86158 ~1.85615
H32 2.79886 -B.92881 ~2. 75289
c’4 2.15884 -1.95623 -1.83262
04 1.91158 ~2.92411 -1..76872
M4 1.939875 ~2.869432 €.28328
M 1.68236 ~2. 95708 8.62388
crd 2.33843 -1.8821S 1.32869
H41 9 . 93245 -8.35418 B.93382
H4z 2.99148 -1.63236 2.088424

Orthogonal Coordinates of: GLE~-5254

AMIDE  CHI(C)  CHICH) TAU
1 5.99 5,32 5,38
2 -6.04 5,34 -5.37
'3 . 6.4  ~-5.34 5,37
4 - -6.04 5.34 -5.37

f'Planarltg of the amlde graups ‘of ¢ GL6-5254
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Figure 4.45 GL6-5254 CCCC S4
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4,18 Discussion

The IR spectrum of sublim;d &gcldtetraglgcgi suggests that all four
amidé bonds are identical but neither c¢is nor trans [11]1, and Scheraga’s
proof E12j that these amide groups cannot thenAbe planar tends +to support
the calculated Global Hinimﬁm Energy Conformation. The calculated transoid
amide honds of the S4 conformation fit in very well with the experimental
results since it is wery unlikely that the all cis conformation could be a
serious contender. In addition,a ring conformation very similar to the
caloulated G4 conformation has been observed in an X-Ray structure of
dihydrochlamydocin [131. This is in direct contradiction of a statement by
Titlestad [113 that "..no crystal structures have yet heen determined of
cyclic tetrapeptides uvhich do not adopt the cycleotetrasarcosyl [i.e. CTCT

Cil conformation”.

The situation in solution is less straightforward and ﬁwa' conflicting
studies have been undertaken, mainly using n.m.r. spectroscbpg [11,1437.
Thechandinavian group [11] studied. cyclotetraglucyl  in irifluoroacetic
acid (TFA) and in water. They deduce that the sclution conformation is not
~the same as the sublimed. Furthermore solid material crystallised from
water adopted the same conformation as in solution. From the n.m.r.
spectrum they deduce that thié sacdn& conformation contains alternating cis
and trans amides. This solution structure has heen assigned to a
‘cyclotetrasarcosyl—type (i.e. CTCT Ci) conformation. This conclusion was
apparently reached as much on the basis of that conformation’s occurrence

in crystal structures as from the direct experimental evidence.

The Swiss group, under Grathwol, recorded the n.m.r. spectrum of
cyclotetraglycyl in both TFA and dimsthylsulphoxide (DMSO) (141 éndv
interpret the results in terms of TTTT 54 conformation. There seems to be.
some doubt as to whether the samples used were éuthentic cgclotetraglgclr—
it is possible that the synthesis used could have yielded cyclo~octaylycyl
[12,15,161. Theze experiments are being repeated [151 and in  all

prokability will result in conclusions similar to those found by the
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Scandinavians.

The dif?eren&e in conformation 5ft@één :jﬁé’;sublimed"snlid and fhe
solution and crystalline states-fmﬁst'bt attributable to the presence of
solvent;. There are two possible mechanisﬁs Fér this Veffect. Firstly
protonation of the péptide groups (at the oxygen atoms} would increase the
double bond chéracter of the C’—N Eond. This in effect means"an increase
in the Barrier to free rotation around the bond %rcm the 20 kcal/mole or so
~which is typical of an amide bond to about 6@ keal/mole correspﬁnding to a
double bond. This involues a cbnsiderable increase in Pitzer strain for

the TTTT 5S4 conformation whereas the CTCT Ci is almost unaffected.

To te;t'this hypothesis the mcdels of the eight minimum- ensrsy
conformations were "protonated” using the Chemical Gﬁaphics System and then
re—optimised using a force—field reflecting the increase in the barrier to
-free rotation arcund the C*~N boﬁd. The results are summgriéed»in Table IV
whichv shows a dramatic alteration in the relative energies of thé_
‘conformers. The CTCT Ci conformation is now some 6 kcalfhole lower ih
. energy thén the TTTT S4. This indicates that protonation of
“ oyclotetraglycyl shculd involve a conformaticnal change as the Scandinavian
experiments suggest. Further direct evidence comes from Winkler and Dunitz
171 who have shown from X-Ray and spectroscopic studies that protonation
in a strained ring (such as cyclotetraglycyl) can induce +trans ~2> cis

isomerisations.

‘fn alternaliveexplanation for the behaviour of cgcloteﬁraglgcgl can  be -
giveﬁ ;n terms of hydregen bonding rather than protonation. The TTTT S4
cnnfofmation is stabilised by weék hgdfogen hands across the “corners" of
. the ring (where the Q-carbon atoms are the corners). This feature was

- observed by Karle in the crystal structure of dihydrochlamydocin [131.
Formation of strong soluvent-solute hydrogen bonds (as could ocecur in both
 water ~and TFAY would remove the stabilisation of the_ all - trans

" gonformation.

Tha CTCT Ci conformation has no intra-molecular H-bonds and therefore



~ CONFORMATION

GL4-4532
GL4-5126
GL4—1531
GL4-21 41
6L 1-6252
GL1-5252
BL1-5212
6L1-5623

. CONFIGURATION
& SYMMETRY

CTCT
CTCT
CTCT
CTCT
TTTT

TTTT

CTTT
TTTT

Ci
Ci

c2

S4

Ci

5
6.2530
6
7

133

ENERGY

©.0000
B.7754
.9583

1.94088

.3758

. 2644
7418

TABLE IV. Relative Energies Ckeal/moled

after Protonation at the Oxygen Atéms.
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formation of solvent—solute H-bondS'wcdldbhave very little effect on its

stability.

‘4.11.Cohclusion

“The global minimxsation algorxthm has successfullg located the GMEC of
- cgclctetraglgcgl as well as a range of conform=rs clnse to the minimum in

terms of energy.
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5.1 Introduction

b o e o A e o

In attempting to ocorrelate observed cyclotetrapeptide, and other,
conformations with the calculated set of conformations various effects must
be considered. The foremost of these must be the effect of substituents

koth at the nitrogen and Q-carhbon, this is discussad in detail in Sections

5.2 & 5.3.

The general effect of substitution will be to change the unsubstituted
conformation in some  way. An chuious example of this is a tetrapeptide
_composed of four different amino acid residues adopting a -sonformation
ghiah, for cyclotetraglycyl, would be symmetric. This would resu;t in an
obserwved conformation which was not symmetric with, howsver, a basic

“similarity between the ohssrved and calculated ring torsion angles.

The degree of distortion will depend on the particular  substituents
and +the pattern of substitution. This mzans that corrslations must he
looked Ffor in terms of similarities betwzen the ring conformations rather

than exact correspondances of the torsion angle wvalues.

5.2 M-Methylation

ettt

N-methylation removes the normal preference of peptides for traﬁs»
amides i.e. cis and trans amides are nearly iscenergetic when N~methgléted
£281. In an aﬁfempt to assess the importance of this effect the models of-
the eight lowest energy conformations were "MNmethylatad"” in various ways.
The Chemical Graphics System was usad to produce models of the ﬁOﬂO*, di—
and . tetra- ’VH—methglated - derivatives of these conformations. -
Di-N-methylation at adjacent groups §nd tri-M-methylation were not included
since thése patierns are not commanly cbhserved ~ thiz is s consequence of

~the coupling reactions used to make cyc

The results of these operations are summarised by Figures 5.1, 5.2 &

v
W

which show the ring conformation and eneray (in koalsmole) above the

TTTT S4 conformation. The differences in the relative esnergies induced by
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TTTT S4

Figure 5.1 Nﬂn“~h~fethyla¥ed
derivatives with energ esCin
keatl/molel rﬁiax;»@ to the
TiTT ¢

54 contormation.
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Figure 5.1 Continued.
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.FEQUre_S;l'COﬂiinued )
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TTTT S4

FIGURE 5.2 Di~N-Methylated
derivatives with enargies (in

keal/wole) relative fo the

TTTT 54

N

Con
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Figure 5.2 Cont in‘ued_
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Figure 5.3 Tatra-N-Methylated
derivatives with energies(in
keal/moia) ralative to the
TITT 54 contorcation.,
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the  HN-methylation | are  wary marked Vespécialig .in. the case‘ of ‘the
tetra-N-methylated derivatiués where the TTTT S4 is now some 13 kcalsmole
higher than the CTCT Ci. This pattern is repsated throughout the series of
derivatives so that the CTCT Ci conformation (when N-methylated at  one or

koth cis positions) is the minimum =nergy conformation for each derivative.

One particularly interesting result is that, for the di~-N-methylated
derivative the CTCT Ci is'slightlg lawer in energy than the TTTT 84 even

‘when the former is methylated at trans positions.

The minimisations of the various H—methgl‘derivativas ware carried oﬁt
on the pure diagonal {(first stage) progfam only. The r.m.s.‘ first
derijvatives of energy w.r.t. coordinates were all leés than., 8.1
keals/molesB. The energiss should therafore be regakdedvaé reasonablé

'appraximations to the fully refined wvalues.

5.3 Substitution at the a-Carbon

v o e s i T S e o oy e e o e e

The steric effect of an a-Carhon substituent is less sasy to guantify
than N-methylation. Both the actual size and configuration of the side
chain are important. The reason for this configuration dependence lies  in

the fact that there are two distinct tupes of substituent positions.

The first of these has besn termed “inner® since substitution at these
positions causes the side chain atoms to partially overlap the ring.  On
the other hand Jauter" pasitions do  not involve this type of steric

‘crnwding. The  mast favourakle  substituent pattern for any ring
Vconfarmation iz that uwhich minimises the number of inner substituents or

Jideally avoids them altogether. Thus for the CTCT Ci conformation this is
the DOLL configuration which has no inner side chains (see Fig. S.4a).
The mirrer image of the conformation must be considered as well as the

original but in this instance this gives LLDD which is equivalent to DDLL.

It can bz seen that the TTIT 5S4 conformation has only outer positions

-
@
1}
o]
-
I
)
S
g1

LAhy thus any configuration can he accommodated,
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" () TTTT S4

Figure 5.4 Inner and Oufer
Substituent positions. |
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This scheme of loscating inner  and outer substituent positions was
extended to the lowest energy eight conformations and the resulting

acceptable configurations are given in Table I.

A number of structures of cyclotetra *peptidés and ~depsipéptides have
- heen experimentéllg determined. - Comparisons betwesn the observed and
célculated ring ccnformatiﬁns are given in thz following secticﬁs together
with an attempt to find the reasons for é campoﬁnd’s choice of

conformation.

5.4 TTTT 84 Conformations

ot —

In addition to the sublimed form of cyclotetraglycyl [11 dnlg one
other examples of the TTTT S4 has been observed. This is dihydrochlamydocin
- (e~Tabu-L-Phe-D-Pro-L-¥) [21. A comparison of the observed and calculated

ring torsicn angles is given in Table II.

7.

The most important facstor in this peptide is the D~prolyl residue.
bExtensive manipulation of Dreiding models has  indicated that it is
iﬁpassihle to accommodate a B-Pro within a cis amide wunit. This removes
. the possikility that the CTCT conformations could he favbured‘bg having an
“N~substituted cis émide. ’The lowest energy all-trans conformation (the S4)
is  adopted since £hi§ ig lower in erergy than any of the ather
,cqnformations .which can accommodate the reguired cunFiguraﬁian» (ILDL)

without inner sidechains.

5.5 CTCT Ci Conformations

- ———

This is by far the most widely adopted cﬁnforMation with owver
half-a—dozen observed examples (hoth peptides and depsipeptides). The ring
torsion angles of the caloulated and observed conformations are given in
Table III. In addition to the crystal strustures there is also protonated
cyclotetraglycyl [1]  discussed earlier and Tenfoxin derivatives

[2.4,5,132,143 which will bhe discussed later.



I,

N~ O s W N

CTTTT

1777

. CTCT
. CTCT
. TTTT
. CTCT

. CTTT

. CICT

~ CONFORMATION

S4
Ci
o

Ci

Ci

Ct

Ci

c2
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ALLOWED CONFIGURATIONS
ANY
DDLL

LLLL & DDDD

ANY

LLLL & DDDD

ANY

LLLL, DLLL, DDLL,

- DDDL" & DDDD

LLLL, DLLL, DLDL,

'DDDL & DDDD

TABLE I. Sterically Uncongested

Side-chain Configurations.



LJ2 -163
CJ3 163

CJ4 —-163

L4 —65
CJ1 183

~-105 -

83

'~1@5  '

72

e i
195

-64

(62
~166

156
164

149

~ang;Torsion Angles (degféés) of :

a Calculated TTTT S4 |
b‘c~Iqbu~L—Phe—D~Pro—L~X a

TABLE II. TTTT S4 Conformations.
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Table IIT. CTCT Ci

-83

$s o1
JLOFR
Vi 65
Y2 166
/3 -85
4 —166
LIt 2
LIz -178
s -2
(J4 178

Co!culqted CTCT Ci

c—Sar,’

b

~121
- -84

121

171

C“(GIYOGP)
c-Gly—Sar,
c-D—-Ala-Sar,
c—L—-Ala—-Sary

~125
-85

125

85

71

166

~71

»f166

~173
.
173

o

—121

-9
124
94
51
171
-85
-165

-169
~7
(75

e

—-138
~9(

128
of
63

~179

150

Ring Torsion Angles Cdegrees) of:

Conformations.



qDI -121

qDZ -83 ‘
CPB 121

'<P4 - 83

Vi oes
Vo ies
V3 -5
Wi -tes
Lo 2
(J2 -178
W3 -2

(J4 178

"Ring Torsion Angles (degrees) of:

a Calculated CTCT Ci
b c-D-MeVal-L-HyIv-lL~- MeVol*D HyIv
c D-MeAlaC1d-Tentoxin CL1D°

TABLE III. Continued.
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—158

—-186

15@
16

51
142"

-51

—142

19

-178

-19
178

N o~

'*12@.'v“

130

- 189

151
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Cyclotetrasarcosyl adopts the calculated minimum energy conformation

(tetra~N-methylated) and the correspondence betwsen the observed [6] and

calculated conformations .is remarkable.  This is alsc the case for
vc~(6153ar)2 L7 which  adopts  th2 minimum energy di-N-methylated
conformation,

and c~GlySar, [71)

The other two synthetic peptides (c~ﬁ,L~ﬂla9aP3

are hath tri-M-Methylated and therefore one would expect them to adopt cne
of the CTCT confeormations. They can both bhe accommodated by the CTCT Ci
conformation with the MN-methyls in cis positions and so this conformation

is preferred as being lower in energy than any other.

The other examples are discussed elseswhere.

5.6 CTCT C2 Conformations -

—— —o—

Four observed structures correspend to the CTCT C2 conformation and
" these are shown in Table IV, The two Tentoxins 14,51 and the depsipeptide
Liel are dizcussed later. The remaining depsipeptide

g=D~Hylv-L~Melleu-D-Hylv-L-Meleu L31 is readily dealt with,

Di-N-Methylation has the effect of meking all of the CTCT
conformaticons lower in enerygy (when MN-Methylated at cis positions) than the
TTTT conformations. In general thenga di~MN-Methylated peptide will adopt a

CTCT conformationin preferense to an all-trans one, if this can be done with -

the N-Methyls in the cis pesitions.

The éonfiguéatian of the depsipeptide (DLDL) can hs 'accommédAtgd,
without inner side chains, by the CTCT C2 (N-Mzthylated at cis positions)
and all of the TTTT conformations. In this case the CTCT Ci  conformation
reqﬁires two - bulky innef side chains or the M-Methyls at trans positions.
The CTCT C2 conformation is praferred since it iz sgme 3 keal/mole lower in
energy than any of the all-trans conformstions. This is in contrast to
dihydrochlamydosin  which cannot be aoccommodated by any of the  CTCT

conformations.
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Y1 -8 -1e8 187

Dz o5 —1g2 114

“i&“’f178'fﬁfﬁi”f172am;35m ~VW"W‘”

Ring Torsion Angles. (degrees) of:

a Calculated CTCT €2 L
b C“D"Hylva~MeIleu~D“HyIv~L~MeLeug
¢ D-MeVal-D-Hylv-D-MeVa | =L —HyIv°

TABLE IV. CTCT C2 Conformations.
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5,7 Tischenko Depsipeptides

e

A series of depsipeptide cEgstal structures have bzen determined by a
Russian group under Tischenke [8,18,11,121. The basic depsipeptide.is
c—¢(MevVal~Hylv} and four configurations have been synthesised and their

structures determined: LDDD, LLDD, DDDL & DLLD,

These structures are remarkable in that all four configurations -adopt
different conformations -~ a result which can only be attributable to the
-changing pattern of side chain configuration. This is most striking proof
that side chains play a desiding role in a cyclic peptide’s choice of ring

" conformation.

The sffect of replacing an amino acid by a hydroxy acid is to greatlg..l
increase - the trans preference of the group.’ The hydroxy acid groups of -
depsipeptides will therefore invariably occupy wrens positions. - This in.

turn has a considerable effect on the conformation adopted by the

depsipeptide.

As previously mentionad the DLLD configuration adopts the CTCT  Ci
conformation. This is because the configuration san he accmn@odatéd by that
conformation without any inﬁer side chains and with M-Me’s at cis positions .
,aand hydroxy asids in trans positions. In cantrast’ to this the LLDD
configuration cannot bé fitted into the CTCT Ci without having the hydroxy
acids w©is, nor can it adopt the CTCT C2 conformstic:: without an inner side
chain. The conforméticn adoptad is the TTTT Ci, not the TTTT 54, as is

shown'bg Table V.

The reasons for this ﬁhaice are not immediately obvicus although
Cdi~MN-methylation reduces the difference in ensrgy hetween the two lowest
all-trans conformers to about 1 kealsmole. Deformation of the hydroxy
acids hy the 17 degreas out of plane‘ reguired by hoth of these
conformations involves considerable strain and any small differences in the
degree of deformation required would be erough to tip the balance in favour

of one or other of the2 conformations.
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fo

d

Dy _yo3

Vo7

o 63
S3 74

£ &

CJ2 183

I3 183

(D4 183

Ring Torsion.Angles Cdegrees) of:

a Calculated TTTT Ci
b c-L-MeVal-L-HyIv-D- MeVol*D HyIv11

| 194
P2 o3
P3 -184

Y4 63
LIt -163

—-125

e
—g4

49
94

~163

~168

163

168

TABLE V. TTTT

{25
~76

Conformdtions.
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< b

C31.5121,;%126”#5
P2 83 -117
Ps | 121 -118
Ps 83 oo
1 —188 —147
s 85', 83
W3l 1e8 65
Wy -85 —41
CJ1 178 168
- Qo2 2 s
CJ3l-178 174
@4 > —14

Ring Torsion Angles (dégfees) of :

a Calculated CTCT Ci - "
b e¢—-L~-MeVal~-D-HyIv-D—-MeVal-D-HyIv

TABLE VI. Transition Conformar.
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_Tha DUDL configuration is more  straightforward: in  that  the
conformation adopted is the lowest energy available (since di-N-methylation
makes the CTTT C1 higher in ensroy than the CTCT C2J. The cis posifinns
can be -occupied by Nmmethglatéd7 amides with the hydroxy acids in trans

positions without causing any steric crowding.

The final configuration to ke considéred is LDDD and as can be seen
from Teble ¥I the conformation is bassd on tﬁe CTCT Ci. One émide group
deviates from the calculated conformation in such a way as to form a
transition state bztween the CTCT Ci and C2 conformations as is illustrated

by Figure 5.5.

Nome of the CTCT conformations can eccommodate the LDDD configuration
with the hydroxy acids tran§ without at least one inner side chain, It
appears that this is preferable to one of the all-trans conformations
dinvolving  non-planar  hydroxy .acids which is hardly surprising since the
di~N~methglated CTCT Ci is more than S kcalsmole lower in energy +than the.
 corresponding aXI;trans caﬁfurmaﬁionsf This conformation is chosen as the

most favourable and the hindered side chain has been moved to a less

crowded position by the deviation from the caloulatsd conformation,

5.8 Tentoxin and Derivatives
Considerable interest has heen shown in Tentoxin which is a phytotoxic
metabolite of tha fungus Rlternaria tenuis [187. lhen applied %o

germinating seedlings Tentoxin causes chlorosis in szome plant species but

has little or no effsct on others [16]. This selective toxicity has been |

attributed [17] to the presence of a Tentoxin hinding site in chloroplast
coupling factor 1 (CFL) a key protein inveluved in ATP synthasis [181.
Resistant species are thought to contain a form of CF1 uhich does not bind

Tentoxin,

The configuration and sequence of the amino acids in Tentoxin is wall
Ceztablished [6,13,14] and has been confirmed by total synthesis [191. Tha

confarmation adopted is not so well defined and two different conformations
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have heen suggested.

Meyer et al [3,13,141 prob&sg - that - Tentoxin adopts the CTCT Ci
conformation on the hasis n? n;m.r, stué&%& [14] and a crystal structure
nf‘dihgdrnTentbxin £131. The coh%orhation of the 'dihgdro,'derivative is
indeed the CTCT Ci with the M-methylated groﬁﬁs in the cié pesitions. This
regquires *haﬁ 1Ee methyl side chain p$ the élanine resiﬁué ke in an inner
position. This tends to suggest that a single inner methyl group can be
tolerated in some circumstances. 'Meger'iﬁtérprets_the n.m.r.  spectrum  of
Tentoxin in terms of a conformation éimilar to that observed for the.

dihydro derivative.

Rich [43 has interpreted the ﬁ.m.r. spectrum of Tentoxin in favour of
a CTCT 2 confarmation which cofresponds (Table VIII) to the calculated
conformation numbervig. Rich replaced the L-Meflall) residus of Tentoxin
by L-Pro which has the effect of fixing part of the conformation [41.
L~Pro(1)~7entoxin'cannai adopt the CTCT Ci conformation without the bﬁlké
 1eucine side chain‘bging in_anvunfauqqrgbls inner positien. Despite this
the n.m.r. spectrum and biological activity of L~Pro(l)~Tertoxin sre verg,
similar to Tentoxin itself. This strongly sungests that they both adopt V

the same conformation and that it is NOT the CTCT Cf.

The complete interprétation-» of  the n.m.r. . spectrum of
L~Prm(i)~Tentcxin was facilitated hy the restriction of the L~Pro residues
‘and a complete set of torsion angles were chtained (see Table YIII). These
angle# were ohtained using the method of Bystrov [28] and are estimated
within +/— 20 degrees. If the proposed conformation is correct itA is
Adifficult to explain  the difference in conformétion betwsen Tentoxin ahd
its. .  dihydro 3erivative. It is possible that dihgdﬂﬁentoxih aaopts
differsnt conformations in solution and in the solid state, élthough this

is unlikely in view of the homogen=ity of conformation previously observed

£i,71.

The situation is further confused by DI-Meflalli~Tentoxin Ffor which

Rich [81 has observed three conformers. G of these is the CTCT Ci and
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Ps 64 -88| 75 9o

Ps 2 2] 121 140
Wi _tes -135 |-166 -160
Vo 72 e -ss 60
Ws 33 -38| 55 -20
Wy 78 —en | -67 -80

1 -1 8| -4 @
(J2z 182 18| 178 180
(U3 3 @ 1 2

(D4 -179 182 | 176 188

Ring Torsion Angles (degrees) of:

a Calculated CTCT C! (Conformer 13D
b D-MeAla(i1d>-Tentoxin (L22°

¢ Calculated CTCT Ct (Conformer 3D
d D-MeAlalid-Tentoxin ¢y>°

TABLE VII. Asymmetltric Toerntoxin,
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Py -79  -87  -80 ;
P2 121 -125 120

Pz 79 -o3 -9

b |

{3 2 2

179 180 180
3 3 2 ©
4 179 180

180
Ring Torsion Angles (degfees) of:

o Caleulated CTCT C2 (Conformer 183

b Tentoxin® |
c L-Pro(id-Tentoxin®

TABLE VIII.

Tentoxin C2 Conformers.
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another the asymmetric conformation Mo. 13. Thess two ccnformétipns are
in egquilibrium and have a biqlagieal activity approabhing that of Teniaxin.
This immediately suggests that the cﬁn?ormation of Tentoxin could be the
CICT 21 as indicaﬁed hy the c?gstal strubturé of dihydroTentoxin., The
balance of probability seems to indicate thatvthis is indeed fhe case and
that Rich’s proposed conformation spplies only to L-Pro(1)-Tentoxin and not
to Tentaxin. itself. The effect of the dehydro residus on conformation is

not clearly defingd and further work is reguired on this point.

" The other conformer of  DB-Meflal(il~Tentoxin observed bhy Rich
corresponds  to  an  asymmetriz conformation (calculated No. 3) which is
~zimilar in some respects to the CTCT Ci. Rich’s estimated +torsion angles

are shown in Table VII.

‘5.9 Other 12-membered Rings

L o

'{'The similarities betueen the ohserved and calcuiated"éan¥ormers even
in cases with bulky substituents led to a consideration of the general
:&pplicabilitg of the calculated conformer set to  other 12-membered ring,
‘systems. Of these the most “peptide-like® sustems are the 12~crown—4
ethers _ ' (1,4,?,1B~tetra0xa*cgciododecames) ' : and

cyclododeca~-1,4,7, 1@~tetraenes.

The structures of four 1iZ-crowun—4 ether complexes have been determined
F]

ki

by X-Ray experiments. In thre of these [21,22,23]1 the confarmation

adaptea iz analagous to the TTTT C4 (see Table IX) while the fourth [24]1 is

p]

reason for this seems to be that

m

a TTTT Ci conformation (Tahle X). Th
sodium and calcium ions directlg complex to the ring oxygens and therefore
all four oxygens need to be on the same side of the ring (as is the case
with the TTTT C4). The magnesium ion is fully hudrated and therefore  the
ether ccnfcrmation‘ is not critical to complex formation. ,Thié is

illustrated by Figures 5.6 and 5.7,

This result would tend to suggest that TTTT Ci might be the preferred.

conformation of 12-crown—4 ethers.
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P 84 —84"79 78
Do 84 84 -8t 81
$s g4 -84 -8z 70
@4 84 -84 -89 83
56 -60 59
56 -50 6@
56 -56 56.

56 -59 58

65 165 162 -165
(J2 -165 188 165 -165
(I3 'nxés 165 163 —164
(D4 -185 188 165 163

Ring Torsion Angles (degrees) of:

Calculated TTTT C4
i2=Crown—4 Calcium Chiorlde
{2-Crown—4 Sodium Hydroxxde
12-Crown—4 Qod!um Chioride”

0.0 U 0
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Y 41 2-Crown—4 C4 Contormers
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(Pi 1@4 '
Po a3
O ~1@4

Ps _ipz
W7y
o -64

Ws oy
Vi 54

QI —-183

(J2 -183
(J3 163

(D4 163

vRing ToEsio5 Angles Cdeg;eeSD of:

a Calculated TTTT Ci »
b 12-Crown—4 Magnesium Chlorfide:24
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CLt:

Figure 5.6 Crystal Structure of
12-Crown—-4 ether complex with M¢
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MNo crystal structures have been determinsd of cyclododecatetraenes and
in fact the only conformational evidence comes from an n.m.r. study of a

tetrabenzo compound (I).

'.(:I)

. The conformation of this has been assigned . [25]1 o a CEh??"safa~likef

structure  which could correspond to ons of the calculated all-gis C2
conformers. Howewver the bulk of the substituents makes a direct comparison

impossible.

Two further 12-membered rings are of interest one of uwhich is
cgclodadecane [26] while the other is azacyclododecane L[Z27] (cgclododecanej
with one carbon atom replacadby nitrogen), Somewhat surprisingly both of
thesé compounds adopt sonformations closely resembling ﬁhe TITT C4 aslis.

- shown by Table XI.
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a b
1 84 -68

84 -70

a
o O O O

3 84 -67 67
4 84 -89 70
f2 5o ‘_—67\ 71 “
/3 59 78 69

4 59 -88 B8

CJt -165 161 -154
(J2 -185 155 -169

(J3 -165 163 -155
(D4 -165 155 -168

Ring TorsiOh,Ahgles (degrees) bF? 

a Calculated TTTT C4
b Cyclododecane®
c. Azacycelododecane?

TABLE XI. Cyclododecanes.
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A.1 Introduction

The algor:thm. descr1bed zn Lhapter 4 For locatzng “the GMEC of cgc!ic
‘molecules or1a1nallg 'GDnSISted of seueral dlfferent computer programs.
1Tfénsfer of data between théée’programs was hg means éf disk ?iies which

redUired varying - amounts of manual editing‘énd ﬁorrection.' fb avaid this
" and to streamline the whole prdcessfit was decided to unify the process
into a sihgle program, The Eesﬁltihg prbgfémirequires only ong input and
-anE'outﬁutVFile and all control uariables'éré set up interactively when the

program is started.

‘The program checks allftQped data fcr 'ualiditg. and . rérequesté any
- inbarrectlg enteredl items.,. The proqram can alao be aborted at any “tage‘

- u1thoui loss af data and re>tar» 1nFormat10n is prov1ded.

Thp Follomlng QECtIOh deQCPIOES the program d1alogue and the Follow:ng,,
4;p01nt should he noted ‘

i(lJ'EY/NJ implies a yss/no answer;

A

(23 [11 implies one or more integer answers;‘&;
J(BJVtF] implies one or moré”real nuﬁber anéueréf

.“.Tﬁeyégmbﬁl 'Ot s, used as a prompt where a Ixst of yltEms is required 7 Theﬁ-¥
-ajmmediatelg‘ precedlng quest;cn, should he ansuered the requ1red number of

':ﬁ.EﬁExémﬁleyDialogue“n'

. The program first pr1nt¢ the contents of an 1nFormat1on flle giving an -
up-fto-date munmarg ‘of  restrictions, hlnts, bugs gte. followed by the_ 5v

requests for the various items required.

DOES THE FOLLOWING DATA REFER TO A HOMOPOLYMER [Y/NI1 7
If the. answer to thisisyesths program can then check forr segquences of
generators which are cyclically redundant., This check is not appropriate

in cases uvheare the ring is composed of dissimilar units.




173

-NUMBER OF VRRIHBLE TuPbIOH HNGLES EIJ

’There are n—3 potent1allg var1able tor§1on ‘a;éiéérvih"the"n~étom .linear
chain to ke folded 1nta - an n—memberedaﬁi;g.frfhese c%h'be regarded as
*1ndependent var1able> leavlng depenﬂent variables (see later) which are
only mean1h97u} once  the Toldlng process has been completed. Howsver in -
some cases it is nece “sarg to fix some of the normally wariable torsion

‘angles as for example in rings contaxnxng double honds or amino acids.

. TORSION ANGLES BY PAIRS C[Y/N1 2
: :Hormallg torsion angles would be.spe¢i?ied sinéig howeuér péhtides require
a  pairwise Qpec1$1cat10n ‘of two  torsion angles (® % W), Both torsion

o cangles and generators ahuuld be enter@d in pa1rs ifoa yes answer is entered

" here. utherw1\e the mess age.»

'}**#TOU HAYE SELECTED INDIVIDUAL TORSION BNGLES.

is printed and torsion angles and generators'shauld be entere&'éinglg. :

ARE THE BOND ANGLES TO REMAIN FIXED [Y/NI f

'In order to achieve ring clo\ure in & small ring ( £ 8 atnms or < 4 4§m1no

acids) it rls_nece3>arg to allow the valenue angles tq vary. Q qb answer
here enshles this faciliﬁg and the ?o}lowing message is éiVEﬂ£ _=¥_4v_f;r7;
“3olkBOND ANGLES HILLivﬁRY'DURIHG RING CLOSURE. -

l and ﬁond’angles are‘vafied bg‘up té 20 degrées in an attempf :to‘ gét 1the

‘chain ends to the required separatian.

" NAME OF FILE:
.- The name of the file cmntalnwmthe starting cmord1nates ete. éhoﬁld' béA
-,entered at this point. Only those atoms which w111 Form the target ring
‘ Vare*required ~ pendant atoms ge.g. 'HQdPQJEh&J should be om1tted frnmv the..‘
file. The title contained in ihis file is printéd tcéether with éng errors’

in it.

ENTER MO OF GEMNERATORS [11

The number of (pairs of) torsion angle walues to be used as  generators is




entered here. Thus for cg&iotétragigcglra§ ﬂescribed garlier this wduld be
6 pairs while for a.cgclcéikaﬁé?fﬁfé5Qoﬁ1dybé'Sf‘éingles  (SQ,--—SQ g 180

-

’degree I

ENTER A GEMERATOR (IN DEGEéEsa F1
Al>3 v .

The prompt symbol *3* wxll appear For the number of times specified by the
vlast respcnse{- In replg the user should enter a s1ngle generator, or

generator pair, as appropriate.

ENTER NUMBER OF EkCLUCION STPIHbS kMQX 1B) EIJ
. For some types of compounds @ it ié poss1ble to pred1ct that certain

'".oombinations oF genesrators . can nnt re\ult in cgcl1c confnrmatlons. An
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 examp1e nf th1q iz cdcloundecane for whxch ang generator‘ sequence ‘which

: includns three consecut1u& appearances of the~ same generator makes it

impo<a1hle ta get the chain ends within the requ1red sepqrqtlon "Thus  in

(L) ) o
this case cne would enter 3 herz and in response to the further prompt:

ENTER AN EXCLUSION STRING : B

one uould enter 111, 2 2 % 233, This results in all generated conformers .-

‘which contain any of the specified sequences being rejected (e.0, 11122332 L

o

,ifahd 11223331 would hé rejected).

s

 ENTER TARGET END-TO-END DISTANCE AND MAXTHUM DEVIATION THEREFROM CF1 -
'The target end-to—and distance’dépénds on the type of bond to be formed at

the ring jgunction. If it was simply a Carhan—Carbon single bond then 1 54

(ﬁngstroms) would be input h;re. The praqram checks that the ends of the -

" chain, after folding, are the required distance apart. Q_simple pattern
séaéch procedure is used to attempt te close those bingé vhich do not
initially have the correct end-to-end distance, This involves varying the
toarsion sngles {and walence angles, if allowsd’ by up to E@'degrees. Those

which do not close to within the spscified deviaticn are rejected. (A
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 deviation of +— .1 B from the target distance is usually suitable.)

" ENTER SHORTEST TOLERHBLE.NONéONDED DISTQHCEZEF]‘ 4
'.ENTEP MHKIMUM PEPMIbeBLE MUMBER “OF SUCH COHTHFTS C1l
These two questions cantriol *he degree of >terlc checking perfcrmed on each
bgenerated conformer. 11 nonbonded contacts shorter than the specified
. distance are counted anﬂ‘ if the ‘total exceeds the vnumber entered in
response  to the second promﬁt the coﬁfcrherAis rejected. This ié a very
gross check since only the ring atoms are inQolved. Thé values chosen are
not critical — no nonbonded contacts éh&nter than 1.9 or 2 gngstrmms gives
Lreasonable results.
 ;D0 Yo HHHT TO PESTPIFT THE DEPENDENT TDRQIuN HNbLES [Y/NJ ? . .

 Hs prev1ouslg m:ntlnﬂed,u of the ring tors1cn angles are undeflned until -
'~fr1ng closure hag_'been completed.-z It _mag he necessary to restrict the
f‘ é¢ceptéb1é:va1ues of oﬁe(or more of these; Tﬁis wou 1d arisélﬁhereon;bf the
torsiaon anglés was a doukle hond or an’amide band. The réqﬁired details
‘can he set by responding to the following prompts in the appbopriate way:

- ENTER MUMBER OF DEPEMDEMNT T./.°'S TO BE RESTRICTED (I3

’ENTER T.A., DESIRED YALUE & TGLEPHHFE

.‘t ?— -
’In#brmation aﬁaut the‘siarﬁing conditions i% required sincéﬁi£iié ‘possibl%jA"
to halt the program'in mid-execution and restart it‘at a later sﬁage._,This 
,' is._ e’ntered in response to thé Two pr‘ompfs: -
 ’EHTEE STAERTING COMFORMER NUFMBER [IJ

ENTER STHRTING GEMERATOR SEQUENCE [I1
iﬁ étarting con?mrmef number of n  indicates tha§ the next .generated'
conformer which passés all of the checks will he the nth to do so. This is .
1 for the first run and is obtained from thé Eestart information ﬁrinied‘
’when the program is shorted  in .other cases. The~tehminal outqu on
shorting the program is aé follows:

HKABORT REQUEST RECEIVED.




B CURRENT bENERHTOP SEuUEHFE IS mmmmmm .

L RESTHF’T INF‘ORMQTION- | ‘
"OHFOPMEP GENL“PHTED NOULD Hﬂvs BEEN No.f_‘

The pr1nted values ére UbEd to':restart the program so as to avoxd

‘rduplicatian.‘
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~ The final input required is the name of a disk file which will contain the

~coordinates of the generated conformers and is entered in response to:

CUTPUT FILE HAME:

‘*-Th1s fxle is wrltten 1n a Format whxch can he read bg the Chemlcal Graphic§ ;g{

Sgstem descrlbed in Chapter 3. This Qgstem‘ can then be used to add

’;‘Hgdrogens and uther pendant atoms prior to energy m1n1mxsat1on.




