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Abstract

w0 “

'ﬁydmxyluion of specific lysyl residues by lysyl hydroxylase is an ‘important R
.

posttraislationnl modification process in collagen biosynthesis. The main objec-

tive of this wark was to investigate,the conformmonul reqmrement \for the

en: zymlc reaction.

C

Eight Iysineéonta'ininrpepti_d& which had aming acid sequences comparable.- #: *

to amino acid sequences’ around hydfoxylysine orésine in 'cullsgén were syn-
th‘eﬁiud by solution-phue techniques. The peptides vangd in length from three

to ‘seven amino acid residues. The strucmrel of these pepndes were mvestlglted

t‘hmugb clrculnr dlchrolsm (CD) and infrared (IR) spectroscopnc methods.

Lysyl hydroxylase was ysmally purified- from clncken embryoa using ‘the
esnbhshsd pmc/‘u’es Seven of the synthetic yeptldn were tested. for their abil-
ity to act as subgsrnta of parually purified lysyl hydroxylase. The hy}lroxylnlion

~

resction was assayed by a technique javolvi 4 of “‘(‘n2 saleased

ichi ically from 2—[1-“‘“‘ and/or by a specific chemical pro-
< . ~—
cedure for hydroxylysine. .
Five peptides with the -Lys-Gly- sequence were hydroxylaged to- varying

degrees, the dgﬁrée of hydroxylation increasing with increasing chain length.

Examination of these hy d peptides by CD and IR spectral measure-

ments  revealed  that the tripeptides: N“tBoclleLysGlyOH and

N®tBocAlaliysGlyOH adopt a ~-turn in which lySine occupies the second position o

of- thid structure. The' tetrapeptide (NatBucAlnLysGlySerOH] adopts both a f-

and Tturn and is more hy d.than the ipeptide.. This increase

in the degree of hydroxylation may be attributed to the-presence of the f-turn

which may stabilize the #turn formed by the AlaLysGlyOH segment. Tha-_‘/

Il
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SRR A
hexapeptide (N"tBocLetu?GlyAld‘ysGlyOH) adopts a consecuuve i nnﬂ 1-

turn nnd is more hy droxylated than the tide. This i mcreue in hydmyla-

tion may be aunbutsbl%to the Gy’ -Aln uegment which mny mckeue the hind-
ing of the enzyme to the subs&at&lhereb_y enhancing hydro_xylnhon. The hepta- .
»pept;ide (N“t&cLetuPGlyAlaLysGlySerOH) is hydroxyhted‘ mote than the pre-
cursor hexapeptide. CD and model blnldms studies have shown that .
-N“tBocLetuPGlyAlnLyﬁGlySerOH nkpu two consecutwe ﬂ-tums and a 7
turn. «The second p-turn whlch is slmllnr to that found in lhe tetrapepude.
(Nal,BocAlsLysGlySerOHj ‘fnay be responsible for the i increase in hydroxylation in
compnmon with the hexapeptide. X ¢ ) i k
All lhq/iydmxylsted peptides have one structurnl -feature in common,
namely the o-turn with lysine i in the second posltlox{? In c)mtrnst two peptldu
(N“tBocAJaGlyLysO}{ and N“IBocAhGlyLysHyPOH) which have the Gl-y-Lys

sequence were not Izydmxylsted Interestingly, bu peptides adopt a 7-turn but -

the tysifie is found in the thir posluon of this st ucture. These data indicate

that lysyl bydroxyl izes speclﬁc ’f 7‘*\‘, in its su
The nature of tﬁe amino né‘id around lysine and the chain length of the peptide
may be the eritical d i in the synthesi s of hydroxylysi 'by lysyl
hydroxylué. . ) . .
) e} . . s
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"Chapter 1
. !
1. l’.ntroductlon
Ll Posurlnnhtlon-_l modification ;\’;{ l’mhm aclds in proteins.

The posttranslational mod‘il\icnl\ion of proteins "is ar w;ll mablisl;ed
phe‘non:e;mn (Paik and Kip 1975). The modification oftén results in a significant
alteration of the protein strycture with a consequent éli‘ange in its function. It
can thus beregarded ss one of pature's ways of convemng oné'protein to another/

without de novo synthesis of the former polypepude ¢hain.

The covalent modification rehctions may b_e subdivided into.two distinet

types. One of them involves peptide bonds s in zymogen activation, hormone

ivati blood lation, i in* synthesis, complernent fixation,

collagen synthesis, assembly of virus particles, conversion_of I precursor pan-

. creatic protein to the secretory proteins,. the removal of formyliethionine after

the completion of the ;;o]ypeptid! ete. The seco;:d group )of covalent

modifigations involves amino acid side chai residues and thuf'}% lude acetyla-
4

tion, disulfide bridge formation, hydroxylation; gly

methy-
anen! oy

1ation, phosph ,5-.ivu, boxy

I‘n'thia thesis, we will be concerned with’ an importayit posttranslational
covalent modification: the hydroxylation of lysyl residues, d: ring't.he biosynthesis
of collagen. Our aim will b’e to assess the conformational babis for the substrate
specificity of the énwme lysy)_hjdr‘oxyllsm A brief review ofjthe general features
of collagen and its posttranslational mpdiﬂuﬁons “with particular réference to

lysin€ hydroxylation is given below. 4




1.2. Collagen. ) k d \J : o
The collagens are the major structural proteins of bone, cartilage, skin, ten-
don and tooth. Several major monographs have been published describing in

etail the physical, chemical and biological ties of cnllngen (R hand

and Reddi, 1976; Walton and Blackwell, 1073; Fmer nnd Mu:Rae, 1973;
Ramachandran, 1967). ln addmon, several detailed review
articles on the structure and function of nol]agen have uppened in the literature
(Kuhn, 1069; Traub apd Piez, 1971; Gallop et al., 1972;_YAnnu,A 1072; Piez and
" ) vM‘i]Ier, 1974; Bornstein and Traul:’, 1079).. ~ ! . v

1.2.1, General 1 fe of the coll

/ * The.collagen molecule owes its distinétsﬁructnrnl/ and mechanical properties

to its unusual amino acid ition, sequence and formati ’i‘he basic

colfagert mo]ecule common to all l.ypes ol collagen (see 1.2.2. below) is composed

of three pulypepnde chains called the a-chains. Each of the n-chams is coiled in a

’ “left-handed helix which differs from the a-helix found in.most other proteins in

that it is more extendgd, the axjal distance from one amino acid co the'next being

s " about 2.9 A instesd of 15 A in an n-helix.v The three "A-:hnins are, in turn,
» " coiled on each other with a right-handed twist, much like the strands of a rope,
_to form a triple helical structure (Ramathsndran and Kartha, 1955 Rich and L=

Crick, 1955). This wpusual helical conformation gives the collagen molecule a ~
rigid, rod-ike shape: T .

The glnig\it; nature ‘of the collagen triple he_lix is ln;gely based on the unusual =
-amino acid composition of the polypeptide chains. _Glycine accounts for one-third : 4
of the total (about 1000) amino acids and it is evenly distributed throughout the

5 molecule at every third residue (Gross, 1974; Fietzek et al., 1072). Co:xeqnenclx.

the polypeptide chains of collagen can considered to be made up of the repeat_igg

J : )




VT

( ~triplet repraentzd as (Gly-X-Y). The )gand Y positions of this rep‘e‘a:tlng triplet
can be occupied hy a variety of amino acids but most frequently the X position is
occupiedeby_ proline and the Y ppsition is occupied by 4—hydroxypmline (}!y!’)
_with these two imino. acids forming about 229% of the total amino acid ¢ mposi-
tion of the major types of collagen. Another characteristic of collagen is%e pres-

” ence of &-hydroxylysine (HyL) in position Y of the triPlet sequence Gly-X-Y; how-
“ever, unlike hydroxyproline, this unusual amino acid constitutes on an average
only about O. 10% of the total amino-acid composltlon of collagen. The relmvely
hlgh content of the imino acids.and the charactenshc dlsmbutmn ol‘ glycine are
necessary for the anle—hehcal cnnformnhon of the collagen molecnle This con- ~

 is ili by i

hydrogen bonds between “the peptide car-

\
bonyl and amide groups. The exuct -details of the hydrogen bonding are still

“ . 1 (R: hand and R ishina 1976; B in and Traub,
¥ 1079). A schematic representation of the cé‘llagen helix is shown in Figure 1-1.
o . i 1.2.2. Types of collagen. ‘

- . ¢ - Todate, 11 types'of collagen have been recognized in vertebrate tissues and

they have been characterized to varying degrees (Kresna and Miller, 1979).
. Recently Miller (1985) classified the collagens- into three separsté groups, based

y + =+ on their weights and distributi Table 1-1 shows the four major
! types of collagen.” - .

Best known are ‘the three interstitial collaggn types I, 1 and Il Typel, the

main constituent of skin, tendon, bone and vessel walls, synthesized by fibrob-

lasts, th les cells and blasts consists of two identjeal al and a2
chaifs (ie. al(lja2, where the Roman numeral refers to-the type of collagen).
Typé i collagén, the only” coilngen ‘constituent of hyaline cartilage, is.produced

by the chondrocytes and consists of three idel{j},cnl, genetically distinet a-chains,

'

F o
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ville, 1980) and has a chsin

sde

al(I) . Skin, gastrointestinal and vasenlar iissue contain sn addi-
tional genetically dis"iinct type of collayn, ‘type III. - Type I collagen is com-
posed -of three Tdenuc;ﬁ-chmns nl(ﬂ])3 which display distinct chemleal features
such as relatively high contenls of hydroxyproline md g]ycme and lhe presence of
e 8

cystine.

’ Type V 'co]lngen is synthesized by foetal membranes (Bergeson e al., 1976), i

smooth muscles, my and p

also’by fibrobl (Kuhgf and Glan-
of [aBljaA. b ol

it | -
lagen type LV is oot as well chancteri‘zed as the other four types.

1.3..Blosynz‘hesia of collagen. ’ ‘\ . ! E
: |

Tts now kuown thap collagen is iitally syathesioed as a higher molecular
weight precursor. This precursor molecule, procollagen, is soluble under physio-

logical conditions in which collagen molecules form fibers. The procollagen

poly peptides are sy

synthesized chains are fed into the ci i of the rough endopl:

The b tad ool ides of n

larger than the a-chains and contain additional amino acids both at the amino-

and carboxy terminal ends of the polypeptide chains. These exjengion peptides
g : A

are rich in acidic amino acids, relatively poor in glycine, proli‘ne and HyP and
they contain cysteine and tryptophan -which .are Inot present in type I or type Il
coll;;ge (Martin et al., 1975; Scholfield and Prockop, 1973). The major pep‘lide
extension in ‘prﬁollagen is ‘locsted at the carboxyterminal of the bpolypeptide
chain (Tanzer o al., lﬂ'lji; Park et al.,, 1975) snd contsins interchain dixulﬁz.ie

bonds which lik three pro-a chains together (Byers et al., 1973). The carboxy

. terminal peptide extension-from the pro-a chains of type.I or type II procollagen

consists of approximately "200 to 300 amino acids while the smino terminal

. .. .‘ -

on the ib bound rib and the newly-

P called pro-a chains are

—




FIG. 1-1: The sttucture ‘of collagen. (a) ORTEP-drawing of a collagen triple
helix with the sequence (Gly-Pro—Pro)n and coordinates. Hy_drogens are only in-
serted if taking part it bonds (thin Iinu‘-_, almost horizontgl). (b) Cylindrical plot
of a full r_epea‘t’ of the collagen triple hLelix. The chain course and the C ataf.oms
are indicated. .The three C catoms in the sequence (Gly-)(-Y)II are mnrke§ by (.
. ® o). Hydrogen bonds are given\u dashed lines. (c) OR’["EP-drawing of a col-
lagen @riple heli.x corresponding to (a), except that atoms are given with their van

der 'Wa_als radii and that ’l\hydrogen atoms sre included. The_}:éi;cxﬂ/sulge of

pro tesidues with a pitch of 9 A becomes wisible. This bulge is also indicated by-

dotted stripes in (b).
Reproduced from from Schultz and Schimmer, 1979.




Table 1-1: 2 -

Stucturally and Genetically Distinct Collagens

# Chain
S Type b i Dy features
1 .»pang tendon, llumenl, [al(l)Ld Hybrid of two chain types; low
f?m« dentin, blood vessels, (15‘7.) hydroxylation of lysine;
interstitial connective tissues w carbohydrate -
1L Cartilage, nucleus pulposus - [al(ID} Intemmlhu (50%) hydroxyla-
. N <~ tion of lysine; all hydrory-

lysines glycosylated
Il Sameastypel, exceptboneand ([al(IlD)}  Contains cysteine; 4-Hyp >

tendon; prominent in blood . Pro; Cly > § residues; low
vessels, gastrointestinal tract, (15%) hydroxylation of lysine’
and fetal skin

IV Basemeht membranes . [al(IV)}e - High 3-Hyp (1%); contains cys-
P » teinie; most lysines hydroxyl-

LI ated; all hydroxylysines gly-
- - cosylated; low alanine; carbo-
hydrate content not limited to

. E - glucose and galactose

Reproduced from Bornstein and ’i'raub. 1979.

about 30 to 40% larger than the a-chain id its fully extended form.

1.3.1.Pc anslal fo al _3'; ‘ y of peptide chalns In collagen.
/The biosynthesis of collagen is characterized lby several posttranslational
modifications which include (a) hydroxylnuon}of selected pro[yl ‘residues (b)
_hydroxylation .of selected lysyl resldues, (e) attachment of sugnn galactose and

glucose into certain hydroxylysyl residues; (d) chain association, disulfide.bond

formation- nnd tnyle hehx f ion; (e) lyti ion of Il to

ive denmmuuon of certain Iysyl and hydroxylysyl resldues and
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1.3.2 Hydroxyl-tlbn of prolyl residues.
One o( the nmqnn features of colligen is the presence of the unusual imino

acid HyP. The bnolog\ul role‘oLH\yP in collagen was nnknm for a long time

S
. but-it is pow well aubluhed that a critical amount of HyP is required to stabil-

" ize the triple helical confe ion at iologi n (Berg and

Prockop, 1073; Jiminez et al., 1073; Rosenbloom ef dl., 1973; Sakakibara ef al,
1973; Ward and Mason 1973; Fessler and F

er,‘ 1974; Uitto and Prockop, 1974).
The triple helix i in t\gn\upqun‘ed for thie ‘secretion of procolllgen -molecules out

of the cells at an optimal rate, and the rigid triple-helical.¢ stmcwre is a necessary

requi for the llular deposition of functionally ad collagen
fibes (Prockop et al., 1975).

_The enzyme prolyl hydroxylase (pmlyl’«glycyl-peptide,. 2-oxoglutarate;oxygen

" § oxidoreductase E.C.114.11.2) whiﬁl’uulysa the hydroxylation of certain pro- :

’Iy‘l residues was Ix‘s_t obtained in a rghu'vely pure form using.ion exchange and
gel filtration chromatography, from chick embryos (Hslmes ¢f oL, 1970) and rat
skin (Rhoads and Udenfriend, 1970).- Subsequently, a rapid affinity chromatogra-

* phy procedure was developed -using Asearis ¢ollagen vliizked to agarose and eluting

the enzyme from the colamn with 3 second polypeptide substrate having the
structure (Pm-Pn»Gly)n (Berg ‘snd Prockop, 1973). Tuderman- et al.,, (1975)

further modified the affinity column pr_t;c‘eduro and used polyproline linked .l.o’
nﬁnmse for purifying prolyl hydmxylnu‘ from chick embryos snd from human '

lo'unl tissues (Kuutti ef al., 1975).- The affinity procedure was recently modlﬂed

w inclnde a DEAE lon-exchlngo chromatography step which ensbles the ;ﬂ‘ective g

removnl of the hollnd polyprolme from the enzyme (Kerdesha and Berg, 1081).
The clmk‘:bryo enzymé was judged by electron microscopy to be a tetramer of
two 81,000 and two 84,000 molecular weight subunits forming two interlocking
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2 Synthesis of piptidy! Hypro .
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FIG. 1-2: Schematic presentation of the steps involved in lhe intrscellulnr biosyn-

thesis o(‘ procollagen and the assembly of collagen mnhcules into exlnce“ular N

. fibers; Abbreviations: mRNA,messenger RNA u.'s, ammo acids; Hypro, hydrox

yproline; Hylys, hyd ysine; Gle-Gal-, gl Igal attached to the hy-

droxyl g-roup of‘hydroxylysine. Lys, lysine; NHZ' .amino-terminal ends of po-.

Iypepllde chains, and also the €amino group on éither hydroxylysine or lysine.
Reproduced from Uitta and Lichtenstein, 1976.
N —




. ol‘ Hy'L has little_known

_9-
Vshaped dimers (Prockop et al., 1076). Prolyl hydroxylase requires molecular

: .
oxygen and a-k as b h iron and a reducing agent

such as ascorBate are cofactors for the'reaction. Prolyl hydroxylase has a very ..

;‘hiﬁ" énbszrnte épeciﬁeity and has been shown to hydroxylate only those prolyl

resxdues which occur in the Y position of the repeating triplet sequence -Gly-X-Y

of collagen (Prockkp et al., 1976) Nol all the prolyl residues if the Y position

are hydmxymed to the same extent (Bomsteln and Traub; 1979)

id

»1.3.3. Hy Ly or lyayl

« HyL is another unusual amino acid characteristic of collagen. The.presence

iguificance to the intfacellul ing -or secretion of

the pmcolhzen, but it phys a cntlcnl role o the formation ol' crosslmks whlch
stablhze the extruellulnr collngen mamx (Bmley zt dl,, 1974).. . .. .

. The hydroxylatmn of selected lysyl resldues in_collagen i is catalysed by lysyl

hydroxylase (peptldyl Iysme,v" xygen 5-oxidored: EC

1.14.11.4), (Flgure 1-3). bydmky(ash has 'many’ similarities to pmlyl

hydroxylase in terms of the reqmred‘pos\lbsmtes, cofactors and in {ferms of the,

reaction methanism (Bomstem sntl\'[‘raub 1979 Prockop et al, 1976) Lysyl

hydroxylase hu been pqplﬁed severnl hundred- te a thousand fold from Ahlck
embryo extnct (Kmnkko and Prockop 1§72 Ryhanen, 1976), t4man fetnl tis-

" sues and humnn placenta (Turpeenmeml-Huunen et dl, 1981), and fetal porcme

. skin- (Mlller and Veraer, 1979), by ineans of concnnvalm A-, Agprose and collagen-

Agnrose affinity columns wnh elution by ethylene glycol followed by gel filtration

‘ona Blogel column.: HoweVer, lt is difficult to obtnm n pnre enzyme in view of

lts' presence in relatively small amounts in the cell and because of the problems |
muma!.ed with its elutmn‘l'mm the Aﬂ'nu!y column The moleculnr we)ght of the

ehwk embryo enzyme is about 200,000 by gel filtration and the amve enzyme
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appears to be a dimer eo_nsisling of only one type of subunit with a @Ieculgr
weight of about 85,060 (Turpeeniemi-Hujanen e! al,, 1980) . There is a0 qbvious , ’
discrepancy between the molecuiar -weighl of the active entyme nnEl,tAlm of its
subupits.- The molecular properties of lysyd bydroxylase from le(nl-cal; skin differ .
distinetly from Those of the chicken eszyme inuthat the former consists of two

subuipits with molecular weights of 70,000 and 115,000 {Miltf&and Varner, 1079).
b, e .

&  CH, COOH
Substrate:H + Oy +'CHy ‘—"'—'_-__.muou + J:n. sco,
= o ) H, .
5 4 ¥
CooH |, .. cooH,

7 v

FIG. 1-3: The slr'ucturs/oi‘4—l‘rann-hydro(y~bnmline and 5-bydroxy-lysine and .
i : b i

" tlc equation degefibing the bydroxylation reactions. -

‘bydroxylase, like prolyl Bydroxylase, requires molecul

and cosi The,

oxygen, non-

ketoz] b ‘of s

and as,

beme irc t
oxygen of the hydloxy[ group is derived from molecular oxygen, the other atom
n’.lhirh is incorporated into.the succinate (Kikuchi ef bal., 1083). Fe“ binds to o
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- . % - +
the enzyme but not firmly. It has been suggested that ‘lysyl hydroxylase may

‘biﬁa 3'mol of Fe2t at its maximum activity and that there a ﬁéitiv‘e co-

operativity in this binding-(Puistola ef oL, 1980). The precise role. of ascorbate in

the hydroxylation ul:tlon is not knnwn _with um.nmly Although nscorlnte is an

: nlmost specifie requnement for highly purified lysyl hydroxylase (Pmsmln et al,

\

1980), the vitamin is not, however, consumed stoi l;iometriully (Puistola et al.,

. 1980). Lysyl.hydroxylase can cna.lyse its. reaction m the comple!e absencz of

ascorbate at_ an essentially mulmal ‘rate for 5 to ID seconds, con&ponding to

15-30 reaction cycles (Myllyla et. al., 1978; Puistold et al., 1980; De l‘ong et al,

' 1982). It has heen suggested (De Jong et al., 1082) (I‘rom thue ﬁndmgs together

with km:nc and other. data) that morbnte is required to prevent oxndnmn of

the enzymebound Fe , and pombly some ot)er grbup:_ on the enzymev‘

moleculm. during some catalytic cycles (Myllyla et al., 1984): 2-oxog]uuute isan
-bsolute and h:ghly specific requirement for hydr‘oxyllllon The reaction mvolvé
the stoichi: decarboxylation of 2-oxogl (Klvmkkn et al, 1972) md_

the enzyme also clulysu gh uncoupled decarboxylation in the absence of the

peptide substrate (Puistolaet al; 1980). Dithiothreitol (DTT), bovine serum albu-

" min (BSAY md_ catalase are also required for tf:e enzymic rnct\io'n and all stimu-

late hydroxylation (Prockop, 1972; Miiler. 1972; Popegge and Aronson,’ 1072).
“The stimulation by DTT suggsts that the uulync site contains !r:e thiiol
groups whlch are euenual lnr thz enzymic, activity (mekko and Myllyll, 10!0)

The effect ol cat#lase is probably partly due to the destruction of peronde, whlch

is generated non-enlymulully, by solutions o_f 02, Fe nnd ascorbate

b (Kivirikko' and Pro;:kop, 1967) n_nf_ in part die to a(pon-specific *'protein_effect"

_(Rhoads and ildegfriend, lWO)‘.'Thg stimulatory. efféct of BSA maybe partly

explained’ qu the basis of a “protein effect” which has also been, demonstrated
; : . T
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with other proteins and partly due to the presence on this protein of & number of

free thiol groups (Rhoads et al., 1067; Popenoe et al., . 1069). Even‘lho\}gh
N

hydroxylation of lysyl residues is initiated while the polypeptide is on the ribo-

somes, it seems that the formltion of HyL continues for some time after the_
release of peplldeerom the ribosomes (Uitto and Protkop. 1014j Exnmmnuon of
lhe reported smino acid sequence of several collagens (Kivirikko et wl., 19721
reveals that the hy_'droxyldtion of lysine oceurs in the Y position of the Gly-X-Y
triplet, a3 was the case with HyP. i'_lie degree of hydroxylation of lysyl residues

in tﬁe Y position: of the GIy-X-Y seqﬁ:nces varies significantly among the col-"

lagens from dlﬂerent sources (Butler, 1968). In partictilar, cullngens of type I and

type III are l‘requently hydroxylated to a‘lower degree s0 that these collagens nor-
3

mally ‘contain 4 to 8 HyL residues per 1000 residues. In ly;re VI collagen most of *

the lysyl residues are  hydroxylated (Dehm and Kefalides, 1978). -

As in the case prolyl hydroxylase, the use of synthetic' peptides has contri-

of lysyl hydroxy and

buted to our und ding of the sub cif

' the nature of the epzymatic reaction (Kivirikko et al., 1972). The studies on the

o

P ity ‘of lysyl hydroxy using peptide

are, however, limited.

They reveal that the :equenc‘e -Lys-Gly- is required, for hydroxylation (Ryhanen, *

1975). Unlike the case of prolyl hydroxylase, no conformational studies of lysine- . g

b b

ic peptide have been reported to daté. The substrate
specificity of lysyl hydroxylase-and the nature of the enzymatic reaction has been
studied by Kivirikko et ol (1972) using lysine-containing synthetic peptides

(Iabelled ss L1, -I1 and I1I) with. amino acid sequences comparable to those found

around vglycosylated hydtoxylysines in collagen, The peptides L-I had the
sequence Ala;Arg-Gly-lle-Lys-Gly-lleArg—Gly-Ph;-Ser.—Gly, L-II had the sequenée

; : »
Aln~Arg‘-GI}'-MB',-Lya-Gly~Hisr-_A1'g-Gly-(l’rcr—l"‘rv;»C‘vly)4 and L-I0 had the sequence



' hydroxylated. lfowever, the kl_netlc measurements lmjlc_nteﬁ th
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(Pro-Pro-Gly) “A}n;m-cly-Me';-Lys-Gly-His-A:g-Gly—(P_roPro-Gly) » L-I, -0 and
-1l were all hydroxylated with a similar V___ but the Kl;\ for L-I was twijce that
for L. There was no difference between the K  for L-II and that for L-III.
O of hyd: lation was lished by of both the HyL-
synthesized and the “co released from [1-'4C] a-ketoglutarate,

o Free lysine and the tripeptide Lys-Gly-Pro were not hydroxylated (Kivirikko
el al., 1872). The tripeptide Ile-Lys-Gly showed a very slow rate of hydmxyhv.ion
while the nte of hydroxylnuon of (Ile-Ly:—Gly)2 was over ten hmes g-reuur

Lysmeg-vuopressm with the terminal sequence Cys-Pro-Gly NH2 was also

lle-l:y&V-VGly and

(lh.sLy:-Gly)n and I)fsin‘e8 " ‘were poorzr b d to L -1
and -M{Kivirikko et al., 1972). From these studies it was concluded that a sin-

gle triplet of Gly-X-Y fulfills the mini quil for ition by lysyl

hydroxylase. The data also showed that although the clni}n length is criti‘ul with

\short peptides, increasing the chain length beyond seven triplets had no effect , or

the chain- must be extended with the triplets other than ProProGly in order to

further improve the i i witl;
al., 1972). Recently, Glass et al., (1985) synthesized a radiolabelled tridecapep
tide, GIy-Leu-Hyp-Gly—Nle[d 5-3H1~Lys-Gly-Hi:-Ax‘-Gly-PheSer-Gly which

corresponds closely to residues 98 to 110 of the a-chain of type I mlllgen This

lysyl hydroxylase (Kivirikko et

pephde was h ylated by human

lysyl hydroxyl The non-

rndml-belled am.logue of this peptide was shown to qnhibll the hydroxylation of "~

l‘H]lysme-conulmng protocollagen by humai Iysyl hydroxylue The lC50 values

for the inhibi were in good With the reponed Km values of the
enzymes from either chick embl;y;) (Kiviﬁiko et al., 1972; Puistola et nl‘.‘lml or

“human placenta (Turpeenniem-Hujsnen ef al., 1981) using the substrate L-1.

>
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" et al., 1969).
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Reduced and carboxymethylned Ascaris cnllagen does not serve as a sub-

sfrate or as- a compelmve inhibitor of lysyl hydroxylue (Kivirikko et al., 1972).
This observation is surprising since Ascaris collagen contains 40 residues of lysine:
per 1000 resid‘nes (McBride and Harrington, 1967) and it is & good substrate for
the synthesis of I-QP by the proline hydroxylaae (Fujimoto and Prockop, 1988).

Perhnps in Ascans collagen, all the lysyl Tesidues are in the X position of the

repeating triplets of Gly-X-Y, alternatively, the collagen conlnins fysyl residues

but in sequences which prevent them from interacting with the enzyme (Weistein

= . y

.In vitro studies be Ryhanen (1975) showed that ‘lysyl residues in Iysipé-rich
histones which contain. Gly-X-Lys se{zue‘nces ‘were hydroxylated by lysyl hydroxy-
lase and so werel'lhe lysyl residues in arginine-rich histbnes witich did not hnye
glycine following the lysyl residues. This is an important observation because
although HyL invariably precedes glyci.;e_in the helical regions o collagesi, the
lysyl residg? in the amino- and carboxy terminal telopeptide regions of the al
chain, which. are variably"hydroxylated in some tissues, are in X-Lys-Ser and X-
Lys-Ala. sequences (chsteinﬁwdh 1979). Whether the puually purified

lysyl hydroxylase contains m an one ezyme or whether a single enzyme is

ol

'cspnble of these hydroxylations remains to be established. Recenlly, Royce and « '

Barnes (1985);,reported the"lailu’re o‘l‘highly purified lysyl hydroxylase to

“regions of chick type' I col-

y the N-terminal helical tel

lagen. The two telopeptide regions a1(I}-CB1 and (I)-CBI (isolated from protocol-

n\mgle lysyl resldne ln the

"lagen followil ,_@NBF digestion) each

. sequences X-] -Lys-Ser and X-Lys-Ala, respectively, did not show any formation of

HyL following incubation with highly purified lysyl hydroxylase. ‘These rgeul!.s

may suggest a requi for a telopep idyl-specific lysyl ‘hy e the
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same enzyme preparation used to test susceptibility of the telopeptide regions to
hydroxylation was found to hydroxylate lysyl residues (with the Gly-X-Lys
sequence) within the helical regions of the same pmt.ocollqen substrate (R.oyce
lnd Barnes, 1085). Interestingly, some of the lysyl rslduu in Iyslne—nch histones
shuwn to be hydroxylated oy puu;l]y purified lysyl bydroxylase are in the X-
Lys—Ser and X-Lys-Ala sequences (Ryhanen, 1975) |pptrgnt in the telopeptides.
Ryhanen (1975) in the same study also reported that th’e same partially purified
lysyl hydroxylase also hydroxy]nted‘lysyl residues in the X-Lys-Gly sequence.

However, since a partially purified lysyl hydroxylase was used in these studies

'-_(Ryhnnen, 1975), it is not possible to ny whether more than one lysyl bydmxy-

lase was pruent

1.3.

" Cro-llnkhg'h collagen )

- Following the removal of exlension' “peptida, the ct;lligen' molecules spon-
taneously align to form fibers. However, these ﬁber_: .do not attain the necessary
tensile stnn;lth until the molecules are linked by specific covalent bonds kiown
as twlmb (Gross, 1974; Tnzey 3; Bailey et al., 1974). The most common
forms of cross-links in col]-gen are derived from lysine and HyL. Lysyl oxidase
(protein lysine ox\due EC14.3.13)is the only enzyme known to caulyse the oxi-

dative deamination of speclﬁc €-amino groups of lysyl and hydroxylysyl mldlm

in collagen. Lysyl oxidase is a copper meulloenlyme that requires pyridoxal-

phosphate as a cofactor (Burd and Levehe, 1082, 1083). This enzyme functions in
the extracellular’ space and it has high activity with collagen which has been pre-
cipitated as native fibrils as ;omp:red‘ to denatured: collagen or isolated a-chains

(Siegel and Pinnell, 1670) suggesting that the formation of aldehydes primarily

< occurs, after the onset of fibril formation.. Lysyl oxidase is irreversibly inhibited

‘b‘ythn' by A-sminopropionitril ly because it lently binds at
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\‘ﬁ\?acme site, probably initi;ally by aldimine addition to.pyridoxol phospt;nte as
in substrate binding but is not released as an oxidized product (Tang et al.,
1982). There are two pathways of-cross-linking in the Bbrillar collagens: one
based on allysine,(see ‘Figure 1-4) the lysine-derived aldehyde, the other on

hydroxyallysine, the HyL—derived aldehyde (see Figures 16 and 1-7).

. N, N, .
. : : C'H . (l:H . C//° -
L Ry . '
R TS
I
. CH. CH CH, .
W
'/C{‘I /\ /N :
HeN COOH  HeN COOH  HN COOH

LYSINE  S-HYDROXY-  ALLYSINE
LYSINE :

FIG. 1-4: The structure of lysine, 4-HyL and allysine.

-

Trifunctional, 3-hydroxypyridinium residues have been identified as the

adult links'on the hydroxyallysine route, which

. tissues except skin (Mechanic et al., 1971, Davis and Bailey, 1971). There are
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two forms of .'J-hydruxypyrid‘inium cross-links, hydroxylysyl pyridi‘noline (HP)
b-ei..g‘cn; major one which embodies three hydroxylysines and a less abundant
form, lysyl -pyridinoline (LP) which embodies two hydroxylysines and one lysine
- (E};re et'al., 1084). The mature crossMinking residies on the allysine pathway are
still ukanowz:, although complex structures {spable f linking three or miore
molecules are suspected (see below). Hisfidin; is probably a component on this
pathway aithough there is not yet;enen! agreement on this point (Tanzer et al.,

1973). Glycosylated HyL-derive‘}\ ss-links have been reported in *kin, bone

and curhlsge coﬂugens (Eyre and Glimcher, 1973; Robins and Bailey, 1074). The
significance of the sugar residues is unknown; for example whether they can racnl-

itate or inhibit particular cross-linking reactions.

e Lad
v Ve .bi
9 CHokoliga) fockgoioc  Q
G G Gar_ Ok
Reside Na: N —8T— ’ . © -930~ 16C
ai()Chain > l
il " g
o : P
alll),a(D),af @) ~Gly X HyiGlyHsArg— - af ()al(ID:-Gly Iie HylGlyHis Arg~
a2(1): ~Gly Phe Hyi Gly Iie Arg— a2(1F ~GlyLeuProGlyLeuHylGly HisAsN~

- . g,
FIG. 1-5: The four principal cross-linking loci in m(:}ecnlu of types I, I and HI
collagens. '

. Reproduced from Eyre, 1984. .-
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In collagen molecules.of types I, I and III, there are four homologous loci of

cross-linking and all have conserved ch

amino acid (IA\'uhn,
1982) (see Figure 1-5) Two of these are nldehy‘cfe-sites, one in entl;.le]opeptide
region. The other '!wo triple-helical sites (hydroxylysine-sites) are symmetrically
placed at about 90 residues from each ?nd of the molecule. Thsse H.yL sites in
the helical region align and react with telopeptide aldehydes in adjacent
. -

molecules staggered axially by 4D)periods (4x670m) when cgllnge'n molecules pack
into fibrils. : .

During in vivo maturation and also during i’n vitro incubatim: under éhysi-
‘Iogical conditions, native collagen fibers display a progressive ingrease in tensile
strength and insolubility (Sinex, 1068). These ciung‘u’in the properties of, col-
lagen are paralleled by a progressive decrease:in the sontent of the borohydride-
reducible cr@links (Robins et al.,: 1973).- Studies of the reducible components
presented in. tissues covering a wide range of ages showed that no new com-
pounds aré formed ;‘lurigg the Aog?ng process (Deshmukh et al., 1971; Fujii and
Tanzer, 1971). To account lzgihue facts, |t was proposed that the reducible
cross-links act only as intermediates and are converted to more stable, non-
reducible forms during the maturation process (Bailey et al., 1974).

The nature of the mature cross-links has been inveslignt'ed by several labora-
tories and i;s_till a controversal issue (see Stimler and Tnnzgr, 1976, for review).v
It has now been widely accepted that pyridinoline is the m;;urgcross link of col-
lagen V(Eyre am? Oguchi, lﬂSl‘; .Kuboki et al., 1981; Robins and Duncan, 198; Wu
gnd Eyre, 1984). However, Light and Bailey (1985) failed to detect pyridinoline
in skin, tendon -bone am'i 'dentin of type I ccﬁagen. Instead, they isolated a
polymeric complex which they termed polyalCB8 which they 'propose must con-.

tain the mature cross-link.




FIG. 1-6: Scheme outlining one of the two routes of cross-linking in collagen:
ded o

Allysine-based links. LN, lysi leucine; HMD, hydroxy d \ e
AH, uldo!lﬁslidine; HHMD, histidfnehydroxymemdesmush!k\'l'he preﬁi A for
dehydro-s'igniﬂu the natural, aldimine forms of the various.compounds.

Reproduced I{om Eyre, 1084 - &

B . ?~_
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From the foregoing data, it is o&y\_ﬁ that the bydroxylation of. lysyl resi-
dues in the procollagen molecule forms I.Ee chemical basis on which subsequent
cross-linking of the collagen triple helices is ageomplished. The specific manner in

which certain domains in the individual pol ide chains are linked seems

to dictate the appropriate staggering of the triple heli‘ces'to form functionally
viable fibrillar aggregatés of the collagen Molecule in the tissues.”

Because the cross-links of collagen provide the tensile strength’ required .in a
functioning tissue, a defect in the formation of these covalent _bonds:;nn lead toa
disturbance in conpective tissue. ﬁFc\r example in Ehlers-Danlos syndrome type

IV, characterized l‘)y\;x\{nw H(L \‘content (Pinnell “et ai., 1972) due to lysyl
Ahydroxylsse deficiency (K}}ne ] a\L, 1072)., results in an abnormal proﬁ{e of

~\ d : i !
“reducible cross-links in skin, botie hnd cartilage collagens (Eyre and Glimcher,

1972).




&

\ s
FIG. I-T: _Seheme outlining\.,one of two routes of cross-linking in collagen:

H ine-based cross-lisks. DHLN, dibydroxylysi ine; HP, hy-

y

T2IE Py idi
the natural, aldimine forms of the various compounds. /l %

Reproduced from Eyre, 1084.

B

©Y

lice; LP, lysyl pyridinoline. The prefix A-I'or dehyro, signifies
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14, Importance of thé hy yl ctions in coll

Since the biosynthesis of collagen is

jed by several
tional modification* pr’ocmes, any defect in the normal mechanisms responsible
for $he synthesis and secretion of collagen molecules and the subsequent deposi-
tion of these molecules into extracellular fibers could result in sboormal fbrillo- ¢
genesis. Such defects in turn could resul;y[mn}etive tissue disorders. As ‘pre-
“viously mentioned, HyP pl&)"s a critical role/in the_'stabilizhtion' of the conh;rmn-
. tion obri collagen. . The triple helix, in L\:rn. is required for the secretion and extra-
cellular deposin:on of the collagen molecule. Therefore, in the absence of HyP,
the collagen polypeptide chains would not ch"lil'e the critical triple helical struc-
! ture under physiological conditions and no collﬁgen fibers would appear in the
extracellular space. As yet, ndijihemed disease i;: which collagen is &eﬁcie,nt in .
HyP or in which there is deﬁciencf’i?prdlyl hydroxylase has been repor!ed (Vitto .
and Lichtenstein, 1976). However, most of thesclinical manifestations of seurvy -
which involve the connecuve tissue;-could be explnmed on the bws of deficient
hydroxyhmon of prolyl residues in collagen. Since prolyl hydroxylue ‘requlres a
. reducmg »gent such as ascorbic acid, a deﬁcmncy in ascorbic acid leads to
75 : decreued ro¥xpntion of collagen fibers (Cardmgle and Udenfriend; 1974). This
could explain some of the cl‘ini(‘:ll maniresntiox‘:v such as poor wound healing and
decreased tensile strength of connective tissues obgerved 'il; scurvy (Barnes and | T
Kodicek, 1972). An analogous sihlatinn may exist in tissues with relniv;e anoxia
- - since molecular oxygen is a specific requirement for the formation of the hydroxyl ,.

group in HyP. Uitto and Prockop (1974), Niinikoski (1969) and Siiver (1973)

using model l'l;lilnﬂh“ have indepen‘dently'demonstnted that the healing of

\- wounds is relatively poor under hypobarje conditions and in such a situation, the

low 0, levels may well limit the synthesis of HyP. This observation may well ki
¢ . , s

s
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explair} the decreased. healing tendency ol‘wounds and uleers in peripheral tissues

which #re anoxie due to relatively scant blood supplies.

HyL residues in colfagen serve as sites of linachmem of galactqsykand galac-

tosyl glucose moieties (Butler and Cunningham, 1966; Spiro, 1969) and_ partivi-

pate m iu/ar i hain crosslink f ion (Gallop nn& Blumenfeld, 1972; .
Tanzer, 1973) The suggesmou that a normal content of HyL (and, by implica-
hon of '.he glycosylated raldlle) was required for secretloﬂ of collagen was based
on the observation’ that chlck ubne. incu nted in lhe presence of the lysine ana-
log 4,5-dehydroxylysine failed to extrnde the protein normnlly (Chnstner and
Rosenbloom, 1971). Contrary tor this hypathesis, Ramaley el al (1973) have

by an -dlpyndyl remds :

shown that drastic inhibition .of peptidyl.hyd

but does not pr’event secretion 9! procollagen by é’i‘e fibroblasts in c\glture. S'@'

larly, & clear-cut inhibition of crosslink f ion by gly of HyL resi-
dues has begn called into question by i solation F°a ‘glycosylated crosslink
(Eyfe and Glimcher, 1973). . Nevertheless, it is likely that the modulation of lysyl
(rhyd‘roxyl‘ation and hydroxylysyl glycosylation plays an i;nportanVQ role in 'moc‘iily-w '
ing tl;e structural and functional characteristics of collagen fibers in tissues. As

an extreme example, a deficiency in lysyl hydmiylué leads to a severe connective

'\@issue disorder, HyL-deficient c«;llngen disease or the Ehlers-Danlos Syndromeuu

type VI, in which the mechanjcal properties of tissues sli.(_!h as skin and ligaments -
are impaired (Pinnel et-al, 1972; Krane et ol 1672). This syndrofne is charac-
terized by severe scoli‘mis, recurr;nt joint dislocation and hypertendible skin and
joints (Pinnel et al., mz): r:@bmhx;szé from jndividuals with HyL-deficient col-
lagen are markedly deficient in lysyl hydroxyase activity (Krsne et al., 1972).

. The manifestations of this duorder probably result from umdequnte cross linking

of collagen, since lysyl nldehydes muy not be as reactive, or lysyl-derived cross-




ew

- |m§erl‘ecta, Marfan Syndrome, cardia hy , sarcoma, pul y fibrosis,

& liver injury‘, arteriulm:lemsvisignd hypertension.
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lmks as stable, as their Hywlerpnrts The sbnormal L'ross]mk pstterns
oblamed aner reduction of affected tissues with sodium borohydride (Eyre nnd
Ghmcher. 1972) provide support for this iuggesuon

Several otber disease conditions haVe been associated with altered activities
ol' prolyl and lysyl hydroxylnse The cllmcsl und genetlc nspects ol‘ some of thesp

dxsorder; have been collated by Mcchk (l972) Among these are osleogenesls

1.5. Objectlv;eu and scope of yresent work.
In spite of m lmponsnce ns an enzyme mvolved in the synthesls “of t.he
major protein collagen' (which accounuz fo about 25%, by weight, ol all proteing

in vertebrates) lysyl hydroxylase has received scant attention for its general

. make-up and active site geometry in p‘bs‘ticulnr, It Imé been known for the past

“ten years that lysyl h);drb)glase catalyses tge S-hydroxylation of lysyl residues in

the Y+ posmon of the repeating tnplet sequence -Gly -X-Y= but, to date no report
has been made on'the physlwcheml:nl proverfm of synlbem substrates- for lysyl

hydroxylase. It is also known that cham length and the amino acid i in the posi-

-tion X of the repeating tnplet sequence Gly-X-Y are ‘eritical determinants in the

deEnee of lysine hydroxylation (P'rockop' et al;, 1970) Not much is known nboth

the conformmonal basis, if any for these observahons The limited studies on'
the speclﬁcny ‘of lysyl hydroxylase uslng a few synlhmc peptides (S:ctlon 13.3)"
reveal that \he sequence -Lys-GIy-«u required for hydroxyhuon (Klvlnkko and

- Prockop, 1072) but give no clues as to why such a sequence is ‘Decessary or why

the Gly-Lys sequence does no'. permit bydroxylntlon The reason for lhu lack of

knowledge is mamly because-no suuctunl ‘studies have heen mnde on the syn-
thetic substr_atasn_foﬂysyl hydmxy]ue. v ¥ .

v

i

»
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Our laborstory has, for the pul. several years been involved in studying the

| basis for of prolyl

+ Ananthanaraysosn, 1979; Chopra and A b an, 1982 A B aye.

s N
anan, 1984; Ansnthanarayanan ef al., 1085). To this end, prolinecontaining pep-

tides wrmpon_iiing to specific regions of th collagen sequence were synthesized

and their icochemical properties and i

studied. Th‘a earlier studies showed that.prolyl hydroxyluf recognizes the A-turn

conformation and the extent of h‘ydroxylntion being. governed by the nature of
the adjoining residue X in tlje repeating sequencé -Gly-X-Y—, whe;-e Y is the pro-

(Brahmachari and Ananth

Iyl residue s to hydroxy )

. 1979). Rece'mly, a further study o‘f the interaction of prolyl bydroxylsse with *

several peptides having the -Pro-Gly- and -Gly-Pro- sequences has led to -the

: modification of the B-turn .theory (Ananthanarayanan, 1984, 1085). ‘These studies

revenled.'lhlt non-S-turn -Gly-Pro- p(/ydds (and the Aturn -Pro-Gly- peptides)

’ inhibited the hydroxylstion ‘of the standsrd synthetic substrate (l"nrl’mGly)5

study of the conformation of the Gly-Pro pepuda showed that lhey contained an
extended or rigid structure’ whose dmedrl.l angles are similar to those of the
polypmlmel] (PP-IT) helix whereas the-Pro-Gly- sequence-favoured the f-turn
confomntion These findings led our laboratory to postulate that-prolyl hydroxy-
lation required both the PP—IMype structure (at the N-terminal side) nnd the g-

i and .

with pure prolyl hydoxylase .

conrmmii;on formed at the Pro-Gly- segments of its substrates, the extent ob'.bis g

turn, the hydroxylutlblo Pro being slhuted at the ;unetlnn of these two confor- '

mations. While the PP-II arm m'ms to be necmny for the binding of the sub-
strnte in the active mo of prolyl hydroxylase, the B-turn is essential at the cata-
Iytic site (A h 1084; h

‘1-8). A

et ol IOSE) (see Figure



q

te

Binding si

Polyproline -

FIG. 1-8: Schematic representation of the proposed model substrate of‘prolyl by-

droxylase. The arroy indicates the position of bydroxylation. .

Reproduced from A ith: zl‘nl., 1085.
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Since lysyl hydroxylase and prolyl hydroxylase share similar properties in

terms of cofactors and hsaism of hydroxylation, we asked ives the fol-
lowfn; questions: (a) does lysyl hydroxylase recognize s B-turn? (b) does lysyl
hydroxyln.e_recogniu the PPI type structure or is the PP-II type structure a
structural festure confined to the -Gly-Pio- peptides? In so attempt to git
answers to some of these quatiﬂ‘s, n was t‘inided that we fqllow the strategies of~
the prolyl bydroxylase work and study the interaction of suitably designed
lysin;contgining peptides with chick embiyo lysyl hyd‘roxylue.

The objectivé of our work were: (a) tohyntﬁesize lysine-containing peptides
 foupd in il..)%xyl.g'm regions of the collsgen, (b {o test the abilily of thess
peptides to act as substrates or inhibitors of lysyl hydrox‘xlue pa’rr.ially purified
'fro.m chicken embryos, (¢) to study the structures of these peptides snd (d) to
find if lysyl bydroxylase recopizes specific ucol’:dny structural featuYe(s) in the
. substrates. . a

’l'h'e selection of peptide fragments ro{ our synthesis, was based o the fre-’

2 : ’ 2 >
quency of occurrence of certain sequences in collagen.where lysyl residues were

found to-be either bydroxylated or unhydroxylated. In order to d ine the .

minimal and il:nll ‘nquinn;]n for hydroxylation in terms of the chain length
»w :
of the ﬂhm

and its amino acid sequence, pept‘da with different triplet
sequence(X-Y-Gly) and varying ch;in“length from three to seven'residues peptides

were synthesized (Chapter 3). The physicochemical properties of these peptides
were studied by NMR, CD and R (Chnptei- 4). The peptides were also lested for

\ e

their sbility to-act as 'or inbibitors of lysyl bhyd

purified by us

vfr_om chickeg embryos (Chlrfter 5).

)
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Chapter 2

2. Experimental

?’.l Materials ©  « »

) Amino acid deri‘vatives and chemical ruzzts were commercial products
wiish were used without further purification )

‘ The following were pu;chued from Sigma Chemical Co. (Missouri, USA):
N“lBocAln,\ NCtBoclle, N*tBocLeu, anitro-L-ArgOMe_ i{bL, N‘c_bz-L-LysOMe

\ .. HOL, Néobs-L-LysOH, 4HyPOMe HCL, glycine, serine, dithiothreitol, glyesrol,

Triima base, ammoifum sulfate, manganese chloride, fethyl-a-D-glucoside,

ascorbic acid, ferrous sulfate, bovine serum albumin, cétalue, a-ketoglutarate,

N-N dicyek hodiimid iscbutylchl > N-hy cinimid
trifl ic acid, trifl hanol, anhydrous sodium sulfate, sodium chiorjde.
sodium bicarbonate, p ium sulfate, 25-diphenyl le (PPO), 1,4-bis[2-(4-

methyl-5phenyloxazoft)] benzene and sodium metaperiodate.

" The following-were x’)bta'mez_i from Fisher Scientiﬂt‘:ACo. (I\iovs Scotia,
Canada): tebruhydmluran, 1,4 dioxane, methanol (H.PLC grade), NaOH, chloro-
l’orm, dlchlommethnne, ethyl acetate (HPLC grade), petrolenm ether, anhydrous

—‘ether, e 1H]?LC grnde), I, p-dimgthlyaminob Idehyde, iso-

butanol, perchloric acid, toluepe and ethylene'glycol monomethyl ether.
DL-S-Ilydroxylyame-HCL (mlxture of DL and Dblllo) was obmnedrlrom
Fluka Chemical - Gq) (Toronto, Canndn) 2~[1-“C]a-ketoglnurue/'nnd NCS tis-
sue solubilizer ‘were obtmned from Amersham International (Ontario, Canada).
Silica gel (60-200 mesh) was purchased from J.T. Baker Chemicnl: Co. (Monlr;elli’;
Canada). Concénynlin -A-Sepharose 4B was obtained from. Gibco Laborsatories

(Qnturio&, Canada). CNBr-activated 4B was hased from
* > N " .




Pharmacia (Quebec, Canada). A . RN
e 2.2. Methods. °

2.2!1. Syntheses of peptides‘

) Amino acids and smino acid derivatives were of L figuration. All pep-
“tides were prepared by stepwise condegsation of p d NtBoc-amino acids
. using  either dicyclohexylcarbodiimide/N-hyd! 1ccinimid or  N- -
o~ ! hyh ,,h;)lin_e/i:ubuuy' h as coppling reaéent; (Chapter 3).

2.2.2, Analytical Reversed-Phase nghil’erl‘ormance Liquid- ,Chrax’natog-. -
- = Lo

raphy - J
W ; . The purity of ;eptiifa was checked by reversed-phase HPLC on a5 micron
A P HS C18 column (4 Omm [.D. x 6.2511«0 D. x 15.0cin leugth Perkin- Elmer) at -

* ambient temperature A Perkm Elmer Model LC-4 HPLC mstmment'eqmpped

w1th a mi P olled pr was ple !’ . Samples of approxi-
\mataly 1-5 g were’ dissolved in 1-5 ml MeOH, filtered using HPLC nylon filters g
(3mm membrane, 0.45um pore size) and applied to the columpn in volumes’ of 6-
26;1]. The eluate was méniaored on a Perkin-Elmer-LC-85B Spectrophotometric
variable: U.V. detector at 220om and 230nm which was comected to a one—‘
7"+ “chanud recoider RECH81 (Perkin-Elmer).

The stepwise grnAdients for elution were established with HPLC-grade s-ol- i
vents in reservoirs A, B, C, and D (see Table 2-1 for the solvent composition mix-

" . ture and other. paramgw:s v‘séd lar,_anal'ytica] HPLC). The stepwise gradients
w were chosen.in such a way that peptides of different polarity.could elute at »
) different times, This was nchieved by trial and error by increasing or decreasing
the polarity ol water. The solvent in A and B was acetomtrﬂe solvent in C was
. methaiol and solvent in D was, water Prior to loading the sample the solvents N
vere purged andthe column was equilibrated with water for 10 minutes. For all
HPLC work Hl:lgﬁan microlitre syringes (Fisher Scientific) wege used for loading

ke




the samples.
2.2. 3 Preparative Reversed-Phase ngh Performance quuld Chromatography

For Preparanve HPLC, the outlet was connected to the monitoring instru-

ments and.then to a Pharmacia fraction collector F-100. The HPLC parameters
for purification were similar to those employed for analytical HPLC (Table 2-1)
except for the flow rate (1 ml/mioute) and time in gac’h sector which was
increased to 10 minutes. 500 mg of sample was -dissolved in 2 ml MeOH and
2504l were a]{plied to the Prep Synchropak RP-P C-18 column (250 x 10 mm,
L.D. ‘300 A pores, 8.5 particle size, Synchrom Inc.) at a flow rate of 1 ml/min.
The I‘ra_;:t‘lons corresponding to the major peak were pooled and the su!vent was

evaporated on a rotary evaporator and re-chromatographed if still found pot to

be pure.” . v
Table 2-1: HPLC parameters '»
ueron e MeOH Ao Acn B0
MS GRE B By Ok % ORE
tour, 10 0.8 o, 0,70 o

PADY TIHE GOmEn PN D=2 e PMAK ‘2 _wpa TEMPERATIRE T - '
o o 225 T Aw Sea§:4 Wersargitin _220 .
(mm/ml) .
“
2.2.4. Silics gel Chroninw;npliy )

N- and C- serminal blocked tri- and hexapepudes were purified by chmmn-
tography on short and long silica gel columns respecuvely For the tnpepudn,
about 100 mi silica gel (60-200 mesh) was suspended’ in petroleum ether and
loaded jonto the ¢6Mmn. The sample (1.5.-3.05) was dissolved in 10-20 m} of
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chloroform and  the safation was applied to the column. The column vias wished
with 25% ethyl acetate in petroleum ether and the product was eluted with 5%
MeOH in ethyl acetate. 50 ml fraction's were collested and were analyzed by
HPLG. The pure fractions were pgoled and the solvent was removed on a rolary
evaporator. The material was further purified by crystallization to afford the
product ) Py

For the hexapepnde:, about 30 ml silica gel was suspeuded in petroleum
ether and poured into a column. The peptide (1-1.5g) was dissolved in S~10 ml

chloréform and the solution was-loaded onto the column where it was left for 30

N
minutes to 1 hour to allow retention of the more polar pepnde(s) by the silica gel

- column The cnlumn was washéd “Successively with 100 ml of 50% ethyl acetate

in petroleum ether and 100 ml ethyl acetate. The product was eluted with 20%
isopropanol/5% MeOH in ethyl acetate. The 50 ml fractions collected were
treated in the same manner-as described for the tripeptides. The material was

further purified by Prep. HPLC to afford the pure product.

2.2.6. Elemental Analysis %
; /
Microafialyses were carried out by -Canadian Microanalytical Service Ltd.

(British Ca]limbia) and Guelph Chemical Laboratories Ltd. (Ontario).
2.2,6. Amino Acid Arialysls LS .

Amino a:iz‘l analyses_were carried out by Mr. D. }ﬁll nmi his assistants in

S

the Biochemistry Departrnent”Amino Acid Facility with a Beckman model 121 ’

amino acid anglyzer on samples that had been hydrolyzed using 6M HCI at 110C

_for 24 hours in evacuated sealed tubes. o : .

it

-




2.2.7. Melting Points - ——

Melting points were determined on a Thomas Ht;over melting-point
apparatus usinig unséaled capillaries and are uncorrected.
2.2.8. Circular Dichroism (CD) Measurement .

CD spectra were recorded using a Jasco.J-500A automatic recording spectro-
polarirneter equipped with a ?P-SDON data processor. All measutements were
made in 0.1-1.00mm path-length quart cells (Jasco). Wavelength was calibrated
with & neodymium glass and awplihnjde was calibmed,using 0.6% D-10-camphor

; .
sulfonic acid in HyO. Péptide corcentration were I-2mg/ml and spectra were

recorded in HPLC grade trifl: ianol hanol, water, itrile and 0.1M
amronium bicarbonate in water at ambient temperature. The spectra were aver-

aged after thirty accumulations at 20 nm/min and a time constant of 2 seconds.

. The spectra were obtained by electronically subtracting the spectrum Vnnt

from that of the peptide in solvent. The ellipticity (6) values given in deg
cmz/dmo] were calculated on a mean residue weight basis. ‘The mean molar

ellipticity was calculated from the oriéinnl spectrum using the formula:

[8)e = Xx5x MRW x (cx1x 10/

Where X equals the pen deflection in cm, § is the scale used in millidegrees per
cm, ¢ is the concen'.ranon in mg ml 1, and 1 refers to the path length in ‘em.
MRW or mean residue weight is calculated from the r'noleculnx ‘weight of the pep-
tide divided by the number of peptide bonds.

2‘2 0. Infrared Spectroscopy (IR)

The IR spectra were measured on Perkin-Elmer model 083G Spectrophotom-

eter using 1.0mm BaF, cells (Buck Sci ntific). The wavel libration was

checked using‘ 005 mm polystyrene film. The spectra were run in chloroform
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freshly distilled over calcium chioride. The difference spectrum was obtlined elec-

jeally by ing the CHCI, spectrun from the of the peptide
dissolved in CHCIy, i ;

2.2.10. Partial Purlfl gﬁjﬂ ydroxylase. ‘ . £
All purificdtion proced; ecribed below were carried out at 4°C. Lysyl'

hydroxylase was obtained from 14-dsy old -whole chick embryos as. described by

Kivirikko an¢,Myllya (1982) sud modified by Royce and Barnes (1985). A total

of 100 embryos were homogenized in bniéha of 3'in ‘enzyme bufler (0.2M-

.Nacllﬂ. lM-(lyclne/lOuM-dlthiolhremI/l%-;cherol/ 20mM-Tris/HCI#pH 7.5 at

o
4 ) supplemen!ed with 0.1% Triton X100 (1 ml of sohm& per gram of
embryos) in s Wlnng blender at full speed‘twme for 30 seconds. The homogmale
was sllowed to stand with oeeuit;nh stirring for 30 minutes and then centrifuged

in volumes of 200 ml at 15,0009 for 30 minutes using a Sorval Supersheed RC2-B

'-uwmluc refrigerated centrifuge. Solid (INH, )256 was slowly stirred into the

supemnam fraction o a finsl concentration of 17% saturation (D7g/||l.er) The
‘

pellet obtained by centrifugstion at 15,0009 for 20 minutes was discarded, and

“solid (NHL),50, was slGwiy tirred ato the to s final

of 55% saturation (Nigllmr) “The pellet obtained by centrifugation at 15000g
for 20 minutes was dlswlved in enzyme buffer, (0.2M-NaCl/0.IM-glycine/ 10uM-
dlthmthrellolll%-;lyenml/%mM—ijHCl, pH 7.5 at 4°0)

MnCl, and the solution was dialyzed-against the same buffer for 4 “and 12 hours.

ontaining  3mM

After removll of the ;nsolubla material by centrifugation, the supernatant was

:cld d to cogfmvalin A-Sephm‘)se previously e’qnilibrned with enzyme buffer

contshing 3mM MnCI2 and the mixture was stirred gently for 18 hours (Rnyce
and Bsrnes, 1085) The rqm was snbsequently ‘washed 7& enzyme buffer con-
taining 3mM MnCI’ and MM-melhyl a-D-pyranncside, and was then poured

“ P
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into a”column. Washing was continued until the absorbance of the eluate at

2250m was below 0.1 and the enzyme was subsequently eluted’ with enzyme

buffer ini 14;‘..’4M~melhyl D-glucoside and 80% ethylene glycol (v/v). The
enzyme preparations were stored in 4 ml aliquots at -20°C until further use.
lmmedil}ely before use, enzyme buﬂ'e‘r was added until the ethylene glycol con-
centration was 8% following which the enzyme was concentrated in an Amicon

ultrafiltration cell membrane with a YM-30 membx;lne: This enzyme, fraction

. § A s -
( B represented a 95-fold purification (see Table 2-7). .
'
.
s
Table3-31 _ | i
Partial Purification of Iysyi hydrozylase from 6 chick-embryo (NH,)pSO, .
2 ' R T .
a (% Total protein  Total activity  Specific acvity _Purifiation \
. f:ym: ~" (mg) pmol pmol/mg -fold R
= 0.00085 2' e
8 0 B 0310 [
-~ ” . - .

~+ sumed that the crude extract (15,000) is the starting poiat ie. puridcation-fold I (Kiviritto

and Prockop; 1972, Rybiaaen, 1976; T iHujuen ef o, 1977; Turpedasiomi-Huj
1980). . ’ "

.
A= (NH4)250‘ -

B= Cu;.‘lnval'm A-agarose ,




22.11. En:yma Asssy

Lysyl hydroxylase activity was assayéd using $ynthetic peptide substuta by

2 involving the of MC:O released s'.mehxomemully lmm
2| (I-“Cl«xoglntmte (kmnkko eral 1072). The mcnhtwns were carried out at
37°C- in a water bath with shaking for 40-60 minul

in & final volume of 1-4 ml.

containing 1mg/ml peptide substrate, 1 ml enzymé'conhinihg roximately 0.18
mg of eyme protein, 0.05mM FeSO 0.1mM [1.“0),£1uzarne (55000
dpm), lmM a:corb:le 0.1mM dlthlothmlol Olmd(ml catalase, lmg/ml bovme '
,urum»ulb‘nmln snd 50mM Tris-HCl buffer, adjusted Qo pH 7.8.at 25°C (Kivirikko
el 1972). Al the peptide substrates were heated to 100°C for 10, minutes and

Ied to 0° just before sddition to the incybation syatem The CO was col-
eeled onto filter papers as déscribed by Rhoads and Udenfriend (1988) except
( /~ _/that the reaction was stopped by injecting 1 ml of 1.0M potassium phosphate (pH
v ' 50) stored at 4°C. After the regction had been stopped; the sealed tubes wee O
- shaken in 8 mechanical lh;ker for 2 hour; and-the ﬁlle} papers were assayed ina
solvent containing methyl Cellosolve and toluene (l:roekup and Ebert, 1083). All
values., for disintegrations per minn;e of l‘CO, (measured with 3 Beckman LS -
330 liquid scintillation counter) released were corrected for the, release of | N(W?
observed with blank samples that did not contain the substrate. '
-HyL‘ was glso l.;nyed with a spm;iﬂc chemical p‘rocedure described by
B]llmell;kllntl and Prockop (1971). The method is'bmq‘ on periodate oxidation
_of HyL. Periodate ‘oxidation of HyL produces glunmiﬁJ semialdehyde and 'Al~
pyrmle-s-in;boxy]ic \Qid which on further oxidation wiil form s colour with P
dlmethylumno bonnldohyde as shown in Plguu 2-1. Proline also gives rise to a
slmllu- ciromnphare in the assay and therefore & preliminary sepsration of sam-

ples by thin hytr hrom hy would bo y. Since' the synthetic




k%

" peptides used in the present study did not contain proline the thin layer chroma-~
;

5 The tubes were centrifuged for 10 minutes at low épeed in order to separate the ~
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\
tography step was omitted. The composition of the reaction mixture for the

chemical method was as described above except that the 2-[1-""Cloxoglutsrate
£ o

was replaced by 0.05mM oxogluturnte; Ahe reaction was stopped by adding 8M

“MCl. The reaction mixture was then hydrolyzed for 24 hours gt 120°C. The

hydrolyzates were evaporated to dryness in a rotary evaporator. The dry residue
% & Y

was dissolved in 8 ml citrate phosphaté

4 ml of 0.15M citrieacid mixed with
346 ml 0.6M aibn§ic sodium: phosphate, pH 7). The oxidation re:l.cl,ion:v\lins' e

started by adding 0.3 ml of ‘0.3M sodium metaperiodate and Q; solution was.

. stirred. Then 3.0 ml of extraction solution (250 ml of tp\lu‘ene mixed with 250 ml

of isobutanol and 100 ml of n-propanol) was added and the tubegwere stirred on

a vortex mixer. The tubes-were placed in a test tube rack; the rack was covered * ~

with aluminum foil and shaken on a horizontal shaking machine for 20 minutes.

‘aqueous and organic phases. 2 mlof theorganic phase was placedin a test Lu_!)g, 7
and 0.5 mi of Ehrlich reagent (.l:‘;ml of isobutanol; 4 g of p-dimethylamino ben-
zaldehyde and 4.5 ml of perchloric acid) solution was added. The tub‘es were
immediately stirred vigorously. The colour was allowed to develop for 15
minutes at room temperature and the absorbance was ren(i at 565 nm. The

amount of HyL was estimated from the standard curve of Hlyl,HCl ( mixture of

DL and DL-allo). 8 w7

il




.
CHyNH, 2
‘::m cno
2 d%: 120 + NHy + <:uI p— %
doow - coon -
J(0INa10,

CHROMOPHORE

FIG. 2- -1 Probnble reactions for the oxidation of- HyL by periodate. ‘The first
relcuon product is glutnmlc ummlﬁzyd:, whmh is probably in ethbrmm with
A -pyrralmc-Scarboxylgc md. A prrrnl’nes-cnrboxyhc acid did noz_ give colour

with Ehrlich reng‘enl unless it was further oxidized to an u_nidemiﬁed product’ by

periodate. : ¢ \ 2

3 Reproduced from Blumenkrantz and Prock’op,' 1071: ) »
. N
< - "
B e
3
-
2.2.12. OtherA'nyn

HyL was also mje& by an amino acld unalyzer just for one tetrapeptide to .
conﬁrm the results of the other two assays (2.2. ll ) After the reaction mixture
was hydrolyzed for 24 hours at 110°C, the sample was analyzed wnh a Beckmnn
madel l2| umno ncld mnlyzer &Hyl-HCI (a mlxture of DL and DL-llIo) was

used as the s'.nndud




solution was evaporated to drynu‘a on a rotary evn;pouu;r, the dry. residue ‘Was'

chart in Flgure 3-1)

- 38-

Chapter 3

3. SyntHesls  * . ) t- -
| The symheqc'sceps of all the peptides synthesized are summaiized o the
flow charts presented in Figs. 3-1, 3-6, 3-0 and 3-10. Significant Fetails of the syn-
thietic procedures are described below with a numberidentifying the step in the

flow chart. "

- Each peptide was synthesized by two different methods; the mixed anhydride

method using N-methy-lmqrphuliqé and isobutyl ‘chloro{ormnte’ and the active

ester method using.N-bydraxysuccinimide (NSU).
3.1, Synthesia of NatBocloetupGlyAllLnglySerOﬂ (18)
This’

NatBocLetuPGlyONSU and TFA.AlaLysGlySerOH as descnbed below (see flow

3.1.1. Synthesis of %eLetupGlyONSU(G)
3.1.1.2. N*tBocLeuHy POMe (2) ) -

N°tBocLeuOH (5,00 g, 2165 mmol) in 50 ml, THF was cooled in a salt-ice

mixture and equi molar iti of N hyl holine (2.38 ml) and

i A, i
isobutylchloroformate: (2.81-ml) were added; the reaction mixture was stitred for

15 minutes. éhydroxy-{.—vmline meihyl ester HCI (4.34 g, 23.82 mmol) and N-

‘methylmorpholine (3:54 ml, 23:82 mmol) were added snd the reaction mixture

was stirred for 24 hours; the 'tempentute was allowe‘d to come to ambient. The :

redissolved in ethyl acetate nud wn‘shed succmlvely with cold 2N HCI, saturated

sodium bicarbonate, tnd saturated NaCl. The crgamc phase was dried. with

. . o

was synthesized by the densation of *




’
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éd on a rotary evapo) . The -

anhydrous sodium sulfate, filtered and
matefial was crystallized from hot ethyl ucet% and gave 6.50 g of product (18.16
mmol, 83.9%). Analysis of the product by HPLC gave a single peak with a small ' /

shoulder.




BocALOH (7)
NSU, DCC -
jg BocAONSU (8)
“ F (cbz)LysOH
BocLeuoH (1) BocAla(cbz)LysOH (8) »,
HyP GlyOMeHC!
) MA
BocjeuHyPOMe (@ . : Bochla(cbz)LysGlyOMe (10)
. OH™ . . . . OH™ - .
Bodl euHyPOH (3) ;o e BocAla(cbz)LysGyOH (1)
. : BocAlaLysGlyOH (17) MA )
BodLeuHyPONSU (4) BocAla(cbz).ysGlySerOMe (12)
GyOH OH™
BocLeuHyPGIYOH (5) WS BocAla(cbz)LysGlySerOH(13)
NSU, DCG . i TFA/CHLIp
*BocAlaLysGlySerOH(18) '
BocLeuHyPGIYONSU(6) TFAAl(cbz)LysGlySerOH (14)
BocLeuHyPGlyAla(cbz)LysGlySerOH (15)
e
BocLeuHyPGlyAlaLysGlySerOH (16) ) & i
FIG. 3-1: Fiow chart LY the  synthes of ;
N°tBocAlaLysGlyOH, N°tBocAlaLysGlySerOH and

N®tBocLeuHyPGlyAlaLysGlySerOH
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FIG. 3-2: Analytical HPLC of (a) BocLeuHyPOMe and (b) BocLeuHyP-
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3.1.1.2. N*tBocLeuHypOH (3)

N%tBocLeuHypOMe (6.30 g, 17.60 mmol) was dissolved in Me‘OH (8.80 ml)
and the solution was stirred at room iemperuture for § minutg One ‘molar
equivalent of 2N NaOH (8480. ml, 17.60 mmol) was added; and the reaction mix-
ture was stirr;d for 24 hours. The solvent was evaporated nnd’ the dry residue

" was dissolved in 100 ml water, and the solution was extr}:cted with 50 ml ethyl
dcetate. ’l_'he nqueb\ls layer was concentrated to 50 ml and adjhsted’to PH 2. The

solution was slowly saturated with NaCl and then extracted twice with chloro:

3

N . d o
form.. The chloroform layers were driec!:{ylith anhydrous sodium sulfate; filtered

and ¢ d oh a rotary i The material was crystallized from hot
ethyl acetate and gavé 4.05 g of product (11.77 mmol, 88.9%).. Analysis of the
product by HPLC gave a'single peak.

3.1.773. NatBocLetupONSU (4)

>
A solution containing equimolar. .amolmls of NatBocLeun (4.05 g,

11.77 mmol) and NSU (1.35,g, 11.77 mmol) in dioxane containing 25% T;E‘ was

" cooled to 0°C in sn ice-bath. DCC (2.43 g, 11.77 mmol) was added and the mix:
ture vwm stirred for 18 Hours nt:-0-5°C. The reaction mixture was filtered to

rémove the DCU by-product, and the solvent was removed on & rotary evapora- .

tor. ‘The material- was crystallized from a srm-petroleum ether mixture
and gave 5.20.g of product (10.44 mmol, 90.6%).
*3.1.1.4. N*tBocLeuHypGlyOH (5). -
an ‘N“tBocLeuHypONSU (5.00 g, 11.34 mmol) was dissolvec’i in 75 ml dioxane.
Glycine (0.94 g, 12.47 mmol) and sodium bicarbonate (1.05 g, 12.47 mmol) dis-
solved in 75 ml-water were added to the ﬁ;rst solution, and the'rw:iion- mixture
was stirred for 36 hours at room temperature. The solvent was evaporated and

the dry residue was dissolved in' 100 ml water and the solution was extracted
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i
with chloroform. The aqueous layer was concentrated to 50 ml and adjusted to
pH 2. The solulior; was slowly saturated with NaCl and then extracted twice i
with ethyvl.i;:eute. The ethyl acetate layers were dried over anhydrous sodium

sulfate, filtered and d on A' rotary evap The mn.unal was crys-

tallized from an ethyl lcente-petmlenm ether mixture and gave 11. 00 gof pr&
duct (24.39 mmol, 46.8%). The product was analyzed by HPLC and-showed a
single peak (retention time, 8.4 minutes) (see Figni'e 32 (b):
MP, 89-01°C; Anal. caled. for 20H13307Ng: € 5387 H 7.73 0 27.48 N 1047;
found: C 53 78 H 7610 28\:(&10 .51,
3.1.16. N"QBoeLanypGlyONiu (u)
_A solution containing equimolar amounts of N"tBocLetupGlyOH (420 g,
1047 mmol) and NSU (1.}.1 & 10.47 mmol) in dioxane containing 25% THF was
. cooled to 0°C in an ice-bath. DCC (2.16 g, 10.47 mmoleu added, md the r;nix-
lun was stirred for 24 hours at 0—5°C The reaction mixture was ﬁltered to
remove the DCU by product and the solvent Temoved on a rotary e'vlporswr
The mgterial was crystallized from s chlomfomn-petrole\lm ether mlxtnre l.nd
gave 5.20 g of product ( 10.44 mmol, 99%). ‘ . 2
" 3.1.2. Synthesis of TFA.Ah(N‘tbl)LqulySerOH (14)
" 5.1.2.1. N%BocAlaONSU (8) :
A solution containing equimolar amoinnts' of N%tBocAlaOH (10.00 g, 52.92
mmol) and NSU (8.08 g, 52.92 mmol) in dioxane containing 25% THF was cooled
to 0 C in an ice-bath. DCC (10.00 g, 52.92 mmol) was added, and the mlxture’

was mrred ‘for A4 bours at 0-5°C. The reaction mixture was filtered to remov

the _bCU by-product, and the solvent was removed on a rotary evaporator. The

material was

d from a 1 elher'm\ixtu're and gave ,
o -

1490 g of product (52.10 mmol, 08;5%).

AN 5 oo, .
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3.1.2.2. N*{BocAla(N‘cbs)LysOH (9) ' A .

N®tBocAlaONSU (.14.90 3 52.10 mmol) was dis’solved in dioxane containing

25% THF. NcbzLysOH (16.06 g, 57.31 mmol) and sodium bicarbonate (482 g,

2 57.31 mmol) dissolved in 75 ml water were added to the first solution, and the
reaction mixture was stirred for 80 hours at room temperature. The solvent was
evaporated apd the dry residue was dissolved in 100 ml water and the solution
was gxtracted with ethyl acevt;t'a The aqueous layer was concentrated to 50 ml

\. and adjusted to pH 2‘. The solution was slowly saturated with NaCl and then
extracted twice with-éthyl acetate. The ethyl acetate layers were washed ‘with -

saturated NaCl dried over anhydrous sodium sulfate, filtered and concentrated on -

a rotary evaporator. The material was crystallized from g*chlorofor 1
.Je‘fgmixture and gave 11.00 g of product {24.39 mmol 45,8%). Anal. caled. for
C?ZH25-307N3: Cc 58.‘54 H7320248 N 9/3(, found:  58.48 H 7.20 O 25.14 N
9.11.
. 3.a.2.3. N"mocAu(N‘cbn)Lyaclyome (10)
N®tBocAla(Ncbz)LysOH (11.00g. 24.39 mmol) in 100 ml was cooled in &
salt-ice mixture while stirring. >One equivalent .molar quantities of N-
methylmorpholine (2.68 ml) and isobutylchloroformate (3.16 ml) were added, and
, the reaction mixture was stirred for 15 miputes. Glycine methyl L.m,Hgl (3.37 g,- * >

26.83 mmol) and N-methylmorpholine (2.95' ml, 26.83 mmol) were added, and the

reaction mixture was stirred for -48 hours and the temperature was allowed to
come an)liient. The solution was evaporated to dryness on.a rotary evaporator, n/

the dry residue rec}iisulved in ethyl acetate and washed successively with cold 2N

HCl, d sodium ‘bicarb and s d NaCl. The orffai e was

dried with anhydrous sadium sulfate, filtered and conceritrated. The material was'

er i from a ether mixtpre and gave 7:76 g of
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2). Further purification of the product by chmma(ogu—

produ -t (14.87mmol, 615
At

phy oo silica gel afforded a pure product (7.50 g, 14.76 mmol, 96.6%).
caled. for CyghgOgN : C 57.46 H 7.28 0 24.52 N 10.73; found: C 5738 H 7.5

0 24.74 N 10.65.
~
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.
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FIG. 3-3: Analytical HPLC of (a) BocAla(Ncbz)LysGlyOH and (b) Bo-

cAlaLysGlyOH

3.1.2.4. N®tBocAla(N‘cbz)LysGlyOH (11)
N"tBocAll(N'cbz)LysGIyOMe (7 70 g, 14.75 mmol) was dissolved i in MeOH
(7.38 ml) and ' the' solution was mn'ed at room temperature for 5 minutes. One

molar equivalent of 2N NaOH (7.38 ml) was added, and the reaction mixture was N

.
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stirred for 48 hours. The solvent was evaporated and the dry residue was dis-
solvéd in 100 ol water, and the solution was extracted with 50 ml chloroform.
The aqueous layer was concentrated to 50 ml and adjusted to pH 2. The solution
was;lowly saturated with NaCl and then extracted twice with ethyl acetate. The
" ethyl acetate layers were dried with anhydrous sodi.u‘m sulfate, filtered and con-
centrated on a rotary .evaporator. The material was crystallized from a
chloroform-petroleum ether and gave 7.27 g of product (14.31 mmoi,’ 97.1%). The
produtcz»l;ras analyzed by HPLC (retention time, 8 minutes) (see Figure 3-’3 (n)).
Anal, caled: for CyyHggOgN: C 56.69 H 7.00 0 25.20 N 11.02; found: C 56.62 H
" 7520 2471 N 1L15, »
3.1.2:6. N®tBocAlaLysGlyOH (18)
To & solution of N®tBocAla(Nebz)LysGlyOH (150 g, 2.95 mmol) in 25 ml
MeOH was added 150 mg of palladium (10%) on carbon suspended in 20 mi

. MeOH. “The reaction mixture was hyd d at rosh} and 1
atmosphere with stirring for 24 houfs. The reaction was filtered to remove the
catalyst, and the solvent was removed on a rotary evaporator. The residue was

' ‘dissolved in MeOH"and diethyl ether added to precipitate the product. The pro-
duct was filtered and dned in vacuo (0.89 g, 2.38 mmol, 80. ﬂ%) The product was
analyzed by HPLC (retention tlme 9.1 minutes) (Figure 3-3 {bJ).

MP, 115°C (decomp). Anal. cnlcfi. for CIGH:;OOBNA: C 51.34 H 802 N 1497 0

. 25.87; found: C51.18 H 7.92 O 26.14 N 14.76
3.1.2.8. N"mocm.(N‘cb.)Ly.Glysﬂ-om (12)

N®tBocAls(N‘cbz)LysGlyOH (5.77 g, 11.38 mmol) in 75 ml THF was cooled

in a salt-ice mixture and equivalent molar ities of N- ly holine (1.25
ml) and isobutylchloroformate (1.47 ;nl) were added, and the reaction mixture

was stirred for 15 minutes, Serine Methyl Ester HCI (1.94 g, 12.50 mmol) and N-
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methyImorpholine (1.37 ml, 12.50 mmol) were added and the rea‘crion mixture
was stirred for. 48 hours and the temperature was allowed to come to ambient.-
The solvent was evaporated and the dry residue was redissolved in ethyl acetate
and washed snccmsi‘vely with 2N HCI, suz.urn!ed‘ sodium bicarbonate and ,
saturated ‘NaCl. The or;nn!c phase was dried witl{ anhydrous sodium sulfate,
filtered and concentrated. The'material was crystallized. from an ethyl acetate-
petroleum.ether mixture and gave 8:27 g of product (10.30 mn’ml, 90%). The pro-
du;t was lm’ther purified” by HPLC gi\;e‘ 5.00 g'of final pure product (8.21 mmol,
" 79.7%). AnaL caled. for C‘ H Osz:_C 55.17H 7}5.0 26.27 N 11.49; found:"
C55.04 H7.08 0 26.20 N 11.59_. . /.l
3.1.2.7. N"tBon@l-(N‘cB’:)LqulySerH as3) ,
N*tBocAla(Nécbz)LsyGlySerOMe (.00 g, 9.85 mmol) was dissolved in
- MeOH (4.95 ml) and the solution was-stirred at room teinpernture lm; § minutes.
One molar equivalent of 2N NaOH (4.93 ml) was added, and the reaction mixtur;
. was stirred for 48 hﬁuu. The solvent was eyaporated, and the dry residue was
dissolved in 100 ml water, and the solution was extracted wi7 50 ml ethyl ace-
tnt& The aqueous layer was poncentnt’ed to 50 “ml/ﬂnd (djusted to pH 2. The .
solution was slowly saturated with NaCl and then extracted twice with ethyl ace--

tate. The ethyl acetate layers were dried with anhydrous sodium sulfate, filtered
* ’

and d on a rotary evap . The mllterial was crystallized from a
chl&olo?m~pelmlenm ether mixture ;nd gave 4.72 g, of product (7.95 mmol,
' &O.S%). A.nllysis. of the product by HPLC gave a single |;enk (retention time, 8.2 »

minutes) (see Figure 3-4 (a)). 3 ’
3.1.2.8. NatBoc.Alll.ylGlySerOB (19)
Tu a solution of N"!BecAla.(N‘ebz)LysGlySerOH (1.39-g, 2.33 mmol) in 20
ml MnOH was added 150 mg of palladium (10%) on carbod suspended in 20-ml
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MeOH. . The stirred reaction was hyd}ogen}.ted at room temperature and | atmo-
sphere for 24 hours. The catalyst was femoved by fltration, and the solvent was
removed on a rotary evaporator. The residue was dissolved in MeOH, and diethyl
ether was added to precipitate thesmaterial. The material was filtered and dried
in vacuo.(0.79 g, 1.72 mmol, 73.8%). The material was kl'urther guriﬁcd' by HPLC'

to give 0.50 g of product (1.28 mmol, 74.7%). The product was analyzed by

.HPLC and ga\;e a single péak (reigntio? time, 9 minutes (see Figure 3-3 (b)).
e » - ° ’

- MP, 115° G (decomp.): Anal. caled. for CmHaSOBNS: C49.45 H7.50 N 15.18 O,

27.76; found: C 49.43 H 8.20 N 15.20 O 27.08. -
< q <]
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FIG. 3-4: Analytical HPLC of (a) BocAla(N‘cbz)LysGlySerOH and (b)
BocAInLysélySerOH

/




-49-

3.1.2.9. TFA.Ala(N¢cbs)LysGlySerOH (14)

A solution of N°zBocAla(N(cbz]LysGlySerOHv(lAOO‘g 8.72 mmol) in 30 ml of
30% TFA in methylene chloride was stirred at 0-5°C for 30 minutes and then at
room temperature for 1 hour-and 30 minutes. The solvent was evap;)rstgd ina
rotary evjnporator. The rai::lue was triturated with diethyl ether and dried in
va:uu to give L.white powder (4.04 g, 6.63 mmol). Analysis of the product by
HPLC gave a smgle product 7

8.1.3. N*tBocLeuHypGlyAla(N‘cbs)LysGlySerOH @15)

" N*tBocLeuHypGlyONSU (3.00g, 8. 02 mmol) was dissolved in 50 ml dioxane
contammg 50% THF. TFAA]a(N‘cbz)LysGlySerOH (4.04 g, 6.63 mmol) and
-»sodmm bxcsrbonlte (0.56 g, 6.63 mmol). were added to the first solution and the.
reaction mixture was stirred for 36 hours at room temperaturer The solvent was
evaporated and the dry residue was dissolved in 100 ml water, and the solution
was extracted with chloroform. The aqueous layer was concentrated to 50 ml and
adjusted to pH 2. The solution was slowly saturated with NaCl, and then
extracted ti]ree times wilhvet;lyl acetate. The ethyl acetate layers were dried with
anhydious sodium sulfate, filtered, evaporated to rdryness in a rotary evaporator
and gave 2.39 g of product (2.71 mmol, 46.8%). Analysis of the product gy HPLC
g!ve two major peaks, but it could not be pnnﬁed because of solubility problems.

The product was used in the following steps wn,hout further purification.

3.1.4. N"tBocLatupGlyAhLyaGlySerOH (/10) . .
N®tBocLeuHypGlyAla(N®cbz)LysGlySerOH (2.2 g 3.08 mmol) was

suspended in 25 ml MeOH and hydrog: d at room , 1 h

usiné 10% palladium on carbon (250 mg). The catalyst was removed by filtration,
and the solvent was remov\e\d with a rotary evaporator. ’I}e residue was ‘redis-
solved in.MeOH, and diethyl ether was added to precipitate the material. The
~




/

matenal was filtered and dried 10 vacuo {059 g. 0.79 mmol. 45 8°%). The marwrial
w;s\_h.x’r(hNnnﬁed by HPLC and gave 0.33 g of pure product (044 mmul.
55.3%). THR purity of the product was checked by’.*ymu HPLC (retestton

time , 8.4 minutes) (see Figure 3-3). MP, 145-146°C.  Anal. caled. for

O, N C 5141 H7.90 O 2570 N 14.99: found: C 51.11 H7.67 O 2588
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FIG. 3-5: Analytical HPLC of BocLeuHyPGlyAlaLysGlySerOH
/
3.2. Synthesis of N%tBocAlaArgGlylleLysGlyOH (32) < a0
- .
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“aza. Syntheﬂh of NatBocAln(N“'nltro)Ar;GlyONSU (24)
a2.001. N“monAl.(N“nlcru)A.-goMe (20)
- This was obtained from N&!BocAanH (5.00 g, 26.43 mmol) and (N“nitro)
arginin;e methyl ester HGI (7.84 g, 20.07 mmol) by the mixed anhydride method
as described for the preparation of (2). The material was crystallized from an
ﬁhyl acetate-petroleum ether mumlre and gave 10.10 g of product (2488 mmol, -
94%). Annlysu of_the product by HPLC gave a single pzak

3.2.1.2. N"enoeAI.(N”nlm)A:gon (21) ’ .
" To a solution of Nati‘iocAI'a(N“’_nitro)A'rgOM;" HCi 0.00 g, 2‘4.6; mmol) in . -
MeOH (12.32 ml) w’ added 2N NAOH (12.32 n.ll), 24.63 mmol) lvnd the reu‘:tion :
‘mixture was stirred !or 24 hours. The reamop was treated in the same manner as )
descnhed for zhe preparntxun of (5) The mnteml wa§ crystnlhud from an _ethyl

ncetnt&petroleum ether rmxmre nnd gnve 5.64g of product (14. aﬂmmol §8.4%). J g
Tl\e product was annlyzed by HPL .(retennon tune, 8.8 mmutes)
3.2.03. N“tBoeAln(N“’nltro)A.rgGlyOMa @) .o 1. o
This was obtrmed from N®tBocAls(N“nitro)ArgOH (5 40-g, 13.78 mmol)
and glycine methyl ester HCI (1.90 g, 15.16 mmol_) by the mixed unl;ydnde )
mel’hod s described for the preparation of (2). The material was crystallized i .
r;nm an ethyl neetatle-peti-_oleum e;ther mixlu_r;) and gave 3.25 g of product (7.03 .
. mmol, 51.1%). :I‘he pm‘duct ‘was lurthe} purified by column: chr‘omatog'rapﬂ on
silica gel to give 3.00,g or fine white crystals (6. 49 mmol, 02. 3%) Analysu of the
product by HPLC gave's smgle pesk. Anal. caled: for Cl.,H32 gN7: C44.16 H
'6,03 0 27.T1IN 2_1.21, l'ound. C 44.10 16.76 O 27.66 N 21.40.
* 3.2.1.4. NtBoeAla(N“nltro)ArgGlyOH (23)
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To 1 solution of N°tBocAliNaitro)ArgGlyOMe (300 g, 649 mmol) in
<
MeOH (3.25 ml) was added 2N NaOH (3.25 mT®5.49 mmol) and the reaction mix-

.
ture was stirred for 24 hours. The reaction mixture was treated in the samé way

s J;s;ribed for the preparation of (2). The material was crysiullized from a

chloroform-petroleum ether mixture and gave 276 g of product (6.16 mmol. —

95.15).
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3.2.1.5. N®tBocAla(N“nltro) AigGlyONSU (24)

This was obtsined from N%BocAla(N“nitro)ArgGlyOH (4.00 g 10.86mmol)
and N‘SU (1.25 g, 10.86 mmol) in the same manner as described for th€ prepara-
tion of (4. The material was crystallized from an ethyl acetate-petroleun ether
mixture and gave (8.81 ‘mmol, 98.8f5).

32.2. Synthesis of N®tBocIle(N‘cba)LysGlyOMe (28)

3.2.2.1. N*tBoclleONSU (26)
.

“This was obtained from NtBocIleOH (5.00 3 21.85 mmol) and NSU [.Z.MJ g,

2185 mmol) in the same manner as described for the preparation of (4). The

material was tallized from -a dichl hane-p ether mixture and

gave 5.53¢ of -product (16.88 mmol, 77.9%).
3.2.2.2. N*tBoclle(N%cbz)LysOH (27) -
This was obtained from N%tBoclleONSU (7.00 g 21.34 mmol) and
) . 4 .
NcbzLysOH (658 g, 23.48mmol) in the same manner s “described . for the
preparation’ of (5). The material wgs dried in vacuo and gave 3.02 g of product
(6.13mmol, 28.7%). N
g € v
/3.2.2.3.N tBoclle(IN“cbs)Ly sGlyOMe (28)
‘This was obtsined from N“lBoclIé(N‘cbz)LysOH (3.00 g, 8.09mmol) and
Glycine methyl ester HCI (0.84 g, 6.70 mmol) by the mixed anhydride metliod as
described for the preparation of (2). The materisl was dried in vacuo and was
_Ceserd
further purified on a silica gel column to give 227 g of product (4.03 mmol,
66.29%). Analysis of the product by HPLC gave one major peak and a smaller
one. The product was used in the following steps without further purification.
Anal. caled. for CpgH (OgN,: € §0.57 H7.80 0 2270 N 0.62; fnund:"C 5063 H
810 O 2235 N 9.50.

. . \
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3.2.2.4. N%tBoclleLyusGlyOH (34)

To a solution of N*tBoclleLysGlyOH (0.6'g, 1.09 mmt;ll in 10 ml MeOH was
added 80 ng of palladium (10%) on’ cnbon’suspended in 10 ml MeOH. The reac-

tion was L‘,‘ ed at room p e and 1 re with stirring for

24 hours. The reaction mixture was filtered to remove the catalys},' and the sol-
vent was removed on a rotary vevaporator. The residue was dissolved ;n MeOH
and diethy] ether added to precipitate the product. The product was filtered and
dried in vacuo{0.33 g, 0.7 mmol, 73.3%). Purity of the peptide was checked by
analytical HPLC (retention time, 8.6 minutes) (see Figure 3-8 (a)).

MP, 115°C (decomp.). Anal. caled. for CgH3g06N: € 54.81 H8.65 023.08 N
13.“;'“’“"‘1: C54.53 H8.47 023.13 N 12.97
3.2.2.5. TF Alle(N'cbs) By sGlyOMe (20) -

A solution of N Boclle(N'ebz)LysGlyOMe (380 g, 674 mmal) in 30 ml of
30% TFA in methylene chloride was stirred at 0-5°C for 30 minutes-and then at
room temperature for one jour and 30 minutes. The reaction mixture was treated
in the same manner as described for the preparation of ¢14) to give 3.85 g of pro-
duct (870 mmol, 09%). ' '

3.2.3. N*tBocAla(N“nitro)ArgGlylle(Ncbs)LysGlyOMe (30) ,

This was obtained from N*tBocAla(N“nitro)ArgGlyONSU *(3.5 g, 6.42
mmol) snd TFA.Ile(Ncbz)LysGlyOMe (3.71 g, 6.42 mmol) in the same manner as
described for the preparation of (5). The material was crystallized from a
chloroform-petroleurn ether) mixture and gave a.’zo g of impure product
(3.58mmol, 55.8%). The impure product was purified by chromatography on a
silica gel column and gave 2.15 g of product (2.41 mmol, 71.7%).
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3.2.4. N"tBocA!g(:N“’nitro)ArgGlylle(N‘thl)GlyOB (s1)

To a solution of N"tBocAls(N")nitro)ArgGlylle(N‘cbz)LysGlyON‘l’e (2.00 g,
2.24 mmol) in MeOH (1. l2 ml) was added 2N NaOH (1.12 ml 204 mmol) and the
reaction mixture treated in the same manner as described lor the preparation of
(3). The material was dried in vacuo and gave 1.55 g of product (1.76 mmol,
78.7%), The product was further purified by HPLC to give 0.90 g of fine white
crystals (1.02 mmol, 40.7%). The purity of the peptide was checked by HPLC
(retenhon time, 6.5 minutes) (see Flg\ne 38 (b
MP, 135°C (decomp.).
3.2.2.7. N"AlaArgGlylleLysGlyOH (32) )

N"tBocAla(N“'mtro)ArgGlylle(N‘cbz)LysGlyOH (15 g, 1.73 mmol) was dis-
solved in MeOH (20 ml‘ and hyd d at room 1 h

usfng 10% palladium on carbon (lSOmg). ;l'he reaction was treated in the sm;m
manner as described for the preparation of (18) to yield 0.79 g of material (1.13
mmol, 66.4% ) The material was further purified by HPLC to give 0.27 g of fine
shiny erystals (0.27 g, 34.2%). ‘Anan. caled. for C30H5709NID' C51.43H8.140
20.57 N 20.00; found: C 51.43 H'8.14 0 20.57 N 20.00

3.3.  Synthesis of °  N%tBocAlaGlyLysOH(38) and

N%tBocAlaGlyLysHyPOH(39)

Figure 3-9, summarizes the syntheses of these peptides.




3.3.1. N°tBocAlaGlyOH (33) -

This was obtained rsa N®tBocAlaONSU (45 &, 1573 mmol) and Glycine
(L30 g, 17.30 mmol) in the same manner™s described for the preparation of {4).
The material was crysiallized from an ethyl acetate-petroleum ether mixture and
gave 1.80 g of product (7.32 mmol, 46.5%).

3.3.2. N°tBocAlaGly(N‘cbz)LysOMe (34)

This was obteined from N*tBocAlsGIyOH (1.80 g 7.8 mmol) and
NcszysOMe Ester HCI (2,66 g, 805 mmol) by the mixed anhydride m;lhod as
described for™ the preparation oi (2). The material was evaporated in vacuo and
further puriﬂ;d by chronfatography on silica gel and gave 3.00 g of h‘ygms'copié
product (5.76 mmol, 78.7%). ]

33.3. N%BocAlaGly(N‘cbz)LysOH (35)

To s solution of N*BocAlaGly(N¢cbz)LysOMe (3.00 g, 5.76 mmol) in MeOH
(2.9 ml‘i was added 2N° NaOH (2‘.0 ml, 5.80 mmol) and ’the solution was stirred for
38 hours. The reaction mixture was treated in the same manner as deseribed for.
the preparation (3), The material was crystallized from an’ ethyl nceh)té-
petroleum ether mixtu}e and gav;z 272 g of product (5.36 mmol, 93.2%).

3.34. N“th:AllGiyLyuOﬂ (39) . i

N®tBocAlaGly(Ncbz)LysOH (1.50 g, 2.95 mmol) was dissolved in 2% ml

MeOH and was hydrog: d"at room 1 here, using 150 mg
of palladium (10%) on carbon ;:xsvended in 20.ml MeOH. The reaction mb;ture
was trenlle:d in the ssme manner as described for the preparation of (17) and gave
0.65 g of material (1.74 mmol, 58.0%) which was further purified by HPLC to
give 0.5 g of product (1.34 mmol, 83.3%). Purity of the p, du;:t was checked by
HPLC (retention time, 8 minutes) (see Figure 3-10 (a)). Q

MP. 11626 (decomp). Anal caled. for CygflgnONy: G 5134 H 802 O 257 N
14.97; found: C :u.la H7.020 250N }5.01

%
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HylPd o o s
BocAkGlyLysOH (36) BocAlaGly(cbz)LysHyPOH (38) ‘
' Hy/Pd '
BocAkGlyLysHyPOH (39)
-
FIG. 8-9: Flow chart i the ynthesis - of
N®tBocAlaGlyLysOH (38) and N°tBocAlsGlyLysHyPOH (39)
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3.3.5. Synthesis of N“tBocAlaGly(N‘cbi)LysHyPOM¢(37)

This was obtained from N*BocAlaGly(N‘cbz)LysOH (1.20 g, 2.36 mmol) and
HyPOMe HCI (0.47 g, 2.60 mmol) by the mixed afibydride method ss dfscribed
for the ﬁrepsrntion of {2). The material was crystallized from an elﬁyl acetate-
petroleum ether’mixture and gave .14 g of product (1.80 mmol, 81‘.4"6]‘

3.3.6. N®tBocA 1aGly(N¢cbs)LysHyPOH (38) }
™ To a solution of N®BocAlaGly(Ncbz)LysHyPOMe (110 g, 173 mmol} in
0.87 ml MeOH was added 2N NaOH (0.87.ml, 1.74 mmol) and the splution was
stirred for 36 hours: The reaction mixturé was- treated in the same as described
for the preparation of (2). The material was dried in vacuo and gave 0.82 g of
product (1.32 mmol, 75.9%). . ' '
3.3.7. N®tBocAlaGlyLysHyPOH (39) o
N?tBocAlaGly(N‘ebz)LysHyPOH (0.80 g, 1.2+ mmol) was dissolved in 15 ml

——— X
> MeOH and wis hyd d at room 1at here, using 80 mg

palladium (10°) on carbon suspended in 10 ml MeOH. The reaction mixture was

tre;led in the same manner as described for the preparation of (17) and gave 0.50

g of material (1.03 mmol, 79.4%) which was further purified by HPLC to give :

- 0.35 g of product (072 mmol, 70%). Purity of the product was checked by -
analytical HPLC (retention time, 8 minutes) (see Figure 3-10 (b)).

MP, 115°C (decomp.).
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3.4, Synthesis of N® tBocLéuHyPGlyAlaLysGlyOH (48)
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3.4.1. N®tBocLeuHyPGlyAlaOH (40)

This was obtained from N*tBocLeuHyPGlyONSU (2338 g, 5.18 mmol) nd Alas-
ine (0.51 g, 5.70 mmol) in the same manner as described for the preparation of
(5). The material was crystallized from an ethyl acetate-petroleum ether mixture
and gave 1.82 g of product (3.8 mmol, 74.6%). -

3.4.2. N%BoeLeuHyPGlyAla(Ncbz)LysOMe (41).

This vlvss obtained from N“tBocEenHyPGlyAlaOH (2.58 g, 5.18 mmol)" and

' NécbzLysOMe Ester HCl (1.39 g, 4.19 mmol) by the mixed anhydride metllsd a8

described for the prepumtim“: of (2). The material was:dried in vacyo and .- was
further purified by chromatography on silica gel to give 2.52'g of product (3.37
mmol, 87.7%). !

‘34.3. N°tBocLeuHyPGlyAla(Ncbz)LysOH (42)

To a solution of N®tBocLeuHyPGlyAla(Nfcbz)LysOMe (2.50 g, 3.35 mn:)‘l)
in MeOH (1.67 ml) was added 2N NnOHl(l.87 ml,:3.34 mmol) and the s‘olution .
was stirred for 36 hours, The reaction mixture was treated in'the same mhnner as
described I‘or’the preparation of (2). The mﬁ}erinl was crystallized from an ethyl
acetatepeuoieum mixture and gave 2.35 g of product (3.21 mmol)R5.9%). he
3.4.4. N"e'aoeLeunyPAI-(N‘eb-)LquIyOMe '(43) j )

This was obtained from NatBocL,etuPleyA]a(N‘ch)Ly‘sGlyOH (2.32 g,
3.17 mmol) and GlyOMe HCl (0.44 g, 3.49 mmol) by the mixe’d‘anh}"dﬂde
method as described for the preparation of (2). The material was dr}é’d in vacuo
to yield 2.15 g of product (2.63 mmol, 83.0%), which was further buriﬁed by
chromatography on silica gel and gave 1.52 g of product (1.86 mmol, 70.7%). ,

3.4.5. N®tBoeLeuHyPGlyAls(Ncbs)LysGlyOH (44)
\
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_ tixture was treated in the same manner gs Alcqcnhcd for the preparation of (17) *

To a solutiog of NiBocLéullyP GlyAla(Ncbz)LysGlyONe (150 g, 184

‘mmol) in McOH (00 mi) was added 2N-NaOH (092 ml. )84 mmol) and the

solution wa rred for 36 hours. The reaction mixture was treated in the same
manner as described for the preparation of (3). The material was crystallized

from an ethyl acetate-petmleum ether misture and gave 124 g of material (152

mmol. &3.8%) which was purified by chromatography on-a silica gel column to -

_ give 1.00 g of product (1.22 mmol, 80.6°¢) -
£

3.4.6. N"tBocLeuHyPGlyAlaLysGly OH (45) &
. \

NtBacLeuHyPGly \I1(\'lcbz}1,)'¢Gl\‘0ll (1.00 g 1.25 mmol) was dissolved

$n20 m1 McOH and-was ||yl|rngcnn!nd at room temperature, 1 almmphorc using

100 mg “of palladium (ll) %) on cmbon su%pl‘n}Ed in 20 ml McOHl. The reaction

:md gave 061 g of material (0 96 mmol, 77.1°). “which was further purified by
HPLC: to give 0. A4gof pruduco (0.68 mmol, 68.8%%). Puritdy of the peptide was
checked by analyggcal Hl"l,(. [rctcnlmn time, [£.5 mll'lu'-cs) (sce Figure 3-12).
MP, 1.10°C (decomp.). Anal. calcd. for C_m ,, 10} 7 C 52 07 Hr
1492; found’C 52.80 H'7.75 O 2137 N 1497
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) Chapter 4

4. Specf p lysis of peptide structur

4.1, lnfn.rad spectrouopy

"

PR Y

»' to lnh-nud Spe

Vikeapian ol i

Vibr; P ¢ .'nlmely, infrared and-Raman when - .’

used in conjunction with: other ph):sicnl “methods such as CD, NMR ‘and X-ray

-cryslallogmphy are useful for i .' ing and ch izing secondary

in peptides and proteins. IR provndes a useful meaps for identifying hydrogen

bonded and non-hydrogen bonded conformation of peptidés and proteins. It is a

particularly useful ique for peptide d

The IR absorption spectrum of a molecule results from transitions involving |
vibrational and rotational energ;y levels When a molecule absorbs radistion, its
energy increases in proportion to the energy of the phomn as expressed l; the
relation ¥

’ AE = hv = he/A

where h is the Planck’s constant, » and A are the frequency and the wavelength )
of 'the radiation respectively a—nd ¢ is the velocity of light. Changes in vibrational
energy involve small quanta and the changes in rot,utionnl-el.urgy inv‘olve‘ quanta
even smaller than those of vibrational energy. If a molecule absorbs radiation in
the' far IR region (650 to 100 c’m'l), only its rotational energy will change, no
matter which vibrational or electronic state it is in. il the radiation is in the
medium IR region (4000 to 650cm ), both the vibrational and rotatioual energies

of the molecule will change. IR frequencies are determined mainl y the mechan-

“ieal motions in the molecule while the lntenxltlu are related to’ the electnc:l pro-

pemes ;

-8




-87-

The IR spectrl of peptides nd proteins exhibit characteristic bands associ-

ated with the peptide (-CO-NH-) groups (Miyazawa, 1067). Since these amide

bands show variations in ies and i I

can be drawn _
regarding the different conformations of a peptide or. protein from its IR spec-
trum. There ue}nine distinct amide bands in proteins: amide A, amide B and
amide I to amide VI, Amide bands A and'B, which have the highest frequency,
rimarily originate from NH sumhhg vibration in the retion 3200-3500 cm'l

In the amide A region, the nppennn:u of a band between 3200-3400 cm™ 1"
expected for conformations wnh balh mln- and |n!ermoleeuln hydrogen bonds
(Mx?'unwa and Blout, 1987, Stimson et.al., 1977). For a non-hydrogen-bonded
N'H‘g'roup, ‘the NH vibration amide B band is observed.belween 3400-3500 cm”!
The amide I band 1600-1700 em™Lis due to CO stretching and its appearance at
1890 Vcrn‘l may be indicative of hydrogen-bonded conformation ( Miyazawa,
1067;Kawai and Fasman 1918) The amide II (1480-1575 cm'l), I (1230-1430
cm'l] and V (msoo’ cm'l) frequencies are much more sensitive to the presence
}nl an intramolecular hydrogen bond thm amide [ (Maxfield et al., 1081; Hollosl et
., 1085). However, these are dxﬂ'lc*to access experimentally due to nlvent
sbsorption and therefore dlﬂicnlt to interpret com.y. IR has been used Bten-

sively, for determining the presence of reverse turns in peptides by several investi-

(A " and Shy

gators i
1081 Brll‘lmlchni et al, 1082; Rao et al., 1080, see Smith and Pease, 1980 for a
review). - Krimm and Bandekar (1979; 1980) have used normal vibrational

our own y

analysis' calculations to suggest that the. positions of the amide I and I bands.in

the IR and Raman spectra of proteins and peptides may provide criteria for the
i

identification of the “presence of reverse-turn: structure. These workers hgve

defined amide I, IT and III frequencies for type I and type II f-turns that should
\
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i B
be useful in identifying these structures. These results have been applied success-
fully to determine chain conformations of a number of fibrous proteims (Krimm

and Bandekar, 1080). The 1700-1754 cm™! region due to ester and urethane car-

bonyl hing is also i in d ining S-turn L The rest of
the amide bands arg less frequently used for I ch ization purposes.
X I 5 \
The fin locked peptide products used in the present study were not

soluble in chloroform oi other non-polar solvents, hence the IR spectra were
measured using blocked precursors of these peptides. These precu;son have the
€NH of the lysine residue blocked with the carbo-benzoxy (cbz) group while the
carboxylic end is blocked with a methyl group. The side chain guanidine group
of the arginine residue wn.i blocked by ’the nitro group. It is assumed Mthe
conformation of the peptide backbone will not be signillclnfly affected by s}

modifications of the side chains and the carboxylic group.

Table 4-1:
Infrared Data ("‘Nli and uco) Jor Synthetic peptides
_ Heptide JNH (em™)) volem™)
N®tBocAla(cbz)LysGlyOMe 3443,3356 1745,1703, 1677
N",thx-Ile(cb;)Lqu’lyde * 3443,3360 1748, 1678,1707
NalBocAh(cbz)LqulySerMe s 3441,3343 1747,1709,1078- 3
N%tBocAlaGly(cbz)LysHyPOMe i 3444,3336 fm,xz«u,lm
NutBoeLetuPGlyAla(ebz)Ljy:GlyOMe 3443,3324’ 1737,1700,1679,1634
N°tBocAll(qitm)ArgGlylle(c?b:]LqulyOMe 3441}3346 1748,1702,1657
413, Trlpupt!du} N“bBodAll(ebl)l.ylGIy'OM- +  and
! \ .
N"znodk(cb-)l.y-o&ongo .

»
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Figure 4-1 shows the NH region of the above two tripeptides in chloroform. Two

bands afe seen to be present, one at about 3443 ‘em! and another at either 3356

.em? in the case of NC®BocAla(cbz)LysGlyOMe or. 3360 cm’ in
N®tBoclle(cbz)LysGlyOMe. From the information available on IR of peptides
presented in the introduction, we can conclude that, in these two tripeptides,

both non-hydrogen bonded (‘“‘free”) NH group(s) and hydrog;n-bnnded NH

group(s) are present, the former appearing at 3443 em’! and the latter at 3356 . :

em! or 3360 eml. The"proportion of the hydrogen-bonded conformer in both the
tripeptides nppe‘ars to be ‘smallel compared to the hydrogen- bonded species as
judged from the intensities of the bands. =~ h “

The carbonyl regions of these tripeptides are shown in Figs. 4-3 and 4-4. The
ester carbonyl is fdgxnd at 1740 em’’. Rao et al., (1980) have observe;i that for

" small dipeptides that"contain the Boe-X group-(where X= Leu; Ile, Val) and

show no evidence for any hydrogen bonded conformation, the IR band of the .

urethane group (involving the Boc carbonyl) 'nppg;m in the’ regjnn 1700-1720
em™\. The dominant band seen in our peptides at iﬁ)’blﬂo em’! may "therefore
be assigned to the urethane carbonyl which is Dot involved in l;ydrogen bonding.
The weak peptide CO band observed at 1670 cm™! in both the tripeptides indi-
cates a small population of hydrogen-bonded conformer(s). The hydrogen-bonded

conformers indicated by the IR data of the-two tripepti the NH and CO

stretching regions should, therefore, be visnnl'\le;i,withou! tile involvement of the

Boc group and this le.nds_l:i_tf_ expect t!le presence of structures stabilized by

five-atom (CB)\And/or seven-atom (C;) _I.lydrogeu-bnydud rings (Figure 4-2). The

Cy conformer would form a hydrogen bond between the Alp’ CO or Ile! CO and

Lys2 NH. The éw conformer would form a hydrogen bond'between Ala! CO or

Ile! CO and Gly® N'l\'l The IR band-positions in tlte NH region for tl;e hydrogen
S . . .

Ty
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bonded species in these peptides (3356 and 3380cm™) appesr, however, to
u.;napond more to the presence of.C; rather than the C; conformation. (The
band position for the Gy ~oaformer is found nesr 3390-3400 cm’" in model pep-
tides (Rao et al., 1980)). 1t should, in sddition, be pointed out that the Cg con-

°f fe ion is rather a ictive ring and is favoured only under
extreme conditions such as in peétidu that eon‘Mn residues whose praeﬁc‘: lim-
its the cnn!ormniionll freedom such as the Aib residue (Aib = a-amino isobu-
. tyric acid), and/or when the pep!idu‘ are dissolved in highly nnn-po!u solvents
like CCl (Rao el.al., 1080). We therefore can cons‘ider the probability of the

< A
 presencé of the Cq.conformer to be very small in our peptides. ™

“
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FIG. 4-2: Sch matl lon of & lecular hydrogen-bonded
2 structures. (a) Cg; (! Cj or 7-turn and (c) C,q or f-turn.
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It is interesting to note that while the C, (Figure 4-2) i.e. f-turn (character-
ized by the reversal by nearly 180° in the din‘ctio‘n of the peptide chain) (Zim-
mermay and Scheraga, 1977; Crawford et al., 1973; Smith and Pease 1080), is a
possible conformation for these peptides (involving the urethsne CO and Gly NH
groups), the IR data rule this conformation out. This is in conformity with our
expecmlons from data on the posltmnll preferences of amino mds for the B-turn
(Chou and Fasman, 1977), whereby Lys does not pnhr to occupy the 3rd pou-
tion of the turn. The C7 oontqtmn:wn of these peptides is shown in Figure (4-4).

This jon could also be ived of 2§ a “partial A-turn” as found in
the tripeptides such as Boy:PrdDAhAlaOH (A h 2 and C:
wsé) and BocProGlyAlaOH (Benedetti, 1977). As.will be shown below, the cp

data on the tripeptides support the conclusions from IR. : LY
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4.1.3. IR of Tet’rnpaptldesx .N"th:Ah(chl)LylGlySe'roMe lndA
N%tBocAlaGly(cbs)LysHyPOMe. ) '

The™ NH regions of the IR spectra NutBocAla(chi)LysGlySéroMe and
N“tiﬂocA]aGly(cbz)LysHyPOMe are shown in Figu;e 4-6. The data may be inter-
preted in an analogous manner to the’ tripeptide data presented above. The frélf
(non-hydrogen bonded) NH band is observed at 3441em’! while the ‘hydmgen
bonded NH' band occurs at 3343em™ or 3338em™L. The intensities of the IR
bands of the hydrogen-bonded N'H»And Vnon-hydmgen Lnnded NH are found to be
almost the same for  N%tBocAls(cbz)LysGlySerOMe  while, in
NatBocMaGly(cbz)Ly;HyPOMe, the intensity of the hydrogen-bonded NH bapd

at 3336 em™Lis vgker d to the hydrogen-bonded NH band at 3441

em’l,

T‘!e carbonyl regions of the IR of these two tetrapeptides are shown in Fig-
ures 4-7 and 4-8. The ester carbonyl is found to appear at 1747 el or 1744
em™! while the urethane occurs sround 1700-1705.6™". The later indicates that,
as in the case of the tripeptides, the Boc group does not seem to be involved in

the hydrogen bonded conformer(s). On the basis of the IR data in the. NH

- region, we can, however, expect the presence of hydrogen-bonded conformers.

In N%tBocAla(cbz)LysGlySerOMe, the amide I band due to peptide CO
appears at 1679 eml Its position is attributable to its involvement in a
hydrogen-bonded conformer (Rao et.al., 1980) as has been indicated earlier by the
NH bands of this peptide. These could be thg Cy and/or Cm conformers. The
C, conformer would involve a hydrogen bond between Ala! CO‘Lnlf Glya NH.
The Cy (i.e. the f-turn) conformation would involve hydrogen bonding between '
Ala! CO and Ser!.NH. The ratio of the intensity of the hydrogen bonded NH

and non-hydmgeﬁ-bonded INH (1:1) ‘suggests the participation of two out of the
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. four NHs in-hydrogen bonding in N®tBocAla(cbz)LysGlySerOMe, This would be

possible if tifis peptide could form both a rturn (C;) and a f-turn (Clo] as
" shown in Figure 4-6. The two hydrogen bonds would involve Ala! CO and Glya
_NH (y-turn) and Ala’ | 0 and Ser! NH (8-tum). A bifurcated' hydrogen bondl

would thus result. The occurrence of such bifuftated hydrogen-bonding has been

suggested by the recent th ical it of Plul and R

(1985) and has been reported by Hollosi. et dl, - ( 1085) for tbe pepude
cbzGlyProAxp(OBu)GlyOSt this pepude is [o\md to have a* oonlormnhon which
is be stabilized by a' 2—->1 hydrogen bond (in & Cg structure) hnwzen urelhnne

CO and Gly and'a 5-->1.hjdrog _(m a Cla bond be(wcan

urethane CO and Gly"‘ . N .

In the case of N"tBoc:A]nGly(cbz]Ly’sHyPOMe, the amide I band &t ;.he pep-
tide CO is found to be unresolved from the urethane group (Figure 4-8), Ind’icni-
ing that the peptide CO groups are possibly in the non-hydrogen-bonded confor-
mation (which have bands at higher frequencies than those of the hydrogen-

bonded conformers). The band due to the tertiary amide of the HyP residue is

seen at 1648 em’ I In this pepti e, the amide proton of the pyrrolidine-ring is

‘ not available for hydrogen bonding snd therefore the 4—-'>1 hydrogen bon;ied

S

B-turn cannot be formed in this peptid alling that Ehz Boc carbonyl does not

participate in hydrogen Mndini). In conjunction with the IR data in the NH ’

region, we conclude the absence of significant amounts of hydrogen bonded con-

_ formers in this peptide other than a ';]mvely small proportion of the 4-turn con-

formation, with a hydrogen bond H’med between Ala'CO and Lys”ﬁﬂ. =
. . X \

.
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4.1.4. IR of Hexapeptides: N*tBocLeuHyPGlyAla(cbs)LysGlyOMe and, ,
N"Aln( )Ar;Glylle(tbl)LqulyOMe N . LU .
s @ Fx;\lre tlo.shows the~NH _region of the two hexnpeptlda in CHCI Two

* bands are seen to be present indgth the pepudu The nqn-hydmgen-bonded NH
<
1 bnnd occurs at 3443 cm\ (N“tBocLeuHyPGIyA]s(cbz)LysGlyOMe) or 3441 em’!
(N“tBocAh(mtro)ArgGly]le(cbz)LysGlyOMe) while the mpecuve bydrogen- 4 -

bonded NH band’ appears at 3324 cm’ Lor 3349 em™., From Flgure 410 (a), it « ;‘
N .can, be seen thnt N"’tBotLetuPGlyAla{cbz)LysGlyOMe appean to exist
predommmly ‘in the hydrogeu-bonded conformér as judged by the relshvely
lnrger mtensny of the hydxogen-bnnded NH band compared to. the non-
e hydrogen-bonded» -~ NH . band. © o wntra.st
o N"’tBocAla(nizro)ArgGly!le(cbz.)LysGlyOMe appears to exist predominantly in
the non-hydmgen-bohded con{ormer 23 shown by the relnhvely weaker mtensxly ..
CT of the NH band in the hydmgen-bunded cbn!ormnmn (Flgure 49 (?))
The cnrbonyl region of the IR of these two hexapeptldes is shown in Flgum
4-11 and 4-12. The ester ‘carhonyl is found to appear at 1737 cql or 1746 c_m ,
while the urethane carbonyl appears between 1700-1702 el Similar to the tri- ®
- . and tetrapeptides, the urethm‘le carbonyl of the tBoc group does not seem.to be
" - ‘;involved in the mydrogen bonded coﬁformer(g). Like in th’; —case of
N®tBocAla(cbz)LysGlySerOMe, . the . carbonyl region of
N"tBocLetuPGlyAlu(cbz)LysGIyOMe shows ;n intense amide I band at 1678

Oy . em” Attnbuuble to the mvolvement of the peptide CO group in the hydrogen- T

- . \ bonded eonlormer The position of ‘the tertiary amide bnnd 371634 em” nlso
mdlclta the prmnca ~of a hydrogen bonded conformer (Rnn et al., 1080). - The
o possible hydrogen bonded conformers for N“tBocLeuHyPG»lyAla(cbz)LysGlyOMe
' are the C7 -and/or Clo stmctih_-es. ‘The C., oo;xrormer would involve a hydrrogen

N & B
5 i




Jond between HyB? CO ‘snd Ala® NH or betweerr Als? CO and Gly® NH while

- the Cyq conformer involves s hydrogen bond between Leu' 96 sid.Als* NH.
From the large intensity of tiie hydrogen-bonded peptide NH t;'nd CO bandes, it is 5
likely that N*tBocLeuHyPGlyAla(cbz)LysGlyOMe nd.npts both a 7- or a Aturn
as shoyvn in Figure\d—la invglvins a bifurcated hydrogen bond as in the case of
N"tBocA]a(cbz)LysGlySerOMe. ~ .

In the cise of N*tBocAla(pitF ) lylle(cbz)LysGlyOMe the: smlde Iband

is not resolved from the urethme bmd instead, 3 band sppears wt 1857 em’?
whwh is nunbnuble to the lree termry\hmde carbonyl (Rw et al., 1080)\
Together, the IR data in the

praence of a weak]y hydrogen- 5
hydrogen bond between Ile ™ CO and Glye NH, as in the case of the tripeptide
N“tBoclle(cbz)LysGlyOMe ’

_ . A ) ¥ /,,,,_,; _ ,7 § ffi
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4.2. Circulir Dichrolsm characterisation

AN
4201 fon to Cireuiar D!

Circtlar dichroism (CD) me the" dif it ion of right- and,/
- b % :

left-circularly polarized light by ?piicslly active asymmetric’chfomophores. or{by

non-asymmetric ones that have been asymmetrically oriented {Bell, 1981). The

: uﬁethal absorptivity for the right- and left-circulagly polafized light is defined as

-6 where q ’hKr' pectively, are the moleculai exmﬁtwn fficients for

: the Teft and right (Hasch nnd Hasch y 1973]

-
All amino nclds exc!pt glycme hnve at feut one asymn‘etnc carbon nn‘ﬂ
therefore: the blckbone of a peptide mclecule itself is an usembly of ppmally

active chromophora whose ccnmbuﬁons are found to be additive in the random

-coil structure. A CD spectrum-of a,gnv_en chromophore such as the peptide bond

is r’nuda up of the individual spe?tra! contributions of the' vnripils ‘conformations
present within a given peptide molec_llle {Chang et al.,-j 1078). This may be
expressed as:, 2T S ¥ ’
= ©lepts ='f11911\)r e + ’

where [9]°b§ is the observed (mel.l“l lui({he)‘ellipticity at a specified wavelength,

’ {l’ I'2 ete. refer to the fractions of partic‘ulpr secondary structures present and

: [6]1, [9]2 etc. are the (mean residue)-ellipticity _vnlu'a,s for these secondary struct
e

tures. s N

In peptides and proteins, the CD spectra arise from electronic transitions of

the yepm{e bond. These itions are the n-m+ (rep ing the excitation of

an electron. froni a nonbonding orbital to an excited antibonding orbltnl) and

the 7-7 iti (unsmg from «' ion from'a bonding to an antibonding 7

orhital) (anhemsyer and Huchemeyer, 1973). e

/




Ml;uma and mininia of - tutn CD Spedtral Clauea

Table 4-2: . »‘.‘

as Defined by Woody (197,

. Class  Sign ' Wavelength Rdnge (om)
A © 210220
N S :
+ o 195200 o
- . < o<180
B'. %, - >220
fa ) 7
+ S, 210-210
&
. . / <190
. J
c . / 200-210
g vk * 180-190 '
D - f >225
+ 210-220
of 160:200
/* L0
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CD is exquisitely sensmve to pep,ude con{ormatlon and has been widely used «
for studying the eonlormahcn of peptldes (Adler et al,, 1.973 Sears and Beychok
1973; Balasubramanian and Kumar, 1976 Brahmachari_et al’; 1982). While the
a-helix and the B-structure have relatively well-defined spectra as g‘aqhergd from
the.CD dntg on model polypept;d;s and proteins of known structures \(sée h‘ox et

al., 1981, for a review), suéh reference spectra are not reqt{ily “Qv:;ilable for f-

A /
_sndy-turns. Prior to the theoretical CD spectra of isolated f-turns by Woody

(1974, see later), the CD curves wexe analyzed in terms of the relatii'e contribu-
tion of a-helical, ﬂ-sheet'md mndom coil structures only without mcludmg then-
or ﬂvtums (Greenﬂeld and Fasman, 1969).

Woody 11074} cnlculnted the contnbullons of the vlhs types of B-turns'to

the CD of proteins and polypephdss by comp\nng\n-rr and mi* mtnhonnl ‘

’ strengths for tripeptides in these f-turn conrormltions,' ‘He 'deﬁned h;ur classes of

of CD spectra (A B, Cgnd DJ* stl?«l—l shows the criteria for his clmlﬁcntmn

" Type I B-turn gives a CDjspectrum similar to that of class B. For type I ﬂ-tums

about 80% of the variants [l e. subtlasses within this type) give clus B:CD spec-
trum while sbout 20% g1ve an mve;ted a-helix pmem (class c) About, two
thirds of the type lll P-turns mve class B CD pa"ems while nbout 15% ‘give class

A and another 20% give class C spectrum. Class D spectrum is most likely to

oceur with an open ﬂ-mrn (i.e ﬂ-mm without the 4—-~>~hydrggqn bond)~arid. S

class, &' (the- mirror image of class C) spectra are likely to be associated either
with type Il S-turns or open S-turns. Conversely, class C spectra can also' be
associated with type Il‘ p-turns (as in the case of Kl_‘lmicidiﬁ‘ S) (Woody, 1974).

Oné of the difficulties in the interpretation of Woody's ﬁnding‘;@s that an

quivocal assi of a B-turn ¢  to a peptide cannot be made on

the basis of the spectral class coinpn‘rixon alone without corroborating




n

.gl.‘ .

wnrormnnen obtained from another physlcal ‘technique (eg. IR, X-ray d)ﬂraulon A
or NMR) Despite this _setback, there is now ldeqnnle expenmmll. avldence
mrhcatmg that the occurrence ol thue spectrnl cluses is relned ta the f-thrn
conl’ormatmn ina gwen pepnde, if one is indeed pruent,

. Expecled CD spectra have also been calculsted for ')—tumu (Madlson :;/nd
Schellman, 1970). Model- peptide Kata (Ansith and St dar

19815 Bush et al., !978 Brahmnchan et al 1979, Gierasch et al, 1981 Mldlson'

% and Kopple, 1980; Bnndekar el al, 1982) have ngen support to certain of thz cal-

culated o and A-turds’ spectral types and have raxsed doullts about othets, 'l'he
e»penmeutal data of Hollosi et al., (1985); Rw et al.,. (1980); Peue and Wntson,
(1984) and\A.naPthnmrnyanan et al., 1976, are useful guides for interprétation-of
CD data’on ﬂ-tnrns Experfmental CD data on ;;tums aré Tare byt at presents it

. appesrs t‘hut turns yield CD bands around 230 nm (Rose et al., 1085). In’ whn’
!ollows we shall attempt to’ mterpret the CD datn o( ‘our peptiffés, within the
i " i or th ical unders! din of the (basis of) the GD of S-turn types,

vexperimentAI errors ahﬂvlagk of precise experimental data on CD of each type.

The CD studiegwere carried out insboth polar solvents (waterapd aqueous

0.IM qmn‘noniu}n/bicarhonate) and in- less polar mlventsv(me!hanol -and

\]‘:eting‘ for peptide hydrogen bonds wéile relatively non-polar or less polar solvents

b i )

such as 1'and 1 promote l>§'Q bilizi

1 1, i % i 3. .
ydrogen-bonded In small linear peptides of the type

used here, such hydmzeu-bonded conl'ormsnunl may be CS’ C7 11~mru) and.C g
(B-turn) structures. Orthae the C5 is sterioatty “more reslncnve and difficult to )
v

be detected by CD and u_lgnored in Sur analysis of CD upectL‘._

. . .
triﬂ@methmﬁl). Polar solvents are known to disrupt ordered structures-by com- ;

the intm-
I
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The CD spectra of eight lysine-containing peptides were measured in
different solvents n‘nq the data are prmnted._ below. Our interpretation of these
sp:étra would be’ based on _the infofmation gathe-2d from the IR data on several
of these peptides !ogethe; wjtp the availgble literature d:cD:m CD of other linear
peptida. ‘As menﬁoned‘abpvg, an ordered hycimgeu-bonded structure, such as
2 ! th‘e B turn, in .n given peptide is usunlly sustainednbeuer in solvents like TFE,

MeQ) than in HyO or “aqueous’ NH, l-ICO3 whlch tend to, “break intramolecular,
i »
. ydrogen bonds. We can therel‘ore infer the presence of an ordered stmctum

. pepude if the CD spectra in tlm former set of solvents are different from those i in

the laner. of. course, the oldered almeture(sfwﬂl\be m ethbnum “with ‘the

- is .or open nf ions in any solution_ of a peptx

in-d-solvent so

that the observed CD spectrum arises from an average of these structures.
s . % B

3
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! b | o Table 4:3: g
# < . " Summary of CD data for peptides .
Peptide . :::;-;L Aam (B> Xam [8]* Xam (o
NtBocAlaLysGlyOh S
methanol X 2 206 -10000 100 46400
{rifuoroethanol 2 202 -5600 182 o +11000
© Water 2 200 -8000 185  +5000
0.1M ammonium bicatbonate 4 2 200 -5100 187 +2800
NtBocAlaGlyLysOH : .
methanol ’ 2 220 -880 195 +7300
trifluoroethanol T2 220  -690 197 46400 185 4200
E < water e 2 214 1100 198  +440 188 .  -3300°
-0.IM ammonium bicatbonate 2 210 -1200- S 189 3100
B N“esunel.yscly'ou . . »
methanol : 2 210 -8400 5,100 47000
. . * uifluorcethanol - 2 210  -6300 185 49000
water 2 206 -4500 186 +2000
0.1M ammonium bicstbonate 2 204 ' 4400’ 188 . 43600
- " NtBocAlaLysGlySerOH / : % : E '
methanol 2 218 3000 196 ~ -2000 186 ° 3300
= . trifluoroethanol , 2 . 218 - -2000 194  -1700 184 4400
water 2 s . 193 -62000 .
-0.IM ammonium bicstbonate 2 193 -4100 .
= NatBoeAIaGlyLyIHyPOH " -
¢ methanol 2 T-214 4400 194 45000
i N trifluoroethanol 2 2214 3400 163 43900
water . 2 210 3400 195 +120
0.IM ammonium bicarbonate 2 ‘210 -3800- 105 120
N%tBocLeuHyP GlyAlaLysGlyOH B :
'1 ‘methanol 1 208 44600 192 4900
\ iflioroethanol . . 1 204 49200 184 -0000
. “water 1 1216 +1700 104 7700
/& 0.IM ammonium bicarbonate I 216 +1300 193 -5700
N“tBocAhArxGlylleLynGlyOH T L
methanol 2 . 204 --4200 188 . +10000
; ifiuorcethaol 2 : 204 -5700 185  +7100
-  vater, - 2 |- 204 -3200 . 185 ' +3000
N%BocLeuGlyHyPGly AlaLysGlySerOH " # 3
methano 2 238 -380 218  +960 108 4100
. . trifluoroethanol 2 20 . 700 212° 4040 188 - 3200
water " s 2 218 41900 194 -5100
‘ 0 N )
(8] i= deg cmZdmol”! (molar ellipticity) % i
- - B ¢
.
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433. CD spectra of the tripeptides (BocAlaLysGlyOH, BoclleLysGlyOH and
- BocAlaGlyLysOH).

‘The CD spectra of these three peptides in MeOH, TFE, water and aqueous
ammonium bicarbgnate are shown; ‘in Figures 4:14. 415 and 416. It can be seen
that the spectra of BocAlaLysGlyOH and BoclleLysGiyOH are similar in their
overall chnfzterisﬁu while that of BocAlaGlyLysOH is mnkedly.,di'ﬂ'erenl. o
TFE' and MeOH, both BocAlalysGlyOH and BoclleLysGlyOH exhibitf™a -
tinimum at 202-210 nm and & maximum around 182-185 nm. One could also

" notice a shoulder at a longer w;velenstl; (Ahdve 215 nm) which makes the cirves

non-sy nmetrical (ie. non-G ussian) in the 105-240 nm region. * Such a shyulder'
arounfl 2&5 nm and a minimum around 212 nm Eu indeed been observed in
éyclo(P}oGly)a in l!eh;}ilil& by Mldhon etal., ilDW, see Table I o!-th_is paper).
who have characterized this eyvclio peptide extensively and found it to l:nve a9
v._ turn (i.e a Cy structure). Another peptide containing a T-turn’ and which exhibits _
CD spectrs closely similar o our tripeptides is N-Acetyl- alssine-N-methyl amide
reported by Crippes and Yeog (1974) snd by Madison and Kopple (1980). The
latter authors have found that in i;ter, the 7-turn of this peptide is fully desta-
bilized giving rise to a CD spectrum wjth l’lingle mini;num n&nd. 105 nm. The
_'CIZ spectra of the tripeptides in H?O and NH‘HC% in Fig. 4.1 md 4.2 do not,
however, uho\v;- negative extremum below 200 nm, Althmlgl! the magnitude of
the po?itive band sround 185-188 nm is seen to be dlininis;mi. This would il;di-

. ~ cate that the 'r!un{ s oot completely disrupted in the polar solvents but is;;
admixed with uignlﬂcu}t amounts of the disordered conformgtion. ﬁe prisence
«afA the A-turn in these peptides in relatively less polar solvents was also indicated « X
by the IR data presented in the earlier section (4.1.2)). .

In contrast to BocAlalysGlyOH: and BoclleLysGlyOH, the CD spectra of
BoeAlaGlyLysOH in MeOH and TFE are ch ized l‘y a shallow mini at

=

.
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220 nm and & maximum between 197-200 nm. A second minimum at a shorter
wavelength (185 nm) is observable in TFE. In the more polar solvents, a broad

minimm" centered arownd 214 nm is seen and sno¥ber minimum appears als

shorter wavelength (188-189. nm). The difference in magnitudes of the extrema

between the les polar sad polar solvents i sigaificant and therefore {adicates the
presence of an ordered structure in the alcoholic solvents. It is difficult to assess
the nature-of the ordered confonm’tion since we do not have any IR data avail-
abl; onrthisj peptide. (The IR of BocAhGly(cbz)LysOMe eould not be measured
because thie peptide was hygroscople lnd could not therefora be accurately
welghed) Howevex, on the basis of the lR data on an an;loguu:-tempepude
nnmely BocAJaGly(cbz)LytuPOMe (see Sectlon 4.1.3) and on the basis of the
similarity of the CD data of the letnpq’m_de MlGIyLysHyPOH (see Section
4.2.3), we might assumé that the l;;l!bl;nyl of ‘lho Boc group is not involved in
hydrogen-bong\iﬂg. This leaves us with the 4-turn’ (Cy) conlormer: e possible
ordered, conformation present in the slcoholic solvents. The positions of the
minimum and maximum relate well wi.l.h those of the ulnpeptide
BocAlaGlyLysHyPOH. In this context, it-is worth nonn; that the ratio (R) of
the magnitude of the r-r+ CD band around 200 nm to tlut of tln * s band (in
the '215-225 nm) has been comheed with the extent of ordered s}rueturs in g
turn ‘containing tripeptides (Brabmach (e} ol,, 1989). A value/of R=12, for

' Eample, is indicative of a nearly 1009 p¥urn while R=4 indicatés a nearly ran-
dom structure. If one were to extrapolate this observation td the 7-turn,we
might consider the tripeptide with an R value of 8 (i.e. fatio of/[8], g5 /(8550l)t0
hnv_e‘ more ~-turn than the tetrapeptide with an R valie jof about 1. The
minimum observed ll'Hq nm is indicative of the presence/of 8 4-turn in the

alcoholic solvents which is significantly reduced in “2

snd aqueous O.IM °
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NHHCO,4 (Crippen and Ysig, 1974).
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FIG. 4-16: CD spectra of BocAlsGlyLysOH In MeOH, (—; TFE, (-—);
H,O ¢ --) and NE,HCO, f---}.
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2 4.2.3. CD #pectra of T ptid (BocAlaL "OH ﬁ/
i BocAlaGlyLysHyPOH)

Figures 4-17 and 4-18 show the CD spectra of BocAlaLysGlySerOH snd
TBocAh(ﬂyLysHyPOH in MeO.H, m,'gx2o sod aqueous. oM NH‘HCO‘.‘: The
spettral features of the two tetrapeptides are found to be muked_ly different from
each other (see below). ' \

/ In MeOH and TFE, the CD spectu of BocAlaLysGlySerOH are character-
/‘L, lzed by two minima at about 218 nm md 194-196 tmi and a maximum at 184-186
nm. On the other hahd, in HyO and aqueoy§ 0.1M NH,HCO,, ‘only a single
/ negative band at 103 nm is observed. Assuming that the structures of this pep- "

‘tide in the latter set of (more polar) solvents is*a disordered one, we might con-

> " clude that the péptide has an ordered st.nli:t;xre in the alcohols which, however, I

may be admi;(ed, with the disordered structure iin equilibrium. It is, however,
difficult to judge the natare of the ordered structure from the CD spectral
features of the peptide in-TFE and MeOH, since the spectra do not fully resemble
any of the published CD spectra of lin:nr or‘cy:lie peptidarin ordered conforma-
tions such as the 1~ or fturn (Madison and Kopple, 1980; Rose et al., 1985;
Kltd ud Fasman, 1978; Hollosi ef al., 1085; Cm/ et al,). We could, how-
ever, arrive'at a plausible stucture for this peptide if we sssume that the
observed spectrum in TFE (or MeOH)'is the ruulunrof the contributions of the
o ~ and B-turn (and, possibly, the disordered structure). Thus, the trough around
218 nm can be attributed to the Type I B-turn (R&a et al., 1975). The broad

shallow mnature of this trough could be taken to indicate the presence of the 4-

tum as in the precursor peptide BocAlalysGlyOH whnch exhibits a broad
minimum bmd in the 202-208 nm reglon Thc minimum seen around 185 nm

may arise from the

ibution of disordered whicll is found in the

(g
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uneous solvents (Figure 4-17).
Y
>~ > - o
This assessment of the peptide structure would be compatible with the IR
data of the (blogked) peptide in CHCly (Section 4.1.4) which indicated the pres-
IS
ence of both che 7~ snd Sturn in CHCly. In the relatively less non-polar solvents
like TFE and MeOH used in the CD experiments, one could also expect the pres-
ence of some disordered structure as well. It is inmuting to note that conforma-
 tional energy calculations of a similar peptide, AbAlm-L)"s-Gly-Sex-NHCHa (made
in collaboration with Professor Scheraga's group, 1986), have shown that this
peptide exists in solution as an ensemble of Conformations, without a ‘uniquely
" preferred lﬂﬂ-energy structure. H.ow;var, these workers predicted that a type II '

B-turn is one of the major lo‘e isemble of
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. FIG. 417 CD spectra of Bo:Ah.Ly'lGly?se/rOﬂ in MeOH, —); TFE, (-———);
H06-9 n:d NH,HCOj4 ¢----). -
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Boc;&chiyLysHyPOH . J
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FIG, 4-18: CD\ ctra of BocAlaGly LysHy POH in MeOH, (—); TFE, (——-~);
H,0 () and NH_HCO, ().
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The CD speclr; olf BocAlaGlyLysHyPOH (Pigu.re 418) show a minimum at 214
om snd a fmaximum at 1034m in MeOH and TFE. In MeOH, s weak shoulder
around 220 nm is also visible. In Hy0 and aqueous ‘01M NH,HCO;, the
minimum is shifted to shorter wavelength (210 nm) while the maximum is shifted *
to longer wavelength (195 nm). Comparing these GD spectral features of this )
tetrapeptide with@"t observed for the tripeptide BocAlaGlyLysOH (Figure 4- *

16), we find that the change from less-polar to more pol.ﬂolvenu causes s more | -

pronounced chmge*wuh decreased ellipticities at the extrema) in the Spectra of

the tripeptide than it does in the tetrapeptide. This would indicate that the’

o.r’dwed structure, il ;n}’n in the tetrapeptide is not as populated jn the' less polar
T solvents as in the case of the tripeptide. In.agreement with this, the R value of ’

—athe cem_pe;;zida (6. the-ratio of [8,0,/0 | is enly 1 compared to the R vatie
of 8 for the u_'ipeptide, Ignoring the relatively minor differences in the positions of
the extrema between the t;"r and tetrapeptides, we may conclude that the tetra-

-
- peptide BocAlaGlyLysHyP has a smaller population of the 4-turn ion

relative to the tripeptide BocAlaGlyLysOH. This pmt‘lu of the y-turn (not
involving the Boc carbonyl group) i in accord with the IR results (Section 41.3).

- 4.24. CD spectra of He des: BocL F AlaLysGlyOH and
BoeAIAA.r;GlythqulyOH - i & s N
@
. " The CD spectra of the :bove two hexapeptides in the two sets of solvents /

are v:ry g:ﬂzrent from each othor (Figures 4-19 and 4-20).
. A

In the alcoholic wlvenu, the CD spectra ol BocLltuPGlyAla.LysGIyOH

-show a maximum between 204-208 nm with a bmnd shoulder in the 210220 nm

region md a minimum between ,184-102 om. In the more polar solvents, the

maximum at 216 efificantl redueed in mag 7 de while "‘/ hitude of
the minimum is hrger then that in ﬂeOH but smaller than that in TFE. The

N
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Bocleu H.yPAIo LysGlyOH

tmg/ml TFE-MeOH-VATER_BICA

" “okes deg em2/dmortx10-3
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? o~ 180 5
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FIG. 419: CD spectra of BoeDrdHyP GlyAlaLysGlyOH in MeOH, (—;
TFE, (—3; H;O (--) and NH,HCO4 (--): L/
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B B §petlrp of BocLenHyl?GlyAl;LysGlyQH do not fully resemble any of the spectra 7}
reported it the literatufe. However, the CD spectral features of this peptide -are

somewhat compnrnlee to thoge ofAiycl&(bMWme(ﬂy)z (Pease, 1975) which’

. -

at 223

has been shown to adopt a f-turn conformation and ,exhibits two mini
om and 188 nmand a mui‘mnm at 198 nm in TFE; Bus/h et al, (1978) have also
repon’ed the ah/arg?:teristic CD bands for a type I A-turn contained in the cyclic
peptide (cyelo-(Gly-L-Pro-Gly-D-Alagl-Pro) which showéd a.minim@m st about
-232-234 nm and & maxxmum at 208-210 nm ua TFE and MeOH. Thue cnmpnns
. ong, wouln tend to mdmte that the hex'pepnde mlght contain 8 f-turp (exhibit- S &
k . ing the positive 1-m* bind near 192 nm). This is L'ompatlble with the IR data on

s this peptide (41.3.). However, the presence of the A-turn which is expected '3

display » shallow negat‘ive n-m+ band near 230"nm (as in the cye(c Ppeptides cited »
. above) is not immediately obvmus from the CD spectr_’\:hown in Fig. 4-,\ Itis
hkely that this band is masked by the posmva n-7* contribution of the B—l.urn
which is found in peptides like cyclo(PioGly)a (Madison etgl., 1974). vWe there
‘fore have to rely on the IR d;ta and model building which, in conjunction with
the CD data presented here, in‘dicate s conformation shown in Fig (4-9), Where. a
| the LeuHyPGlyAls sequence and s yturn in the AlLysGly sequence

in the triyeptides) sre-found to be plesenf

s In contrast to BocLetuPGlyA]aLysGlyOH BocAhArgGlylleLysGlyOH
. exhlbns & brosd minimum .t 204 nm with a shoulder at about 235 om and 8
maximym at_185-188 nm in TFE sid MeOH. Nearly the ssme CD spectral
fe_ature'_s»nre maintained in HéO except for the decresse in magnitudes of the

- ini and i 'l’heCD‘l havi o!this hexapeptide in the three sol-

vents is very similar to thal of the lrlpepv,xdu BocAhLysGIyOH or BoclleLys-
.. " GlyOH. We csn therefore interpret the CD dlu of chA.l:Ar;GlylleLysGlyOH

~
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g in an anulogcus fasll‘mn to that of the tnpepndes We_ thus conclude that

S S BocAlsArmlylleLinlyOH adopts a -f-zum in the alcohols whxch appedrs to be

N . weakened in H20 This conclusion is in good agreement with the IR data of the

blocked hexapeptide in CHCly. )
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'Boc,;AIdArgGlyIleLysGIyOH'_' ‘

10

lélfés deg 'pmz dmol™'x1073

K

- .20
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FIG 4-201 CD spectra of BoeAhAr‘GlyﬂeLylGlyOH In MeOH, (—-—);

TFE, (-——) and Hy0 (- -)
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4.2.5. CD apeetrl of Beptnpeptldex BochnﬂyPGlyAlLLqulySerOH

F;g. 4-21 "shows the CD spectra of BoeLetuPGlyAlnLysGlySerOH in"

MeOH, TFE and H'ZO In ﬂxe alcohols, two minima are observed at 230-238 nm
and 183-198 om lnd 8 maximum occurs at 212-218 om. In HZO a maximum is
observed at 218 nm whlle the minimum appears nt 194 nm. It may be noted
- that the CD spectra of this peptide in the th:ee solvents are distinctly dlﬁ‘erent
from each olher Thls is unl|ke the case of the other peptides descnbed so far id
which the spectra in TFE and MeOH are quite similar to each other and can be
rhstmgulshed from those in the more polar nqneons solvent.s One may therefdre

infer the presence of l"luger pop ion of in equilibrium in the hep-

tapeptide than fod in the other peptldes (Cﬂzma et al 1084). In TFE. and
MeDH lhe presence of the negative -7+ band sround 230-238 nm is mdlcmve of

the the presence of a w~turn which nppears to.be durupted in sz Since no IR

data is available for this heptapephd(, our interpretation of the CD data of this °

peptide is . based on the IR .data 'of the hexapeptide
' BocLetuPGlyAh(clniLysG]yOMe and the available CD data of related pep-
fides. We shall thus assume that the carbonyl of the Boc group is no%lolved in

the hydrogen bonding) Althollgh the CD spectra ol‘ the b npept:de do not bear
P

any lmmedmte resemblance to, those of the hexapepude, a: ¢loser look reveals

some slmdnrmu between Jhe two. The CD spectral features of the heptapepude
in TFE are similar to those of lhe hexnpephde 1BocLetuPGlyAhLysGly0H] in
MeOH (Figure 4-19) except thnt the long-wavelength band (230 nm) observed in

- « . ®

~-the former peptide is not seen in the h ide. Also, the itudes of the
extrema in BocLeuﬂyPGlyAla.LysOH ue—signiﬂcmtly' larger than those observed
in BocLe\lHyPGlyA]nLysG]ySerOH The mnum\{n at 212 om jn the heptapep- )

txde, hke in the case of the hexapeptlde can be assigned to the presence of a f-

1
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turn but, as indicated by the magnitude 9[ this band, the B-turn conformation is
not as dominant over other structures (such as random or f;-zum) as’it is in the
case of the hexapeptide where it |s so dominant that it overshadows the presence\ )
of a 7-turn. Again, the CD’ spectral featuresin MeOH and H,0 of BocLeuHyP-
GlyAlaLysGlySerOH resemble ‘those of BotLenHyP‘GlyvAlu.LysGlyOH in HyO
except that the 238 nm band seen in MeOH in the‘heptapeptide is no‘ observed
in the H, 50 spectra of both peﬂﬂdu In view of our earlier analysis of ;.he CD
speclra of the hexnpepude in H O (4.2.4), we.can conclude that’the f-turn (at

the HyP-Gly segment) in the hep ide is 'significant]; f tabilized in . MeOH

andl H)O (more 50 in TFE), Finally, in H20 the 1r-turn (at the bys:Gly segmient)
is also destabilized in companson thh MeOH and TFE. It is lnlei‘es!lng to note
that the cD' spectra of BocLetuPGIyAla.LysGlySerOH can be regarded as 3-
turn@ the class D category (negative extremum ahove 225 nm and between '190-

[ 200 and a positive band bt;l.ween 210-220 nm) according to the Tlassification of,
Woody (1074). TP ' :
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FIG. 4-22: Schematic Diagram of BoeLe‘uByPGlyMnLylGlySerOﬂ

Hollosi et af, (1985) have reported the CD structural features, of
cbzGIyProSer(OBu"lGlyOSl. which are iiiuti\'ely ;imilar to those of our hepta-
peptide# viz a weak negative b:nd‘ﬂl om, a positive band at 216 om and a
second negative band at 195 nm in-cyclohenne. In acetonitrile, the positive
band appears n‘t 216’ ;m_. the long-wavelength negative band is .lhsenl ;vhiILe the‘

short-wavelength band is shifted .below 195 nm with decreased ihteqsily. It must

be pointed out that the magnitudes of the maxima and minlma of this peptide

. are different from thosé of our heptapeptide. Hollosi and co-workers (1985)

assigned their tetrapeptide as \ndopt_ing a f-turn conformation with CD .lé;lures
of- the class D spectra of Woody (1974). I view of - these data, we n‘x“ul that the
beptapeptide' (BocLeuHyPGlyAlaLysGlySerOH) adopts &”B-turn (formed by the
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Leu-HyP-Gly-Ala segment) followed by a f-turn and ~-turn (both formed by the

Ala-Lys-Gly-Ser segment) (Figure 4-21).

FIG. 4-23: CPK model of BocAlaLysGlyOH



PK model of BocAlaLysGlySerOH

FIG. 4-24: C]
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FIG. 4-25: CPK model of BocLeuHyPGlyAlaLysGlySerOH
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5. Hydroxylation Data and Discussion T e .

5.1. Introduction * i

In order to arrive at a possible conformationsl basis of the fulgtrate
specificity of lysyl hydrosylase, the synthetic Iysine-containing peptides were stu-

died for their interaction with the enzyme isolated from chick cmbryo. The

i ) .
choice of these peptides for Gur study was made on the basis of the follswing con-

siderations. 4

First, in the collagen triplet repeat sequence -Gly-X-

position Y. ‘Where Lys occurs in the X position, as in the seqiience 57-61 in col-

lagen from calf, chicken and rat (types al(l), al(ll), a1(Il) and o(2), it is not _

hydroxylated (Bornstein and Traub, 1979;:sce Table 5.1a below). An analysis of

the hexg-peptide segments -Y-Gly-X-Hyl-Gly-X - in collagen from the above
sources showed (Tables 5.1 a and b) that HyP is the most frequently occurring

~ o~
residue in the Y position of this sequence while Ala occurred most frequently in

" the X position (i.e. ox the N-terminafSide of liyL). In collagen sequences where

the HyL i§ subsequently glycosylated, the X posizionvis usually occupied by [le or

His (Kivirikko et al., tQ;?). In view of these data, the synthetic peptides to be

sed as substrates-for lysyl hydroxylase were designed such that the amino cid

preceding Lys (i.e. in the X positix;n)' was Ala in six peptides and lle in "two |

2 »
(Table 5.1c). In one of the two hexapeptides, Arg was selected at the Y position

while in 'the_ other hexapeptide and in the hep ide, Hyp was selected at this

position. As for the X position, Ser was selected in one of the tetrapeptides as

well as in the heptapeptide following the oligopeptide sequences used by

* Kivirikko et al. (1972).

-, HyL is found only n-




One tripetide and on' “2trapeptide were syr’\lhuizcd with the Gly-Lys ‘sequence.
i.e. with Lys in the,_Q position. o

Since the procedure for obtaining a highly purified lysyl hydroxylase is
rather tedious and yields n*l::livel‘y very low quanmigs of the pure enzyme

* (Kivirikko et al. 1980), we have chosen to use a partially purified preparation of

the enzyme'as discussed in Section 2.2.7. The use of the partially purified
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enzyme (which may contain pro‘lyl y ‘ 8s an impurity) in
with synthetic peptides is permissible since, unlike: the protocollagen substrate’
(which contains both susceptible lysyl and residues) the peptides do not
4rontain any prolyl residues. It is, however, necessarf to mum’e that the assay
method employed is specific for HyL. Four different assay melho‘d; bave been
used in earlier studies on lysyl hydroxylase. (a) One method is the ngiiocpemiul
’ procedure using [“C]Ryline-hbelled proloeolln;el; as a substrate (Ryhanen, 1076;
Kivirikko et al., 1972; Ryhanen and Kivirikko 1974); the major disadvantages of
this method are the cost of and the impurity of the labelled protocollngen: (b)
The second assay is the chemical method for measuring HyL formed by a peptide
substrate (Blumenkrantz and Proclkap 1960) is r;ther tedii;us :k\nunsitiva )
requiring large’ fmounts of enzyme. (é)The third is an assay buecl\o\n the
stoichiometric decarboxylation of %[l-lfc}uxoglutuue duriﬂ; the re;clion
(Ki;;ii\o et al., 1972; Turpeenniemi-Hujanen et ;L, 1080, 1981; Myilyn et al,
1984; Kivirikko et al., 1973; Ryhu‘en; 1978) using synthetic pei)tidu as sub-
strates; this assay is‘ convenient but is most useful for purified or at leutpulinlly‘

purified lysyl hydroxylase. In less pure extracts, the “COz-rduu assay is rela-

tively pecific due to- the d boxylation of either by t‘he

more active a suitable is

prolyl h
present) or by a number of other decarboxylases able to act on Zt-kewgllgunt-e‘
(P@kﬁp' et al., llWGl. (d) The fourth method involves the measurement of tri—{
tium releaséd to water during the hydroxylation reaction using lr(d,s-"‘H]lysine-
labelled prot&cnllagen (i’uhtola et al.,kwo; Puistola,_1082; Miller-and Verner,
iWD; Ryhanen, 1670; Glass, et al., 1985), or labelled synthetic peptides (Glass et
al., 1985) as substrates, As pointed by Glass (et al., 1985), the use of a labelled

yntheti bst has an additional ad age over non-labelled synthetic
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peptides; ijs more specific since HyL is.measured in the form of tritium released
to water during the hydroxylation reaction. Because of the specificity of the
measurement of HyL. the labelled peptide can be used for assaying Iysyl hydroxy-

lase in relatively crude extracts (Glass el al.. 1985).

Table 5-1: (a), Amino acid sequences around 1yl in collagen_

Type  Resdueno. . Sequence (Y-Gly-X-llyL-Gly-X)
S d

alll) 208 YRG5 L Gl s
Al 8490 -HypGlyValliyLGlyHis-
at(m 8690 . -MypGlyMetHyLGlyHis-
a2 800\ -HyPGlyPheHyLGlylle
alll) | 9102 -ApGABHYLGHGW <
a2 . 216222 _ -HyPGlyAlaHyLGlyAla- -
aX> 105111 .- ~HyPGlyValHyLGlyGlu-
al(ll) 160175 - -AlaGlyAlaHyLGlyGlu-
ai1(m 215221 “HyPGlyAlaHyLGlySer- g
‘2 261267 -AlaGlySerHyLGlyGlu- ,
~al(ll) 240-254 V-Leu'GI_vProH_\‘LGIyG-v T /
al(ln) 105-411 ° - “HyPGlyProHyIGlyAla-
al(ll) Ta17-423 - -AlaélycltuLclyLeu-
el 0808 XxGIyGIuHyLGIGl-
‘al!H] 651-657 -AlaGlyAlaHyLGlyAsp-
al(ll) 642-648 -ProGlyAlaHyLGlyGlu-
a2 641-647 -HyPGlyAlaHyLGlyGly" .
alll) | fo78-684 " HyPGyFoHYLGIyAla-
“al(l) tlz-m -ArgGlyAspHyLGHGlu- -
w N ¥ Z o 6z



o

<118 -
"al(l) 923-030 -ArgGlyllelIyLGlyHis- .
al(ll) 528334 -AspGlyProltylGly Ala- i ;
~
(il 361-567 ~AlaGlyProlIyLGly Asp-
[a1n 56-61 ARGy LysHyPGly- ] non-wydvoxylabed

Taken from Bornstein and Traub. 1979, (Xxx = unknown a.a.)
o B

i ~
Table S 1+ [oldnalysiviof e repvency of decorrene. ;
) of a.a.q in - Y-Gly-N-Hyl-ClpsX" in collagen }
i X ey &
HyP 0 noo. 0 ) ; \
Ala - 7 5 1 -
Arg 0 2 0 -
Asp 1 2 2 ; 8
Pro 5 1 0 . ~
Leu 0 1 1
Val 2 : 0 0
Met 2 0 v oo, . ,
Phe v 0 0
Ser 1 0 ¥ )
Glu 1 0 8 l
Ile 1 0 1 )
His ‘0 0 o4 -
-
\ ,‘ - '
o
5
- "
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The use of synlheuo pepudes as substrates has advantages .over ',he use, of
crude preparations of either non-labelled or [“C[lysme— or[sllllyslne-lahelled pro-

tocollagen (Kivirikko and Myllya, 1082; Blumenkrantz and Prockop, 197 l' Miller,

1072; Peterkosky and Diblasio, 1675). “These include greater stability and purity

of the peptides as compared to crude ep:nranoﬂs of pmtocol]agelfand the avai-

labllny in -larger quantities of the pudes Smce synthetic pephdes are wéll

deﬁned ‘substrates with known sne(s) of hydroxylation, l.hey .are hse[ul .in
mechanistic and conformational studies.

Table 5-1: (c) Synthetlc Peptides _
N“tBocAlaLysGlyOH

NCtBoclleLysGlyOH ) \

NBocAlaGlyLysOH

N°BocAlaLysGlySerOH
NetBocAlaGlyLysHyPOH
N°tBocAlaArgGlylleLysGlyOH

* N%tBocLéuHyPGly AlaLysGlyOH

NetBocLeuHyPGlyAlaLysGlySerOH _*



5.1.2: Hydroxylation .

The main objective of this thesis was to assess whether a given peptide was

. liydroxylated or not and to relate this information to the conform-nou of the

pepude Because of the expenmentnl uneertmmty involved in our, procedure:, we
cannot qui ily quantify our hy

data in-terms of the amount of

HyL produced by the various pepnda unless | lhere is s marked difference

’ bezwesn the amount ol’ HyL pmduced by the different pepndu‘ Table 5-2:shows

the results of the enzymlc hydroxylntmn of the. syntheuc peptides. As can be

seen t‘mm these results all the pephdes‘wnh the Lys-Gly sequence were. hydroxy-

']uted to vnymg deg'rees while the *two peptides - (BocAlaGlyLysOH and

BocAlaG]yLysHyPOH) with the Gly- Ly! ‘sequence were not hydroxymed Exlen-

_ sion o( the tripeptide BocA!a.LysGlyOH on the C-terminal by one resulue lo '

BncAJgLysGlySerOH, facilitates more hydroxylation by a factor of about two.

‘Similarly. “ of the same tripeptide on the N-termi | by three residues to

ﬁoéLetuPGlyAlﬁz}sGlypH or by four -residyes _‘u;‘ BocLeuHyPGlyAlaLys-
GlySerOH ﬁgniﬁcsnﬂy enhm;m the degree of hydroxylation by a factor of six
and ten, r'apectively. Kivirikko ¢ al., (1972) ahéqbsened_ that the tripeptide
PmGlyLiu\was not hyd;-oxylaled. These workers also showed that the tripeptide
IleLysGly v:ms hydroxylated and ex',ension of the same tripeptide ;n the C-*
terminal by thrée residues to {eLy:GlyIleLysGly resnlted in a ten-fold i increase in
the rate of hydmxylmon

We will now l"“’ll?‘l to intemré! tha‘hyd_roxylation data in relation t;) the
structures of ‘both the’hydruxylated and unhydxoxylated péptidee Ou; interpre-
tation will be based on’ o\lr observmons as well.gs o our knowledge of the con-

1 hydroxyl: whnch as indi d datlier (Section
i .

ol proly
1.3.3.) shares common properues with lysyl hydroxylue in lerms of cofactors and
cosubstrates reqn_lrernent as well as the _remlon mechanism, . ’
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Table 5-2:

\ - ‘ \'

Examinction of sythelic peplides as substrates

" for partially purified lysyl hydrozylase.

,s‘ubscrai; ' _ HyL synthesized (umol/mi/hour) )
- " . . . ) E
- . ' l"(_702 c chenmical Amino acid
) P ] 7 mothiod -+ method analysis
NBocAlaLysGlyOH, * * 0.005 £0.00b7  0.008 £0.0014 ot
R N“BocAlaGlyLysOH ... otoool ot t
N®tBoclleLysGlyOH 0.007 +00017 0.00840.0014 . 1
J . NathcAlaLysGIySerOH 0.011 £0.0018 0.014 +0.002 0014
NtBocAlaGlyLysHyPOH 00001 f f
N“tBocLeuHyPGly AlaLysGlyOH 0.034 +£0.0044 to. t
NalBMLEtuFGlyﬂﬂysGlySerOH 0.056 +0.001 - ’ t J t
t not determined ) . %
Incubations were' carried out as described in metl;ods. The pmo]m‘ of HyL
(MC()z r_nethod) were calculated from the observed &pm of l."CO2 trapped -and
\ ) the specific activity of the [l-”C]oxoglutar_nu. Values are corrected for negati;lé

conttols which contained no substrates. -

The error ranges in the values of HyL synthesized were cilculated rrom'u'vemging
'

e three duplicate‘experimenté.
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‘

We will now attempt to interpret the hydroxylstiunv data in relation to the
strustures of both th! hydroxylated and unhydroxylnted peptides. Our mterpr&
tation will be based on our observations as well as on our knowledge of the con-
formnuoyal requirement of prolyl hydroxylase which as indicated earlier (Section
1.3.3) share common prope}l,is with lysy] hydroxylase in terms of cofactors and
costibstrates requirement as well as the reacuon mechanism. .

The IR and CD data (Chapter 4) show that the tripeptides BocA.laLy!-
GIyOH, BoclleLysGlyOH and BocAlnglyLyu{)H all adopt _n Aturn (C.,) confor-

mation in relatively non-polar solvents. In the first two tripeptides, lysine is .

found in the second position of the y-turn while in BocA.laGI}’LysOH lysine is in
' the third position of this structure {Figure 4:10). Thue results may provide the
basis lor the speuﬁclty of*lysyl hydroxylase. Mthough all the tripeptides . adopt
EhE same conformation, the enzyme seems to be able bo.distingui_sh between
lysine in the 2nd position and lysine in the 3rd position of the y-turn, and will
Hydroxylnle lysine only when it occurs in the second position of the y-turn (see
below‘). This finding lead us to suggest that the conformational min’imal‘.‘:q\ire-
ment for lysine hydpxylation is a y-turn in which lysine occupies the second
position of this structure i.e. lysine has to be followed by glyc'int‘in the repeating
" triplet sequence X-Y-Gly for enzymic hydroxylation m;:occur.

' Ext:enslon of the tripeptide BocAlalysGlyOH on the C-ten;niml to
BocAlaLysGlySerOH drastically’ changed both the peptide structure and the
degree of hydroxylation. .The IR and CD dlnta showed “that the tuténpbpi{de
BocAlaLysGlySerOH takes up mainly a- ftura conformation in non-polar sol-

) venul_ Within the overall geometry of this -->1 bydrogen-bonded f-turn, 8 7-
turn with 8 3-->1 hydrogen-bonding between Alnl CO and Glys NHis also po’s-
sible (Figure 4-10). ‘Thus, the ~-turn found in the the precursor tripeptide

b
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{BocAlaLysGlyOH) is mlinllined-in the let:ipeplide (BocAlaLysGlySerOH) as
well. The hydroxylation dats shows that BocAlaLysGlySerOH is more hydroxy-
lated (by s factor of two) than the precn’;wt tripeptide BocAlaLysGlyOH. The
presence of & S-turn in this tetrapeptide which is not observed in the tripeptide,
may account for the observed incresse in the dei;rn of hydroxylation but how ’
this is achieved remsins to lpccumi}@ One plausible explanation is that the -
turn with the 4-~>1 hydrogen bond between Ala! CO and Ser* NH stabilizes
the 7-turn and thereby incresse the degree of hydmylition4 The Aturn formed
by‘ the AlsLysGlySer. segment can be envissged as locking the 4turn which
~'sh9l;ld re;ull in a greater stnb‘ility of this 4-turn compared to that present in the
tripeptides BocAlaLysGlyOH and BodlleLysGlyOH (Section 4.2..). ‘
‘In order to test the effect of chain length fﬁd the possible change jn confor-
mation that could result ‘therefrom, the tripeptide BocAll.LysGlyOl\-l was
. extended at the N-termjnal to BochtuPGlyAhLysGlyOH and BocLeuHyP-
GlyAlaLysGlySerOH. Both"peptides were hydroxylated six o ten times more
than the tripeptide with the heytupepti.de showing about tw?ce more hydroxyla-
tion than the hexapeptide. (Table 5-2). The conformationsl preference of the
hexspeptide in| non-polar ‘launts i 8 consecutive g (fome;] by the LeuHyP-
GlyAhA‘egment) and J'rhnn [!’ormed by ?e AlaLysGly segment) according to
the IR and data (Chapter 4). In BocAlaLysGlySerOH, lysine is found in the
s‘econd pmiz of the f-turn (and hu_lce in the. #®urn that coexists with theé B
turn as. described above) while in” the cpse of the hexapeptide, lysineg is involved in
the A~turn where it also occupies the second position. In the hex-pe‘ptide
-(BocLe;lHyl’GlyAﬁnLqulyOH), however, lysine is not part of s B-turn, but is in
the "-turn present in the- AlsLysGly segment. Since the ~-turn is maintained in
both the tetra- and hexapeptides, the ohe‘rved increase in the degree of

4 -4



bydroxylation may lie in the G3A? segment of the LeuHyPGlyAla. This segment
is very Cclose to the 'r-tur'n formed by the AlaLysGly segment and may ix}crease
. the bindjng of the enzyme to te substrate. The fturn formed by the LeuHyP-
GlyAla fegmenl may also stabilize the' -turn in the overall context of a compact
ordered structure for the v;hole peptide but we} do not expect this stabilization to
be as good as the one afforded by the ﬂ-tu}n of the telnpept_ide which “locks™ -
the :;-t\lfn formed by. the AlaLysGly segment resultingfn greater stability. “This
assumption would, also éxplnin why the heptapeptide (BocLeuHyPGlyAlaLys-
GlySerOH) is more _hydroxylated than its precursor hexapeptide BocLeuHyP-
GlyAlaLysClyOH. The heplai)éytide, as well as having the GaA4 segment of the
, LetuPGIyA.ln‘ Aturn which as we have suggested above increases the binding of
the substrate to the enzyme, has a second B-turn formed by J.Qe AlaLysGlySer
segment as in the case of the tetrapeptide BocAlaLysGlySerOH which, ss dis-
cussed above, stabilizés the 4-turn. Our theory of the AlaLysGlySer segment
(present in both BocAlaLysGlySerOH and BocLenHyPayAlaLysG:lyS.frOH) as
the stabilizer of the ~-turn in thevrAlaLysGlyOH‘segment of the heptapeptide is
supported by the CD data of this peptide in relatively less polar solvents (4.2.5).
“While the CD spectral featires of the hexnp\epti‘de {BocLeuHyPGlyAlaLysGlyOH)
' (4.2.4),‘shw} that the 4-turn is masked- by the dominant S-turn, the 4-turn in the
heptapeptide is q\niie evident from the CD spectra. ., »
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Chapter 6 -
L =
8. Dhc}lulon and Conclusion
The main objeétives of this thesis were four-fold: (a) synthesis of lysine-
containin_g“pepzides found i;l the hydloxylt;ted or nlmliydroxym.ed region of col-
lagen (b) to test the ability of these peptides to‘act as 'substrates of lysyl

hydroxylase partially purified from chick embquc) to study the stnlctures of

these peptides and (d) to find if lysyl y it ized specific d
features in the substrates. /"“
The frst objective was ished by synthesizing eight lysi

p;plide;s which’mimic specific segments of the sequences of the wl!ag‘en‘ a-chains.
These peptides vary in length from three to seven amino acid residues long
(Chapter 3). Seven of these were tested for their ability to act as subsjrates of
lysyl hydroxylase partially purified irom chicken embryos (2.2.10). All the pep- )
tides with Lys-Gly sequence were hydroxylated to varying degrees while the two
peptides with ihe Gly-Lys were not. The CD and IR data showed that all the
peptides adopt ordered:stFuctures in relatively less polar solvents (Chapter 4). In
the hydroxylated peptides, a common structure is apparent; namely a yturn (C;)
conformation with lysine occupying the second position of this structure. The
Jnhydroxyhted Ppeptides (BocA]nGl;'l‘,ysOH ‘and BocAlsGlyLysHyPOH) slso show
the presence of thg ~-turn, but in this case, lysine is found to occur in t:hg,‘ third

position of this struclure. ‘This-is a very interesting finding and provides a clue

%@ the basis of the ibstr pecificly of lyeyl hydroryl Lysyl by

must be very highly specific, our prellmunry results seem to indicate lhat the
,enzyme can distinguish between a lysyl residue in the second posmon of '.he 3
‘turn md a Iysyl residue in the third position of the same strllchlre

e
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As the peptides were elongated both ac the N- and C- terminai a second

ordered structure, namely the J-turn becamme apparent. The appearance of this

structure is correlated with an increased degree of hydroxylation. The p-turn
may be stabilizing the y-turn thereby mcreasing the degree of hydroxylation. It
is interesting to note that in the case of the hevapeptide (LeullyPGly AlaLysGly),

the p-turn formed by the LeutlyPGlyAla segment may not be-directly involved m

the stabilization of the -turn (formed by the AlaLys
(G

lation between the conformation of the peptide with its susceptibility for

ity segment), but part of it

v34la?) may increase the hinding of the enzyme to the substrate. The corre-

hy droxylation is shown in Table 6-1.

Table 6-1:

. Summary of hydrozylation dala versus conformation

Peptide Hlydroxylition
BocAlaGlyLys No 4-turn; lys in position 3 of the y-turn
% BocAlGlyLysHyP No ~+turn; lys in position 3 of the 7-turn
BocAlLysGly Yes ~turn; lys in position 2 of the -turn
BoclleLysGly Yes “y-turn; lys in position 2 of the 4-turn
¥ BocAliLysGlSer” 5 Yes ~-tum (+p-turn); lys in position 2 of the «,-um.['
" BocLeully PGlyAlaLysGly Yes  ~-tum (+A-turn); lys in position 2 of the y-turn

BocLeuHyPGlyAlaLysGlySer  Yes  4-turn (+2 S-turns): lysin posilibn‘.!_ of the y-turn

In*order to rank the peptides for their degrees of hydroxylation, one really

needs to determine théir l\'m and k_ . values. This, however, was not done due

cat
" to limitation in the time available.

“In conclusion, our resu’lu suggest that the specific structures, the s-turn and

B-turn may be required for.recognition by the cnzyme.‘ Though these results




su_ongly s/uggt'il the requirgment for specific struclures(;]\ we do not have any
proof that those are the structures that bind to the enzyme. Obviously more
work could have been done to substantiate some of our speculations but this was.
however, beyond the scope of this thesis. For example synthesis of more -
and/or S-turn containing peptides with lysine in either the X or Y position of the
ripeating (gpiet sphuence ¥-V-Gily would help in the understanding of the sub-
strate specificity of the enzyme. The CD and IR data of 4turn containing pep-

ility of such data on ‘model peptides would be

tides is very scarce. The availa

helpful in the understanding of the specific 4-turn recognized by lysyl hydrox

lase. In the'case of J-turns, the positional preference”as well as the structural
preference (e.g. certain amino acids prefer to be in the S-turn coriformation rather
than.random) of amino acids as well as the effect of the amino ‘acids on the sta-

\bility of j-turns are known. This kind of inlnrmation' is not available for ~-turns.

"For future work, it would also be interes!ingvlo synthesize tri-, tetra- and
h(“(npepﬁ!‘dg \vhm replacements are made to prevent formation of the critical
hydrogen bond. for example N-methyl amino acids or replacement of cnrbonyl by
a(ll group, elc.

Our hydroxylation data with BocAlalysGlyOH and BncﬂeLysGlybH seem
to indicate that Ala or Ile occupying the X position preceding HyL has no effect
on the dcg}ee of hydroxylation. However, because-of experimental uncertainity we
cannot accurately quantify our hydroxylation data in terms of the amount of
HyL produced. It would be very interesting to synthesize more tripeptides of the

X-Lys-Gly nature where X-is any of the twenty-one amino acids then study their
conformation as well as thelr/A_t.erachon with lysyl hydroxylase. Such a study-
should Be able to establish the effect, if any of the residue in the IX position
-precéding HyL on the degree of hydroxylation. -

One of the major setbacks in lysyl hydroxylase research is the lack of a -
purification procedure which gives high yields of the pure enzyme. In this regard

a h

ic peptide st b (including for example the heptapeptide used in this
study), with a very high affinity for lysyl hydroxylase could be worth trying to
use for purilying the
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enzyme. This p»p:ide could be coupled 1o Agaros¢ and the enzyme could be
elufed with an excess of a lower affinity substrate followed by a DEAE ion-
exchange chromatography step whichetroutt5 flord a pure enzyme.

Our experiments if pursued further could have a medical application.

Deficiency in lysyl hydroxylase is known to cause Ehlers-Danlos syndrome ty pe

VL A suitable substrate for lysyl hydroxylase eould be synthssized with the
lysine labelled and used to diagnose this deficiency even in relatively crude

extracts sinée as mentioned carlier (Section 5 2). the use of a labelled synthetic

peptide substrate has an advantage over a non-labelled peptide or 1l

as HyL produced curing the reaction is most accurately quantified in the form of

tritium released to water, g .
“These results‘prnvi‘de A basis for expanded cfforts to evaluate the cliemical

and conformational specificity of lysyl hydroxy lase.
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