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L - e T "Abstractb T ¥y

The hydroxylmon of sélected prohne resu&xes by prol)lhydroxylase (E. c’ e

© LI L ") isa crucial/; posttranslnhona] event in the bmsynthesls of co]lagen an

i Ve .
i 7 lmportsnt m of 't 2 connective ussues Hydroxyprolme (Hyp) offers-

additional stability to the  unique triplé-belical conformation of collagen, which in .

" turn, is necessary, for the functional viability: of the protéin, at phygiloglcal i

e, - ‘iemperatures. .« - EE PN
e 3 ’ ! ) i, S

mtngumg lt was proposed \earher thxt pmlyl.hydroxyl

’chnms (Brahmach 'md/\ h '4" g um) The present thesls involves

isi g ‘chicken prolylhydroxylase and Pro—coutammg synlrheuc peptldes. .'4
S e A : . .

. Pure prolylhydrowlnse was obmned from ls-day old ahmken embryus using
aini i ides were charac!enzed i

B 2 N
blished procedures P

dlﬂ‘erent solvents, using’ cireular. dxcmﬁm (cp) and ‘ntrared (m) spéctroicopy.

Y e These ‘studies ‘have mdw:vled the emstence of twd conformnhons. w, an’

oxtended conrormahon sxmﬂnr 4o that of poly(Pro) (PP 11) and 2 [olded ﬁ-bum, in




* known conformation’ was st\ldled by the Iallowmg reactions: (J) hydroxylnhon of

the peptyes themselves and (2) the capablllty of thesh)epudes to compete wnh -

. the standard substrate, for lhe acuve sn‘,e Df\prolyl‘;ydroxy]ase It whs l’ound that

’ pepndes with enher ptuin or extended cnntormsuon alone can_act only* as

mhlbltol’a On the other haud_, pepudes with-both these conformntmns can als6

s _serveas substrstés fot the enzyme, in-addition to bemm competmve mhxbltors T .

Based on tbese observauons, 2" model is proposed for the conformational’

cn,tena, of enzymz\hc pmlme hydroxylahon, Accordmg o this model thé enzyme ,

lreq\mres the presence of PPH like extended conrmmmon Iollowed by | l'o]ded

a—turés' m the substrate molec\lles The PP H s&ructnre is necessary :lt Lhe

,‘ 4 bmding snte of me efizyme, whilé the ﬁ-tnrn struc,ture is necessary at the catalync

Pephdes wllh enher one of these structures can act only @) mhlbltors smce
5

£ they can fulﬂll unly p” ol' the cunf‘ormﬂmonﬂ requirement. These studms are of

portance‘ since tha. 1 help t6' Hefing the obseryed substrate spéclﬁclty of

prolylhydmxy’lase, in preelse&onfom\:mons.l terms S " i .

R e
The struct re-functi lationship of the proly ydroxyl: ‘itsell’ and its

«interactjon with sl)hstrates and cosubstmtes, in’ con[ormauonal terms, are’ also

sludled~by Cl_)» and '}I e : Th‘e‘ lidati of these sLudles in

der dirhg the, sub specificity ‘of prolylhydroxylme areﬂd:sgussed
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Chapter 1
r Introduction
1.1 Introduction e C &

The structure and function of a protein are interdependent in carrying out
the mé:sses of life. This phenomenon‘ms been found to _be especially true in the
case of col[agm}s, a family of proteins ubiquitous in Lnll .multicellular organiéms.
The term collagen is now ‘applied to a series of related, Ieé gene!i#‘nlly distinct,
macromolecular species found as major cbnstituents of bones, cartlage, skin,
ligaments, cornea, vltréons, eye lens, blood vessels and glandulxr ducts They are,

,mvo]ved in carr&mg out sllch diverse functlons as  weight ‘bearing, force

* transmission, mechanical support, matrix -formation and-cell-cell int‘e%ions. The

capacity .to form sup in extracell lar spaces is‘one of the

P

properties characteristic of to the collagen family. Collagen’s
distinctive structural and [ul;ttional pruperties.have been ascribex:} to its- unique
phislcochemical ch’arac!eriseics“such as amiffo acid cpmpb’sitib_n, sequence, and
;onfo;mation. These, in turn, govern the precise organization of collagen fibres,
the most highly charicterized form of collagen aggregates. - This organization of

particular collagdn fibres in association wit}y other strictural molccules of the

extracell\l]a‘mamx appears to determme the final archnecture and, [unctxon of a

R parucu[ar tissue.




The ifnumerable aspects of collagen’s structure and function have resulted
in a flood of collagen-related studies in the past several years. Tfie vast collagen- |
related literature includes a number of monographs and texts (See, for examiple,
Ramachandran 1967; Balazs, 1970; Ramachandran and Reddi. 1076; Fleischmajer.
Olsen and Kuhn, 1985). Several comprehehsive reviews have also appeared ¥ <

gdealing with more ‘specifie aspects” like collagen chemistry (Kulonen and
Pikk:rnincn, 1070; Fietzek and Kuhn, 1976; Piez, 107 biosynthesis (Grant and

e .

E‘wcl\op lﬂh, Bornstein, 1974; Kivirikko and \[\'ll‘]a 1984). proline

. PR «

h\dm\\lnncn (Cnrdmnlc and Udenfriend 1074 Ki

kko and Myllyla, 1980;

Hanauskj-Abel and Gunzler, 1982; Kivirikko aud Myllyla,- 1985), collagen

ﬁFboloQ‘ (Nimni and Deshmukh, 1973; Lapiere and Nusgens, 1976) and collagen

genes (see Fleischmajer, Olsen gnid Kuhn, 1985).

. s

In the following sections, our current knowledge sbout ‘collagen “structure in

e terms of primary structure and conformatiqn, biosynthesis and posttranslational } &

mod:fications with special re[erencc‘!.'o proline. hydroxylation will be briefly -
- ‘i discussed followed by the olyjectives and scope of the present thesis. g

1.2. Collagen Structure /r

1.2.1. Collagen Types

. s
Currently, about I3 types of collagen have been identified in vertebrate

tissues and ‘characterized to varying degrees (Miller, 1985). In'broad teims. the ’

coliagen types can be divided ccording to their extracellular location and the

type of supramolecular aggregates formed. Two such mzuor groups exist: (1)

fibrillar-and (2) penceﬂulnr. The first group, cal\ed interstitial, collagens, are




regpﬁnsible for the extraceltular fabric of the major,conn(:ctive tissues while the ~
second group‘ are of finer texture and predominantly occur i’n the basenfent
membranes. The baslc;chamcteristic feature of all types of collagen molecules is
the presence of three polypeplide%‘mms called :he a-chains.  Each of these
¥ oivpepndedisins: iderived: frof s Bisthier genetic locus in the vertebrate
genome. Three sich chains aggregate to form different types of collagen.
Bornstein and Traub (1979) clssified collagens into four types based on'chemical
composition and  tissue dislgbu%‘n. Miller (1935) .classiﬁed dif!‘erentjcol]ngens
into three groups based on mu;«\&;‘rm adleeils weight and fibril-forming nature .
of:the'polypeplide chaifs.  Group 1 contains collagen types I, [I. Il and V. In
gén‘er:\l, the chains gre made up of continuaus helical domains of about 300 nm
long and a relative- mole’cular weigh‘S(‘f\l,] of about 95,000. Type I has been found
“in skin, bone, tendon, ligament, fascia, dentin and iqterstif.fa] connective tissuegy,
Type Il has been found predominantly in Qarziluginow tissues. Type I collagen
is a‘m:jor constituent of fétal skin, blood vessels and. gastro-intes{innl‘lratt."
Fibmblas‘ts, c:\rti]’aéé\:md human amniotic membranes have been found to contain

v BN
type V collagen. Group 2 includes collagen types IV, VI, VIl and VIII whose

Rolypepide chains contain  triple-hefical domains i d by ron-helical
segments. gThe chains have a M, of sbout 95,000 aad foPin different kinds of
fibrils, compared to group 1 molecules. Of these, only type TV has been well
SHF AT CEEE ik forming callage of the basement membranes
from kidney glomeruli, lens capsule.and human placénta. Group 3 includes types
" D 0 i gl Sl R aRiIbs dits Sigast ikt et
"mo'g no'n-ﬁelical than he[icmomains and therefore, are not eapable of forming

fibrils (Miller, 1085). . =




oty

: complement (Muller-Eberhard, . 1075; Porter and "Reid, 1978), acetylcholine

1.2.2. Amipo Acid Composition

Collagens from different sources show a highly characteristic amino acid
composition (Eastoe, 1967 Fraser.and M{cRae, 1073; Bornstein and Traub, 1970).
Glycine is found to be present to an extent of 33% which is very high when °
compared to a typical globulff protein where it is wbout 5-105. Another notable
feature is the high content of the imino acids proline (Pro) ard bydroxyproline:
which constitute about 20-25 mole% of total amino acids. Hydroxyproline mainly

occurs as 4-hydrox

~proline and constitutes about 12 moles of amino acids. 4-

hydroxy-L-proline is abbreviated, for convenience, as Hyp throughout this/Thesis.
)

Recently, Hyp has been found in other proteins like elastin (Gray et al., 1973;

Sandberg, 1976), the collagen-like tail structure.of Clq subcomponent of human - .

“esterase (Anglister et al,, 1076; Lwebuga-Mukasa el al.,1076; Rosenberg ond. . #"

)
Richardson, 1077), d lung surfactant protein (Drickamer ef al., 198) and Volvox.

(Schlifpenbacher ¢t al., 1986). Type IV collagéns from basement’ membires are

Tound 'to’ contain a-hydroxy-L:pmliTm‘(&“'H;g)‘u(eralides, _1o7§;~1‘3mgeson. et al,
1975). 3-Hyp'has not been reported in any other proteins Sxcepbils: eollugens,
Another important amino acid -unique to collagen is 5-hydioxy-Liysine '
(bbreviated as Hyl). It presence has ako been demonsirated in‘Clq and in

acetylcholine esterase but not in elastin (Kivirikka and Myllyla, 1080). There

appear to be only relatively small differences in Hyp content between various -
types.of collagens (Kivirikko and Myllyla, 1080). Also the Hyp content seoms to g

vary only within narrow limits under normal and abnormal conditions (Kivirikko )

« .
and Myllyla, 1980), whereas a- marked variation is foynd in the amounts of 3-Hyp




s . ;. =
and ‘5-Hyl, not only among different collagen types but also within the same vl
collagen type ~under different physiological and pathological ~conditions
(Tryggvason et al, 1978: Kivirikko. and Myllyla, 1980).  Collagens are

P
Glucosylgalactose ‘and galactose have been found attached to Hy!

f glycoprdtei

through O-gTycosidic bonds. ‘Enzymes lrnnsfurnﬂg these carbohydrates have been

3 . *
v . studied (Butler and Cunningham,.1966: Spiro and Spiro 1971, Kivirikke and

Ut " Myllyla, mrx)

‘3 ~
1.2.3. Primary Structure of Collagen !

. As mentioned eaglier (section 1.2.1), the basic collagen mplecule common to

all types of collagen ,s composed of three a-chains,each about 1000 residues png, C oy
' The complete covalent structyres of the homologous chains, al(I); a2{I), al(lll) are
5 f .

known' (Picz, 1976; Ho[‘fmann‘et al., 1980). The a-chains are initially synthesized

_as the’ precursor polypeptide chaifs, pro-a-chains which are about 40% larger

than. the a-chains of collagen. The prd@Magen differs from collagen in that it

contains adgitional peptide extensions on both N-terminal and ¢-terminal ends of

: . .
the constituent pro-e-chains (Bornstein,1974). The schematic representation of

tyfe [ procollagen is shown in Figure 1-1.

Out of 1050 residues of the collagon « 1(I) chain. the N- and C- terminal end:

regions are called the telopeptides. These consist of 10-25 residues long sequences

~each, which are different from the middle portion of the chain, These )

g telopeptides are’ glol;\fiar in shape and do not héw’c_trip]e:ﬁelical conformation like A

. ¢
the body of the molecule. The non-repétitjve"N- and C-terminal regions do nop

“contain glycine in every third position and are found to be. rich in large




~of collagen a-chains represent the residual sequences of the Tinkage

-Globular region
. Collogen-like segment 7
[Nﬂnh.ﬂcﬂ' segment

NHy~terminal Collagen helix COOH-terminal it
§ domain X domain, s

of Type I Procollage £ o

The molecule is composed of two identical pro—ar-lchai'ns (solid

TFigure 1-1:  The Schematic Reres

lines) and one pro-a-2 cfiain (dashed linc‘). In addition to f.he . oot

centraktiple-helical region that gives rie {6 the gollagen moleculs, .

the precursor contains N-"and C- Lermmal uontnple-helmal domains. The R
N-terminal regmn is mmposed ofa presumably globulm reg\on a short L e

collagen-like segment,'and 2 itiiple-helical tegion i which cleavages

by N-terminal protease occur. Inter-chain disulphide bonds are ) A4 3

limited to the C-terminal d'omair!. THe short telopepfides at the ends

regions between the collagen helix and the termmal domams (The
C-terminal telopeptide is not shown.)

Reprnduced from Bornstein and Traub, 19%9.




hydrophobic and charged amino acids. ~Cysteine, which is absent from the triple-
helical région of procollagen, is present in both the N-terminal and C-z‘e[milm)
extensions but inter-chain disulph‘ide bonds are limited to the C-terminal domain
in type I procollagen’ (Borhstein and Traub, 1979). Due to the pr;sence of these
disulphide bonds in the C-terminal region, this region has been implicated in

registering the three-procollagen e-chains for-triple-helix formation (Bornstein and
-3

Traub, 1979; Capaldi and Chapman, 1982). These regions are the sites of ‘lysine
residues which are involved in interolecular cross-links l§lo]lz et al., 1973; Tanzer, -
1976). The telopeptide regions also contain other sequences that are involved in
dir:ecling the fqrmalion of fibrils (Hulmes et al., 1973; Comper and Veis, 1977a, b). !
Helseth et al. (1979) observed that the addition of free amino-terminal telopeptide
isolated from the ‘a(l) chiain, o a solution of native collagen, specifically enhanced..

the. rate of fibril-formation.

The bulkof ihe polypeptide chain, abott 1011 residis.Igng, consists of the
sequences which form the major helical domain of the collagen m?lccules (Piez,
1976). An examination of :hése sequences reveal nml every third position is
oceupied by Gly In a very regular fashion throughout the helical domain (Fietzek

et al. 10723, b: Gross, 1976). Consequently, the polypeptide chains’ef collagen
LAl )

.can be considered as repeating triplets of the type (Gly-X-Y). The three positions
of (Gly-X-Y) triplet will be denoted as position 1,2 and 3 respectively, throughout

 the thesis. The X and Y. positions of this repeating triplet can be oceupied by a

" variety -of amino acids usually other than Gly." Gly occurs only once in an X _

position (residue 327 of al(l)). Proline is found to occupy the X position most

\Irequently. while Hyp occurs only in the Y position }Piez, 1976; Hoffmann et al.;




1080). Several of the ainino acids are found Wndom distribution in
positions 2 and 3 of the (Gly-X-Y) triplet although Some residues show preference
for a particular position over the other. Some of these uneqdal distributions are -

-
shown to be 3t with ‘int ular jons that cculd stabilize the

" golecular structure (Salem and Traub. 1975).

Comparison of sequepce data indicates that the a chains from different
species or tissues are homologous. Where differences occur, they usually involve
conservative substitutions especially in the case of charged amino acids Which may
be critical in Sl:\bﬂhing the melcculn_r and nmcmmq@ar structure, Large
hydrophobic residues such as‘ Trp seem to be less critical to Lh(e i&ruct\.lre (Piez, 1

1976; Hoffmann et al., 1080).

1.3. Molecular CoRformation of Coll f,oat
The molecular stmctun of collagen constitutes a unique class of

supersecondary structures olssen'cd in proteins. The now well-known triple-
«

helical conformation ofico]lagrn asas first proposed by Ramachandran gnd Kartha

(1958, 1

55 a,b). This model required the preso&ce of Gly in every first position
along the chain. an;\thandr:m and Kartha's original propmal (lnaJ) of 3
 peptide units per turn (n) of the helix was subsequéntly modified-by thein’to 3.3
umits per turn with a unit height (h) of 2 2.0 A (Ramachandran and i\arlhu Wia

2. b). The molecular slruc(ure ol’ collnw'en was deduced ftom \-ray dlr[rucnon

data on ﬁbrous collagen and l'rom lO\V-I‘l'SO]l"IOn single crysl.al Xeray diffraction

deta on the synthetic polypeptide llnode]. n:m;ely. [Pro-Pro-Gly),, (Okuyama et
B o 3

al., 1972). According u: these ‘stullies, the collagen "molecule consists of 3 *

-




s

individual extended left-handed helices each with a\-110° twist vand theseitbre’e
helices are coiled in a right-handed supérhellﬁ wizh +30" twist. This structure
was earlier called !}yrmled coil* structure of collagen and is zm:x’logous td the
three slxrzmds of a nope wound around each other. Figure 1-2 shows the coiled-coil

~
structure af collagen. With Gly always in the first’ position and situated at the

narrow twist region)such a structure can readily accommpdate thé rigid and”
b

position is shown to be important because of its small size and lack of side chain.
If the Gly residues are replace#t by any other amino :\cxd with a side chain. the
chains have to be moved apart and then the inter-chain: Fl- bonds cannot be
formed This results in the desmbx]xzatmn of the tnple—hellcle strucmre The’

number.of inter-molecular hydrogen honds (H- bonds) per tnpcpude unit has been

controversial (Ramachandran and Rn‘makrlshn:m, 1976),

"1.3.1. Role of Hydroxyproline in Collagen Conformation”
: i 3 g

As early as 1035, Gustavson, based on a study of the observed cofrelation

between melting temperature and Hyp content of various cellagens, suggested

that this imino’ acid may havesa role in stabilizing the coll:}gc‘n structure. Later

investigators postulated that the myehtig temperatures of céllagens can be- better *

correlated with the total imind acid cantent. . Pro and Hyp togother

(Harrington and Von Hippel, 1961; Josse and H:\rrmgtnn \mm) However. the

. actual mode of stabiizgtion was ot clear uatil recenty. whea Hyp bas beet

shown to play a crueial role in stnblhzmg the triple-helix of" cul!ngen under
physlolov\cal conditions (Berg and Pr}ckop, 1973 2 | e Sakakxbam et al., l073

Fessler and Fessler, 191-}) These studies showed that the t.ransmon temperature

imino residues in the other fegions.  The presence of Gly in the first
.

Y




1 . . Fe—5-Angstroms—sf

Figure 1-2: The Basic Coiled-coil Seructure of Collagen

% Three left-handed single-chain helices wrap arotnd one-another with a

right-handed twist.

R’eprodnce‘d“ from Dickerson.and Geis, 1969.
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(Tm) for' the'unf;ling of themmolecnle isting of three non-hy Y
pro-achatns is only 24 °C, a value about 15 °C lower- than the T,, for the
moleculés having hydroxylated pro-c-chains. -Thus, the unhydroxylated
pro-a-chains ‘cennot.form !ri[;le-helical molecules at the usual physiological
temperatures (of the respective species). A cert;in level of profine hydroxylation
seems to be necessary for the formation of the triple-helical colla_gen molecule that
is stable at 37 °C, the body temperature SRR E AL

' Thé%ole of Hyp in stabilizing the collagen‘ “structure has also been

"b d by th ical i (Ba.nsal et al., 1979) Earlier studles by

. Ramachmdran et al. (1978) showed that the rhydxoxy] group of Hyp cannot

’ _lo;m a dl‘l’ecﬁ mtJ-m\olecular H-bond. But, in a *water-bridged* s}ructure, the
wrhydroxyl group, i it is in a tran-orientation (but ot in & %—orient;tian), can

' participéte in H-bonding with- the 'bridge.d ‘water molecule. This molecﬁle‘ also
hnks a’ carbonyl oxygen in the same chain to an amino group in a nelghbourmg'
chain of the triple helix, as‘shown o the Figure 13, - =
i P BT :

In addmgn, the 'rh?'droxyl group can also (or{n a H-bond with a carbonyl
oxygen, in a neitghbourm; triple-helix in the collagen ﬁh{il (Ramachandran et al,
1073; Bausal ef al., 1079)\ It is to be noted that neither of these H-bonds can- be
formed if the Hyp resi}ue occurs in the 2nd position"instend of the 3rd in the Gly-‘
X-Y triplet. This model\ thus may 'explaift\the evolutionary t‘z,electio‘n» of Hyp
residues in the 3rd position of the Gly-X-Y triplet and alsft; the need for the
trans-orienfation of +-OH group at the Cy atom of proline ring. . X-ray and

theoretical studies on pPlyhydmxypmlizie (Sasisekharan, 1950 b; Bansal et_al.,




Figure l-.\T 'he Water-bridged Structure of Collagen

A projection of the water-bridged structure down the helical-axis, 'lfl;e
covalent bonds are shown by solid lines agd the hydrogen bonds are shown
by z‘i'&shed lin%-. T 0 .
Reproduced from Bansal et al., 1979.

<




1979; Brahmachari and A h 1979) as well as NMR data of Tbrchla

and Lyer|a (1974) on (Hyp- Gﬁ;) clearly demcnstrated that the -hydroxyl group
of the (l)th Hyp residue would be involved in an intra-molecular H-bonding with
the carbonyl oxygen of the (i-2)th residue in the polypeptide chain. Thesﬁf\udies
indicate that, in_sddition to" stabilizing the collagen structure due to the
stereochemical properties of thg rigid pyrrolidine rings, the Hyp. re‘sidues can also

provide additional stability due to H-bonding through their y-hydroxyl groups.
4 . . N

1.4. Collageh Biosynthesis
= ' 4
1.4.1. Posttranslatid; Modiﬁeaﬁons_of Collagen Pepti-}; Chains

F <

The posttranslational modification of proteins-is now a well-demohstrated *
. L

phenomenon gk and Kim, 1075;  Freedman and Hawkins, 1080). . The’

, 'modlflcahons often result in the conversion of one form of the ‘protein /into

snother, it covalently or non-covalently. This leads to significaat chafiges in

the ‘protein structure with possible clmnggs in its function as well. Examples for ~

# lent dificati include iati and di iati 'Eﬁ subunits,
holozyme formation froin prosthetic group 4nd apoenzyme etc. The major types

* of covalent modifications involve the of amino a¢id side chains and

limited  proteolysis. Examples  include  methylation,  glycosylation,

phosphorylation, iodination, g_iisulphide‘bridge formation,  carboxylation,

hydroxylation, ADP-ribosylation and thiolation. Besides: the strictufal and/or'

functional advantage gained by poscmnslamml modifications, = another
advnntage is the possxbxhty for regulation at different - -stages, after the

transcripuon and translation of the protein on ribosomes. Thus, a varlety of

T




tissue-specific homologous - proteins can be formed that are regulated

.-
indepentently of the regulation at the ipti or lational level. The

main posttranslational events in the biosynthes}r of collagen are summarized ih

Table 1-1.

‘As shown in Table 1-1, the posttranslational modifications of collagen seem
¢ v

to take place at two locations, intracellular and extracellular. All the intracellular

en}ymstic processing‘ol’ the procollagen polypeptides probably occur ‘;!ithin the

rough endoplasmic reticulum (Prockop et al., 1976). The nascent”procollagen
polypeptides have signal sequences similar to those' in most other, *export®

proteins (Yamada et al., 1983). These sequences are cleaved during, or shortly

after, the translocation across the membYane by signal peptid

« There are no’codons specifying Hyp and Hyl in the genelic code for collagen
(Urivetzky et al., 1966) i.e. these amino acids, are not incorporated into the
cclls\gen polypeptides during the translation of collagen mMRNA. However, they
are forme\% by the enzymatic hydroxylahon of Pro and Lys :esndues present in the

pnlypep!lde chams after they are translated on the nbcsomes Therefore, the

hydro'xylntwn can be considered as a posttranslational modification . However, . -

these reactions may be initiated. & wreoraalationalsevent sy tiit these
reactions are carried out While part of the po]ypepude chain is still growing on the
ribosomes (Kivirikko and Myllyla, 1980) These reactions are continued within

the cisternae of rough endoplnsmlc retlcnlum until mpl&hellx formatmn of the

procollagen chains prevents any rnrther hydroxylation. -Proline hydroxylation wil

be discussd in_detail later (Section 1.5). Glycosy[aliu;:'or asparagine (Asn) and




Table 1-1: Posttranslational Events in Collagen Biosynthesis

formation g

Extracellular :

Process Enzyme Significance
Y ‘of the Process
Intraceflular:
1. Removal of the Signal _ Translécation across.,
Signal Peptide Peptidase the membrane
2. 3-hy\droxylation 3-prolyl Unknown '
of proline. hydroxylase
3. 4-hydroxyJation + 4-prolyl * Triple-helix
of proline hydroxylase formation
4. 5-Hydroxylation ) Lysyl 2 Glycosylation of
of tysine * - hydroxylase Hyl; Stability of
. ¢ - . cross-links
+ 5. Glycosylation ) O-Glycosyl r’ Not known
of Hyl transferase
6. Glycosylation ol N-Glycosyl , Not known ™
of Propeptides . transferase
7. Chain ; Non-enzymatie Formation of
association trimers
8. Disulphide | . $#S isomerase Aid in Triple-helix
N formation

After Kivirikko and Myllyla, 1985. \
¥

o
9. Removal of _ » Procollagen Normal fibrillar
N-propeptides . - N-proteinase morphology
10. Removal of Procollagen Fibril formation
C-propeptides C-proteinase :
" 1L Ordered “Non-enzymatic Fibre formation
aggregation s »
12. Cross-link Lysyl oxidase Stabilization
formation - of the fibres
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Hyl may take place in the similar way. It seems that inter-chain disulphide (S-’S)

bonds are not formed until p hains are letely synthesized. ~ An
important function of the inter-chain S-S bonds between the C-terminal '+ .

propeptides in procollagens is to direct the association of polypeptide chains and

* serve osah initiation point for triple-helix formation (Tanzer et al., 1974; Park et

al., 1975; Kivirikko and Myllyla, 1085).

The triple-helical procollagen molecules are secreted into. extracellnlar space,
the time required for the folding dlrectly alfectmg that required for sm-eﬂan In
the extracellular space, their peptide éxtensions are removed by, s_peclflc ehzymes.

The collagen molecules produced by’ the cleavage of propeptides  are: shown'to)

have a.remarkable tendency for self-assembly and sbor;taneous»formation of .ﬁbrils 5

and other grdered structures. Cross-linking of ‘collagens then takes place, be‘tweén
différ?ni native fibrils. ’fhe initial event in the cross:linking is the. gxidative
deaminatién of the e-amino group in certain Lys and Hyl residues to the
corresponding aldel;yde in a r‘eact'mn ‘catalyzed by Iysylox?dase. A single
lysyloxidase acts on both Lys and l;-lyl residues, the activity being éfeater for Hyl
than for Lys (Siegel,' 1070). The reactive aldehydes then participate in_the

formation of various :&ross-links which stabilize the collagen fibrils to a greater

extent. \\ ® . 'V
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-1.4.2. Rolgyof Conf tior in the Posttransl 1 P i
4 Reaggions of Collagen .
_ The posttranslational processing of pi llagen requires at least nine specific

e 7
i enzymatlc Teactions as shown in the Table 1.1. Almost all the specific processing

- * enzymes demonstrate an unusual relationship to the conformation of the protein

being p d. Tt has been d d that the pro-a-chains must be non-

helical in order to'sé{ve as substrates for tWe intracellular engymes, the three

. / collagen * hydroxylases  (prelyl-4-hydroxylase,  prolyl-3-hydroxylase -and
lysylhydroxylase) and the other two glycosyltransferases (Kivirikké and Myllyla,
1985). The triple-helix formation prevents the action of all these enzymes and the * ’

. . folding, in fact, Jimits'the extent of intracellular posttranslational modifications. .
N ! 5 i . s

Most of the extracellular enzymes also show strict coﬂurmatiqﬂ\al

requirements in their substrates. Procollagen N-terminal ﬁroteinases act upon the N “
corresponding proteins only if they are in the triple-helical conformation.

Lysylosidase acts on collagen only after it has become ageregated fnto the native -
z .

type fibrils (Kivirikko and Myliyla, 1085). From these stidies, it seems that the

collagen. molecule, with its. unique conformation, can regulate the activities of the
- -
enzymes which,can interact withrit during its biosynthesis.
"

2 I ; .
The present thesis is concerned with the detailed conformationihaspects of

+ proline hydroxylation which will be described in the following sections.

a . o
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1.5. Proline Hydroxylation in the Bio-y‘ntheuia of Collagen

The posttranslational hydroxylalion@ of prolyl residues is known to be

catalyzed by two separate enzymes :
1 Prolyl-4-hydroxylase (prolyl-glycyl peptide, 2-oxoglutarate:oxygen

oxidoreductase, 4-hydroxylating, EC 1.14.11.2) and

2. Prolyk3-hydroxylase (prolyl-glycyl peptide, 2-oxoglutarate:oxygen

oxidoreductase, J;h'ydroxylating, EC1.14.11.4)

In the present thesis, we are concerned with only prolyl-4-hydroxylase

(*prolylhydroxylase * is used instend of prolyl-4-hydroxylase hereinafter). .

1.5.1. I.solntlon and Phyncochemicnl Properlles oF Prolylhydroxylue
i Prolylhydroxylase.activity has been found in many souné including chick
embryo, fetal rat skin (see Cardinale and Udenfriend, 1974 for a review), human
Tetal skin and placenta (Kuutti et al., 1975). Prolylhydroxylase has also been
detected in plant tissues (Sadava ahd Chrispeels, 1971) and in certain
microorgamisms (Katz.and Li, 1672). ’
Prolylhydroxylase was first obtamed in r;lslively pure form from chick
embryo extract (Halme et al., 1970; Pankalainen et al., 1970) mid new born rat
skin (Rhoads and Udenfriend, 1670) by conventional procedures involving salt,
precipitation, mn-exchange and gel mtrauon chromatography Lechmques
Subsequently two affinity procedures have been dEVE[Opedx— Thy ﬁrst one (Bérg )

and Prockop, 1973a) mvolves afl'umy hmdlﬁ\g on a column contammg a sllbslrlte,

~
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the red‘ucgd and n"xelhylnt;é collagen, cova‘lenll;' linked w.;guos_e and the elution
) . of the enzyme‘ 'wil!: s'polytripeylid; substrate, (Pro-Pro—Gly]n. The second
procedure is based on the%_nity of th; enzyme for poly(L-proline}or poly(Pro),
a competitive polypeptide inhibitgr of the enzyme. The po!ypeptide is covalently
coupled- to agarose and the bound enzyme ig eluted with the same |A)olypeptide of
lower molecular weight followed by ge{liltrnlion (Tuderman et al., 1975} This -~

affinity procedure has been recently m(_)difled further to include a2 DEAE-ion

exchange chromatography step which efficiently removes the bound poly(Pro)

from the eazyme (Kedersha and- Berg, 1981)."

The relative molecular weight (M,) of prolylhydroxylase from chicken

embryos and from fat and human sources is sbout 210000 as found by

scdin_\entalio.n eqluilibrium and gel ﬁltratign‘stu‘tlies (Berg and' Prockop, 1073a;
Tuderman et al., 1975; Kuutti et al., 1975; }ﬁsleli etal, 1976). Prolylhydroxylase
°

from these sources has been shown to be a tetramer consisting of two different

' types of enzymatically ‘inattive monomers o and_# subunits, with M, of about

64,000 and 60,000 respectively (Tuderman et al., 1975; Kuutti et al., 1975;
Kedersha and Berg, 1981). Very littlé is kn‘awp about the secondary and tertiary

3 structures of prolylhy ylase. " Electron mi studies indicated that the

monomers are rod-shaped and are joined to form V-shaped dimers wilich are

interlocked to form tetramers, ay#, (Olsen ef al., 1973). |ntra-chain S-S bonds

. seem to be essential for main‘laining the nnliybﬂrunture and activity (Berg et al.,

1079). . . ) ) Y

Prolylhydroxylase from chicken .embryos (Tuderman et al., 1975), rat skin
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(Chen-Kiang et al., 1077) and human fetal skin (Kuutti et al., 1975) show very _ -~

similar amino acid compositions. The enzyme is shown to-be-highly acidic with

an isoelectric point of 4.4 (Pankalainen et al., 1970). The « and # subunits of

prolylhydroxylase have been shown to differ in amino acid compositions and

. carbohydrate contents (Berg et al., 1979; Chen-Kiang et al., 1977).

1.5.2. Cofactors and Cosubstrates of Prolylhydroxylase’ ' )

Prolylhydroxylase belongs to the class of mixed-function oxygenases. Miv

thigis enzymés require the same' cosubstrates, molecular oxygen, ferrous iron and a

redicing agent such as ascorbate (Cardinale and Udenfriend, 1074; Hayashi et al.,
_1975). The specific requirements for these factors are discussed below.

1.5.2.1. Ferrous Ion

Non- heme iron m the ferrous ‘form. is shown to -be :L vcry specific P2

requirement, forprolylhydrosylase (Huryeh and Chvapll 1085; Prockop and Juva, . . .

1065b mekko and ‘Prockop, 1967¢). However the requlrement l'or exogenousU
ferrous iron and the nature of any enzyme bound irom are contrcversml
(Tuderma.n et al., 1977;; Nietfield. and Kemp, 1980; Ha.nauskl-Abel and Gunzler,
1082). Several divalent calians-inuibil the enzyme competitively with respect to

“ Fet?ions, the most-potent one being Zn*? (Rapaka et al., 1976; Tuderman et al.,

19778; Vistica et al, 1977 Many metal chelators such as EDTA and = °:
aa-dipyridyl mblblt prolylhydroxylase competitively with respect to Fe? ions
(Kivirikko and Proe{op, 1967¢; Juva aﬁProckop, 1969)




\

.1.5.2.2. a-Ketoglutarate or «-KG

Prolylhydroxylase from all sources. is shown to exhibit an  absolute

¢
requirement for 2-oroglutarate -or o-Ketoghtarate (abbreviated 3 o-KG
hereafter).  Oxidative decarboxylation takes place stoichiometrically with m)

hydroxylation of Pro residues (Rhoads/and Udenfriend, 1968). In the absence of

-the peptide substrate, the enzyme catalyzes ai uncoupled decarboxylation of

o-KG ' (Cardinale and Udenfriend; 1974; Tuderman et al., 1977a). This partial

reaction niq‘uires the same cosubstrates and cofactors as the complete reaction and

results in the inactivation of the enzyme. This inactivation is probably due to the

- «
oxidation of Fe*? ions (Tuderman et al., 1977a; De Jong and; Kemp, 1984;-
Kivirikko and Myliyla, 1985). C&mpecitiVe polypeptide Subs",rateﬁ(a!"e known to
increase the rntq'oT uncouple?i decarboxylation (Counts et al.,, 1978), which is

about 1/30“I of me coupled reaction (Tuderman et al., 1077a). Many keto- acids

and other ,structura’l analogues of a-KG are repqrted t t prolylhydroxylase
comp‘emlvely with respect to aKG (Tuderman et al., 1977a; Majamaa et al.,

1985; Cuitliffe and Franklin, 1986).

~

i.s.z 3.Oxygen . . .

One atom of - molecular oxygen is nxed into ydroxyl groufof Hyp
(I‘u“moto and Tnmlya, 1962 Prqpkop el al 1963), while the other atom of t.he'
oxygen molecule is mmrpomtgd into the succmate (Coardinale et al., lWl/The

v E .
nature of the activated oxygen species has been controversial (see Hanauski-Abel «.

and Gunzlér, 1982).
v . N u ™
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. Ascorbate ~ .

Reports on the specificity of ascorbate requirement for prolylhydroxylase
have been quite varied. There is o stoichiometric consumption of ascorbate
during the hydroxylation of pro]me (Tuderman et al., 1977a). However, De Jong
and Kemp (1984) have reponed that the uncoupled decarboxylntiomofkn‘-KG is
stoichiometrically couyfed to ihf oxidation of ascorbate. The current hypothesis
is that the nascent collagen polypeptide chains cq.nt‘ain many other non-
hydroxylatable sequences and when the enzyme encounters such sequv;nces, it
\mdergues an uncoupled reaction cycle and becomes inactivated due to the
oxidation of ferrous ions (De Jong and Nemp, 1984). The main bmlog:.gal runchou
ascriped to ascorbate in coll:ngen bmsynthesls isto *reactivate® prolylhydroxylase
after{such futile incoupled reacuon cyeles, by red\lcmg the’ ehzyme-bound  ferric

‘ions back to thg ferrofs state (Kivirikko and Myllyla, 1985).

" ’ N
1.5.3. Mechanism of Enzymatic Proline Hydrpxylation .
\ :

‘Several mechanisms lave beeu\prow the action of prolylhydroxylase
(see Hanauski-Abel and Gunzler, 1982 5 review). The recently proposed

mechanisms are based on the analysis of the kinetic data on substrates .and

cosubstrates (Tuderman et al., 1977a, b; Myllyla ef;al., 19771078 and\1084; De

" Jong and Kemp, 1984). According to these; the enzyme first reacts with ferrous

idns forming a complex of E-Fe*? which then activates oxygen, propafly to O,

ion (or radical) resulting in the reactive E-ferryl-oxo complex. This complex then

attacks &FKG leading to ‘its decarboxylation. In the absence of the peptide v

ks e
substrate, the decarboxylation results in the conversion of enzyme-ound ferrous
ions to the ferric state. These ferric ions remain bound to the active site, making
iy 3

o .4 A




decarboxylation- takes place at much faster rate wheu‘ compared to the uncoupled .
. & 4

. “ 23 5

the enzyme unavailable for new catalytic cycles until the ferric Fons are reduced

by the ascorbate.

»

9
However, under normal circumstances, when the pepu'ae is present and

bound to the enzyme at the active site, the decarboxylation o[ a-KG leads to thjz ’
formation of a reamv;\enyl ion that acts as the active intermediate in oxygen
transfer and hydmxylats the peptide-bound proline or lysine. The coupted

reactiona The reactions are shown schematically in Figure 1-4. ’
1.8. Substrate Recognition and Specifity of Prolylhydroxylase
Prolylhydroxylase is‘unusua] among other hydroxylases in the same class
(except lysylhydroxylase), in' that its substrate is a n’\ucro olecule. Lhough‘the
actual chemistry of catalysis may be simi!;} to the other hydroxylyses, inherent
factors like the sequence and .the related local and general conformations of the
polypeptide s\'yﬁstrale may bevemected to play an important role in@ubstra\e
recognition and specificity of the reaction. h fact, prolylhydroxylase:shows a hi:gh

degree of substrate specificity both in terms of peptide sequence and

" conformation. Due to_ the complexity ©f its sequence, the analogue of the

biological substrate ofi the enzyme, namely, protocollagen (obtained by preventthge
'

the hydroxylation reaction, during collagen biosynthesis in fibroblast cultures)

N N ~

does not permit a clear-citt examination of the regulatory sequences and their

* conformational features within the substrate molecule.” Therefore, synthetic oligo-

and polypeptides have been used as substrate mddels and this has helped to a

reat’ extent in understanding the various leveR)\ of substrate specificity of .4

prolylhydroxylase. ~ . 2 y : J
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Figure 1-4: Mechanism for Prolylhydroxylase Reiction

hemat§ P ion of the miechanism for the prolyl:4-hydroxylase’

reaction. The complete hydroxylatign reaction is thought to oceur .

according to scheme (A), @ which the order of binding O, and the

peptide‘sﬁbitrate and the order of releasé of the hydroxylated product

and CO, are uncertain. In the absence of the peptide, the enzyme .

catalyzes an uncou;;led deca:buxylabion of 2—ox;g1utarate, as shown in
scheme (B) E, enzyr;\e; 2-Og, oxoglutarate; Pepﬁ-’OH, hydrox;'lated~
prodnctt; Suce, succinate; Ase, as;:orb‘atE; Fe*?, ferrous ion;
Fet3 ferric ion; DA, deh)fd‘roascorba%e.

Adapted from Majamaa et al., 1984.

N <
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1.8.1. Sp;cincity for thé Primary Structure of the Substrate = . 5
. .
The -early information about hydroxylztable'sequences “tame from the .
stadios o syathetic  tripeptides  AlsProsGly, Pro-Pro-Gly  and
Pm;mc'|y-1\u-xcn3 which were found to be hydrosylated by prolylhydroxylase,

while G"y-Pr&Pm, Gly-Pro-Ala or Pro-Gly-Pro were not hydroxylated (Kivirikko

elal., 1969; Kikuchi et al., 1969; Suzuki and Koy‘amn, 1969; Kishida et al., 1976)5_
lnterestin;gly, the naturally occuring vasoactive bradykinin, which is totally
unrelated to collagen, has been found to be hydroxylated (Rhoads an;i
Udenfriend, 1969). The sequence of this nonapeptide is: Arg-Pro-Pro-Gly-Phe- .

" Ser-Pro-PheArg and it was &t:n that only the sequence ProPro-Gly is

recognized ég the proline followdd by glycine is ‘specifically hydroxylated by

prolylhydroxylase (Rhoads and Udenfriend, FIDGD).' S ~

Synthetic polytripeptides with the structure (Rro-Pro-Gly), (n = 5-20) were
hydroxylated*well, the hydroxylation being on the proline residue preceding the
glycine (iCivirikko and Prockop, 1967a,c). Similar conclusions -were drawn by

Hubtor'et al. (l%7a,%ed on tht;ir studies on protocollagen.
Extensive sequence studies of collagen have indicated that Hyp almost
alviays occurd 1a the Y poiition ot Gly- %Y triplét séquencs of collaigsn (Bornstein,
1967a). ‘These studies led to the wi’duly-belicvéd hypot)‘]esis that _thg minimuln '
sequence required for substrate recoguition by prolylhydroxylase is the X-Pro-Gly
triplet. In agreemeht with this, polymers with the structure (Alz\-Pr‘c;-Gly)n‘ where

n > 2 serve as substrates of the enzyime whereas polymers with the structure

(Pro-Ala-Gly), do not (Kivirikko ef al., 1968, 1960). 4 1
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Thus, ; appears that although the repeating trip]iet »sequen{es of -collagen
are considered as Gly-X-Y, p‘ruly!hydrnxylase seems to “read® the peptide -
sequerice in the order -X-Pro-Gly- (Prockop et al., 1876): In accordance with this,
Hyp residues are almost always found to be followed by Gly residues: How:ver,
more recently, a few éxceptions to this have been reported. In the human élq,
the sequence X-Hyp-Ala was notéd twice indicating that the Specificity of
prolylhydroxylase for X-Pro-Gly sequence may not be absolute and that Gly, in
some gas:s at least, may be replaced by Ala (Reid,‘ 1977; Reid andv_Thompsorn,
1978). Bhatnagar and Rapaka (1976) also reported that Gly can be replaced in

3 syntﬁ'&g(ic‘%eptide.substmtes by $-Ala, an amino acid that contains ah) additional
methylene group,in the backbone but does not contain a sid; chain.

< 1.6.1.1. Effect of Adjoining Residucs on Proline. Hydroxylation .+

It appears that the adjoining residue X on.the N-terminal side ol the
]Lydro(ylatnble proline residue aﬂ'ect}\thc hydroxylahon reaction in lhe p.g Pro-Gly ’

. sequence in co]]agen and related polypeptide substrates of pljolyll;ydroxyla.se.
Studies with polytribeplia% of the structure (X-Pro-Gly), where X is Aly, Pro,
Val, Leu m: Gly have indicated tha% Pro or Ala in the X position make th‘em good

- subsnzates, Pro\bcing better than Ala (Kivirikko and Prockop, 1967;,0; Prockop et.
al., 106;; Kivirikko et al., 1968). Leu in the X position seems ;o reduce the extent
of hydroxylation which is further decrcased when the X positim; is ocpupiéd b&
Val (Kivirikko el\v al., 1972; Rapaka et al., 1978).  Similarly, the presence of

~GaEeaie: or, Sar \(N-memhyl‘ glycine) or Gly *in the X position is shown o
completely prevent hydroxylation (Kivirikko et al., 1969; Rao-and Adams, 1978;

Rapaka et al., 1978).
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Other investigations with polypeptides of the (X Pro—GIy] typé where X is
Arg or Glu, have indicated that the positively charged ‘Arg s better thas

rmg:mvely chargedflu, ‘although bo!h of them are unfavourable when compared

to Pro (Prockop et al., 1976). It appears that the main effect of the X residue is

on the maximal velocity rather than on the binding of the swbstrate to the

" enzyme (Kivirikko and Myllyla, 1980). It is known that the side chain of the X

residue preceding Pro can interact with the &methylene of the pyrrolidine ring
(Schimmel and Flory, 1968). ‘Such interactions may influence the sLereochemiséry
of the X-pro peﬁtide bond and subsequently govern the polytripeptide-enzyme

interactions (see section 1.8.1)

s ¥ ! - el
-Data on the effect of residue Y (C-terminnl to Gly) in the X-Pro-Gly-Y
tetr'\pcpude sequence on proline hydroxylauon are not xvallabley although one

m|ght expect such an mﬂuence ) o s

1.8:1.2. Effect of Medium-range Side Chain Interactions on Proline
. ? 1 o

Hydroxylation

Earlie studis with bradykinin and its analogues revealed the affegls of side
chains of residues farther removed from the hydroxy]a_t;b]e- proline. Bradykinin
contains nine amino acids with'a single Pro-Pro-Gly. triplet and it has about the
same K value (1500 uM) as (Pro-Pro-Gly); when éxpressed in the molar
conéent‘ration of the (Pro-Pro-Gly) unit, as shown in Table -2, Thi‘s affinity of
prolylhydroxylase towards bradykinin®has been attributed to the presence of the
two arginyl residues on either errd of the molecule. Addition of another Arg to

the N-terminal end of bradykinin was found to redyedjthg K, to 750 4M, whereas
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the addih:nx Gly to the same position caused the K to increase slightly (Table’
1-2). Both mosificatinns increased V| . In contrast, addition of Glu to the N-
terminal- end was found to reduce the value of both K, and apparent V,

(McGee et al., 1971). Similar studies on the interaction of several other

bradykinin  analogues “with prolylhy ylase have di d”an effect on
proline hydroxylation, of amino acid residues beyond the triplet to be

hydroxylated (McGee et al., 1971).

Kivirikko et al. (1972) have compared Arg-Gly-(Pro-Pro-Gly); and

'r Glu-Gly-(Pro-Pro-Gly), with 1P|’o—Pro.-G]y)5 as su‘bstrates of prolylhydroxylase.
As shown in Table 1-2, the K, valudfor the Arg containing Peptide was il
about or:-lmll‘ of t!mt for (Pro-Pro-Gly)}, but ihé extent of hydroxylation was not
affected. On the other hand, the pre‘sel ce of Glu in Vpolypeptides appears 0/0 have |

little. effect on their binding, to the efzyme, althotigh the extent of hydroxylation

was significantly reduced, WIEh compared to (Pro-Pro-Gly);.  Similarly,
comparison of (Arg-Pro-Gly), and (Glu-Pro-Gly), with (Pré-Pro-Gly), (as
substrates of prolylhydroxylase) indicates that thg.Km value for the Arg

" containing peptide was decreased to 80 uM from 350 uM obtained in the case of

(Pro-Pro-Gly),,  On the other hand, the K, value for (Glu-Pro-Gly), was "

decreaséd only to 280 uM. These studies.indicate that the enzyme-polypeptide
substrate interaction ig influehced by amino acids present in other parts of the
peptide chain:

‘s

The observed effect of increased binding due to a positively charged residue ~

in the vicinity seems to be meaningful in the light of the highly anionic nature of
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‘able!1-2: Effect of Medium»Raﬁge Interactions on Proline Hydroxylation

" ““Substtate K, Vinax % Hydroxy
uM nmoles/hr  -lation
(P-P-G),* 1500 n.a na
i ) ’
Bradykinin* 1500 180 na
Arginy! 750 138.8 na
‘bradyki ‘
o
Glyeyl- 1900 972 na
bradykinin*
Glutamyl- 80 58 na
bradykinin* I .
s o3
‘(P-P-G), - 350 Cmas 100-
‘RGP-P-G), 170 " na 115
“E-G-(P-P-G), 400 na 7.
(R-PG), 80 na s
(EPQ), - 280 na i

. ‘\‘ One letter symbol used for amino acids in synthetic polypeptides

* K, values expressed in M concentration of the X-Pro-Gly
tripeptide units

n.a: Not available

K, val pressed in uM ion of the peptide
1, McGeé et al., 1971
2, N'}virikko etal., 1972,

3, Prockop et al., 1976

DI
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the enzyme (pI 4.4) n—t physiological pH. However, by the same token, Glu should
have an opposite effect which is seen in the case of Glu-Gly-(Pro-Pro-Gly), but

not with bradykinin analogue.

1.6.2. Effect of Sub Chaink h on Proline Hyd: lati

Enzymes which act upon macromolecular substrates are usually different

from those operating on smaller substrates. The former, in general, are known to
. a ¢

contain a relatively larger active site with subsites for the binding of monomeric
i R

units of the substrate, the catalytic site being located at a unique position within

the active site (Bergdr and Schechter, 1970). Enzymes like DNA polymerase [

(McClure and Jovin, 1975; Sherman and Gefter, 1976) and nucleic acid methylases

(Kerr. and Borek, 1073) are known to exhibit multiple equivalent sites of binding. .

S(mllnrly, prolylhydroxyl:se with it; long nascent procollagen polypéptide
substrate of about 1000 amino acids mlgh! bl'expecled to exhlblt binding subsites
and multi-point attachments. Some insights into the enzyme's compl:x behaviour
s Boen obtained fromn the studies discussed below. s =

{ .
Studies on protocollagen, with a M, 0f/150,000 have demonstrated that it is

bound by prolylhydroxylase with the highest affiffty among all the substrates
which have been ever studied (Kivirikko and Prockop, 1967¢; Berg and Prockop,

197313). It has a K| of about 2 nM anda K, value gqu;l to 4-6 sec'l‘(Berg]nd

Prockop, 1873¢). The &mmedmte explanation for this high affinity was in terms of

* chainlength, although part or the effect may be due to the vaned and complex

amino acid composmon of the substrate. Thus, protocollngen s aﬂ‘lmty mwnrds

the enzyme may/be due to its: capability to bind complc}tely and efficiently the
A - : .




eniyme's large active site by way of multi-point attachment, at the different

binding subsites,

Studiespﬂrt\h synthetic polypeptides with different molecular 'weights have
indicated a marked effect of chainlength, such that the higher molecular weight
polymers exhibited higher affinity for prolylhydroxylase (as expressed by lower
K, values), a]though_ all of them ll'nderwent hydroxylation with similar maximal
velocities (Prockop and Kivirikko, 1969). The higher affinity of the enzyme for
larger peptides may be due to better binding at several binding subsites on the

enzyme, as in the case of protocollagen.

Interesting experihuts by Kivirikko e al. (1971) and Berg el al. (1977)
have demonstrated that the different tripeptide units in (Pro-Pro-Gly)gs and
(P;&Pro-cly)m are hydroxylated to different extents and the penultimate triplet
frdm the N-terminus is the muost hydroxylated This prererentml hydroxylation
“has been explained in terms.of an nsymmemc active site in which bmdmg subsites
are located adjacent to but not’ symmetncal with the catalytic site (Berg et al.,
1977). Quite recently, de Waal el al, (1985) demonstrated the presence of possible
lzinding subsites in proly]hydroxy’iase. They first covalently lblocked the‘ active
site w%th a .phoLo;)r{inity label, N—(4—azido—2-nitrophenyll-glycyl-(Pro-Pro—Giy)s
and then checked whether the enzyme still bound to a polyproline (PP-1I) affinity”

column (section 1.5.1). Interestingly, the covalently bound photc:amnity label di:i

" ot ingpair the ‘binding of the' enzyme to the PP-II column, although it inhibited

the hydroxylation of synthetic peptides suggesting that there are possible binding

subsites which may be located ndeEnt to but not conhguous “with the catalytic

,sne
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1.6.3. Role of Substrate Conformation in Proline Hydroxylation

One of the interesting observations about prolylhydroxylase action has been
the marked effect of the conformation of the peptide substrate. This effect can be

at two levels: ' = -

1. Overall conformation of the substrate which may affect the binding and’

2. Conformation of the minimal sequence ie. -X-Pro-Gly- required at the

catalytic site, ; . Lok
! . e

; | Ty
Initial evidence for the former has'been obtained from studies’ on the .

|
hydroxylation of the Hyp-deficient cuticle collagen (cu#iclin) “of -Ascaris worms."

This collagen could be further hydroxylated b‘nly if it Lver'e thermally denatured

prior to hydroxylation (Fujimot» and Prockop, 1968; |Rhoads and Udenfriend,

§ ¥ .
1968). Sequence studies on various collagens indicated that many prolyl residues

in the Y positio“n of the Gly-X-Y triplets remained unhydroxylated (Bornstein,

1967a, b; Fietzek el al., 1072a,b). However, many of zhes?resiemes could be

further hydroxylated by prolylhydroxylase, if the cbllsgens were Lhermal]y

denatured first before the interaction with the enzyme (Rhuads e/al 1971) The .  .%
cxplnnanon offered for these observations was -that the euzymercannot

hydroxylate peptide substratesvif these ale,in the triple-helical conformation.

Some earlier studies with the synthetic pepﬁdw also | suggested the inhibitory "

) . v
cffect of their triple-helical conformation on hydroxylation (Kikuchi et al., 1969; -
Kivirikko ef al., 1972). 4 ) .
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substr{te for pmly]hydrox_ylase were reconciled with the data obtained in vivo on
gr;)]ine' bydroxylation by Prockop and his colleagues (/1976), _These “investigators
showed that the T, (melting temperature) of protocollagen was 24 °C and thus
the protein that was thought to be in the trip]‘&h;licn] conformation during the
posttranslational hydroxylation at the body temperature viz. 37 °C was actually
in the denat_uréd (random coil) conformation. This would then explain its ability
{oserve:psta goodrsubstrabesia vivo {Bergnd Brockop; 1573 b.os fimenez e al,
1973). "Once this was. understood, it - possible to obtain protocollagen at a
temperature below Its melting temperature mainly #in the triple-helical
conformation; in this form, it did not act as a SGbHI SRR
under ‘the conditions in which non-helical protocollagen was rapidly and
completely. hydroxylated (Berg and Prockop, 1978 b,c; Mur;;hy and Rosenbloom,

1973).
The above studies have shed light on the gross conformauonnl reqmrement

for the prclme hydroxylation in peptide substrates. However, to understand fully

- the conformational aspects of prolylhydroxylase substrate specificity, factors

governing the formation “of (piplehelical stn‘lcture and the basis for the
d|fferenual recogmuon of helical aud non-helical con!ormatlons in the substrates
have to be made clear... More lmportantly, the locahzcd can!’ormauons if ‘any, at
the actual hydmxylated seqjuences are fo be taken into consideration in order to
del‘me the speclﬁcxty m more certain terms. Together, these studies should
prov. xde vahlable mformauon in conformatiSnal terms, regarding the factors that
regu]nte.pruline hydroxylation in collagen. Synthetic polypeptide models anq
sn;all ol{gopeptides have been fc‘mud extremel)'t “useful in such ;tudies; as described

in the next two sections.
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L. Polypepc_i:ie Substrates of Prolylhydroxylase

The natural ‘substrates of prolylhydroxylase, protocollagen polypeptide

,

chains are polymers of glycine-led tripeptide units in which the second and/or
third positions are us;mlly occupied by*imino acids. For recognition'and co}'nplex‘
formation with the polypeptide-binding site of prolylhydroxylase, th model
compounds must exhibit some characteristic features of the natnr‘s‘l‘ substrate.
Therefore, a number of homo--and heteropolypeptide substrates of (GI)’-)H’m)n
and (Gly-l;‘ro-x]rI type have been s'ynthesized where X' is Ala, Ser, Sar or Leu.
These synthetic peptides have been studied for their conformational features as
well as their capability to interact with prolylhydroxylase, either l\)y< way of
hydroxylation or by competitive jnhibition with respect to the natural substrate
(Doyle et al., 1971; Brown et al., 1972; Bhatnagar and qu‘aka, 1976). z;s a
background for undersm’nding the data on proline hydroxyl:;_tinu of ‘synthetic
polypeptide models of collagen, an outline of their structural features i presented

" below.

1.7.1. The Stiuctural Features of Polypeptide Substrates and Inhibitors
Because of the large imino acid content of collagen, the stereochemical

interactions of the imino peptide bonds dominate the secondary structuge of

“collagen.  Synthetic polypeétides of these

residues are therefore expected, in general, to Qxhib’it many conformational

characteristics of the collagen molecule.

1. Poly(Pro): This homopolymer exists in two conformations: "poly(Pro) I

(PP 1) occurs iw a right-handed helix with all t{ne peptide bonds in

&




cis-configuration and poly(Pro) II (PP-IT) takes up a left-handed helix with all the
> g . .

peptide bonds in trans-configuration (Sasisekharan, 1959a). The latter

3 conformation has been found to be very similar to the single chain conformatjon

of collagen. As will be described Tlater, only m polymers interact wi’th

prolylhydroxylase (Kivirikko ef al., 1967).

2. Poly(4-hydroxy-L-Prolie) or Poly(Hyp): This homoploymer shares many
. . strictural features with poly(Pro) although some basic differences exist.
Poly(Hyp) also takes up a left-handed helical structure with all the peptide bonds

in trans-configuration. In this struciyfe, the y-hydroxyl group of an (i)th Hyp
residue is directly H-bonded to a carbonyl oxygen of the (i-2)th residue”in the

2 same polypeptide chain (Bansal et al., 1979). The poly(Hyp) structure ‘is %
M considerably more stable than the PP-II Helix in aqueous solution (Maiticc and, *

Mandelkern, 1970) probably due to this intm-mo)ec\;lu H-bonding.

3. Poly(Gly-Pro-X): In the polytripeptidés of the (Gly-Pro-X), ‘type, where *

. % v
‘g X is Ala, Ser, Leu or Sar, it has been observed that the presence of Pro in the

second position (i.e. C-terminal to Gfy) favours the formation of the triple-hélical

conformation (Browa ef al., 1072; Scatturin ef al.. 1075; Ananthanarayanan el al.,

1976).

<

4. Poly(Gly-X-Pro): It these types of polytripeptides, shere X is again Ala, o

Ser, Leu or Sar, it has been observed that the presence of Pro in the térd position

s . i ¥ .
(i.e. N-terminal to Gly) results in the unordered structure especially in solution

.
"(Doyle et al., 1971; Scatturin et al., 1975; Ananthanarayaran et al:, 1976).
-
r
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5. Poly(Gly-Pro-Pro): This polytripeptide has been exténsively studied
’ SR 5
(Engel, 1067; Ramachandran et al., 1968; Yonath and Traub, 1960; Kobayashi ef

al., 1970, 1077; Sakakibara et al., 1972; Okuyama et al., 1976) and found to exist

- in triple-helical conformation. It is one of the best models for collagen. Oligomers
(penta- and decamers) of (Gly-Pro-Pro), have been shown o have less stability
compared to (Gly-Pro-Hyp) of same chain length, though both of them adopt the
triple-helical conformation in solution (Sakakibara et al., 1968,-1973; Sutoh and
Noda, 1974a). This extra stability of (Gly-Pro-Hyp), is considered to be st‘rong
evidenc‘e for the hypolhe%is that .Hyp residues ‘stabilizae the triple-helical
conformation by forming H-bonds - L‘hroéxgh their y-hydroxyl  groups
(Ramachandran et al., 1973; Bansal ef al., 1979} .E,ngel et al., 1977). . -

11.7.2. Proline’ Hydroxylation in Polypeptide Models o‘gvllngen

. @ 4 5
- As described " above, the (Gly-}(vl’l'o),l polytripeptidés usually occur in

ml}dom o(: disordered confonhati‘on"iu aqueous medium, while (Gly~Pro—X)n!,'.
polypeptides exist in rigid, extended conformation. In general, the former type of
.p'eplides ha\‘ie been slipwn to be substrates undergoing hydroxylation and/or

inhibitors of prolylhydroxylase. On the other hand, polypeptides like :the

[GIy-Pro—Pm)"I and the’(Gly-PnrAJa);w ich exhibit highly ordered collagen-like
conformation in solution (Engel et al., 1966; Brown et al., 1072), were found tol
behave diﬂerently\towz\rdi prolylhydroxylase. The (Gly-l_’rn-l’ro)iI exhibits strong ‘-
interaction \;/ithrther enzyme actipg, both as a substrate and a competitive /l !
inhibitor (Kivirikko and 'Prockop, 1967a, b; Hutton et al., 1968), whereas the

" (Cly-Pro-Ala), showed- very little complex formation (Kivirikko e al., 1969).

Similarly, the (Gly-Pro-Sar), which exhibits collagen-like copformation in solution
) »
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(Ananthanarayanan et al., 1976), did not interact with prolylhydroxylase
(Bhatnagar and Rapaka, 1976). The homopolymer PP?Il, which can be
considered s (Pro-Pro-Pro) , interacted 'very strongly with prolylhydroxylase. It
bound with very high affinity to the{enzyme so that it could be usczi asa ligand,
as part of affinity column material in the purification of prolylhydroxylase. It was

not hydroxylated, although it acted as a potent competitive inhibitor (Kivirikko

® and Prockop, 1967 bc; Prockop and Kivirikko, 1969). In contrast, PP-1 did not™—

interact with the enzyme (Kivirikko et al., 19(‘57)‘ Poly‘(Hyp] and poly-O-
acetyl-(Hyp), which‘ share many structural “features with poly(Pro) H
(Sasisekharan, 1959a, b; Bansal el al., 1979) did not show any significant.
interactiou»(Bhatnsga{ and Rapalea, 1976) with prolylhydroxylase. It wés ]ater7
pointed out that small conformational differencés exist between the Pro and Hyp
homopolymers (Torchia et al., 1072; Torchia and’ Lyerla, 1974) and such
differences may b; responsible for thg absence.of interaction of _tlie Hyp pol»yme{rs
with the enzyme (Bhatnagar and Rapaka, 1976). Since the OH-group of poly-O- *
acetyl(Hyp) is blocked, any interaction between the OH-group of Hyp and the
backbone s absent. The inability of both ‘poly(Hyp) and poly-O-acetyl(Hyp) to
bind vt‘o prolylhydroxylase thus indicates that the substitution at the -carbon -
atom, rather than the backbone conformat{on, ai:'olishwes _the interaction. These

studies may offer, af Jeastin part, ai explanation for the reduced affinity of

partially ' bydroxylated p towards  prolylhydroxylase. The o
(Gly-Pro-Pro), polymers acted as good substrates only when they were thermally
denatured prior to the interaction with prolylhydroxylase i.e. in their unordered

forms. Table 1-3 summarizes the substrate specificity of prolylbydroxylase

2

4




. Table 1-3: St

] Substrate Binding' «  Hydroxylation
| , Native Collagen Yes No
Denatured Collagen ~ Yes ¥ Yes
y “Free Proline No No
Gly-Pro-Pro No No
. Pro-Pro-Gly-NHCH, g Yes. s F Yes
i 3. Polyproline I g : No . No
Polyproline II Yes v No
Poly(Hyp) No No
Poly(O-Ac-Hyp) * No No
(Gly-Pro—Pro)M’ 10,20 Yes Yes
. (Gly-Pro), Yes No
(Gly-Gly-Pro), . Yes No
: (;ﬁpmf'm)n : Yes Yes
(Gly-Pro-Ala), No No
' (Gly«Ala-Pro)nr ; C Yes - Yes Y
* (Gly-Pro-Sar), No No
(Gly-‘Sar-Pro)n §y b & Yes No
(Gly~Prc.-I.‘eu)n c No No
. (Gly-Leu-Pro), ) Yes . Yes
(Gly-Pro-Gln), . Noy . " No . :
(CHgkI-Pro), L Yes Yes '
(Val-Pro-Gly-Val:Gly), * ~Yes: Yes
v (Val-A.la-Pro—Gly»an—Gly)n Yes X Yes
' (Ala-Pro-Gly-Gly), Yes Yes
(Val-Pro-Gly-Gly), . Yes(?) ) No
(Val-Ala-Pro-Gly) Yes Yes *
Bradykinin Yes Yes -

* as determined by the ability to inhibit the enzyme.

From Ananthanarayanan, 1983a.




39

towards polytripeptide models. Native collagen and other substrates are included

for the ease of comparison.

The earlier expectation was that understanding the conformational features
of the above polymers (Table 1.3) on one band and their interaction with
prolylhydroxylase on the other, would shed light ;7n the conformational
requirements for proline hydroxylation. In particular, since (Gly-‘)’m-)()Il type
polymers are not hydrox_ylated but (Gly-X-Pro), type polymers are, knowing their
conformational characters was expected to solve the f)roblem. The p’olypeptide
m,x howeyer, did not provide any more .insights into the conformational criteria
for proline hydroxylation than what were already obiained from the siudies on
pative and. denatured collagen or on (Pm-Pro-Gly),I in tnple-hehcal and

nnoniered forms.. That is, these studies only reiternlzd?the coriclusion! that a

'ﬂeiible"rngher Lhm *rigid® -conformation is needed for enzymatic proline

hydroxylation. At this stage, the problem still remained to be solved and resort
was mnde to the struclural analysis of simpler peptide models. Lal.er studies on
di- and tripeptides provlded important insights into the basis for the intrinsic
confoﬂt_ionnl differences between (G]y-Pro-X)n and (Gly-X»Pro)n-, by
underscoring the im;‘aorhnce.ol‘ the conformational features of the fundameatals

tripeptide p;:it itself (see section 1.83).

=
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“ 1.7.3. Conformational Criteria for Proline Hydroxylation
Since prolylhydroxylase seems to recognize the (X-Pro-Gly) segments in the
substrates, and the (X-Pro-Gly) polymers are Qhox:v to be predominantly in non-
helical conformation, i; is important to study‘the conformational aspects of the
(X-Pro-Gly) sequence in terms of coﬁtrib}mous from the X-Pro ;nd Pro-Gly

P
segments.

1.7.4. Conformation of the X-Pro Segment

Theoret;cnl studies on the X-Pro segments have been carried” out by
Schimmel and Fléry (1968) and Rapaka et al. (1978). In a polypeéptide sequence
of the (X-Pm—ley)n type, the confon;)ational range of the X-Pro peptide unit is\

restricted by steric interactions between the side chain of the X residue and the

" proline ring atoms (Schimmel a’pd Flory, 1968). These)}éactlons can influence ;=% 1

Rc conformation of ‘the peptide nn(_i hence its -interaction with the en"zym'e,‘
Studies with the polytfipep_f,ide models of the (X—Fro-G]‘y)nr type, (where X is ély,
Ala, Yeu, ValPhe, Sar or Pro) have indicated that the nature of mejx}esiéue
exerts an influence on the.extent of the enzyme-peptide int‘eraction (Rapaka elv’aL,
1078). “The ie‘ter_:.mtion in terms of the demxylation of these polypeptides by
prolylhydroxylase is shown in Table 1-4. ' J

.4

As seen from this table, hydroxylation takes place in Lt‘ne decreasing order:
Pro > Ala > Leu > Val. On the other hand, Gly, Pheé and Sar when present in,
fheSC pesition (ripaircaithis hydroxylation:. “THess Fesdltsshave s interpreted
by, Rapaka et al. {1978) in terms of the conformational features of the X-Pro
ssaghieit 1 The<abave FoptApatas, & Sotsied i conformational energy -

'
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Table 1,4: Hydroxylation of Polypeptide Models of Collagen

Polymer . - i Percentage of Susceptible
Pro hydroxylated
0 4
3 (PrD-Pro-Gly)n % 30.0
(Gly-Pro-Gly), <20
(A}a~Pro~Gly)n 1!5.0
(Leu-Pro-Gly), B 10.2
B (Va]-Pro—Gly]n+ 5.0
(Phe-Pro-Gly) * . <3.0
(Sar-Pro-Gly), <20
/ (Pro-Pro-Pro) <20
Allpeptides had  molecular weight of about 4000
on thé basis of gel filtration. ;
+ (Val-Pro-Gly), was mioderately soluble in water
* (Phe-Pro-Gly), was insoluble in water
' '
After Rapaka et al., 1078, -
. ) s
©
P v
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caleulations. In the case of those peptides that Mere hydroxylated, the

energetically favoured conformations predominate within a small area of the py-v, -
plot, where ¢, { -C2-G(=O)- | for the residue X s in the range of 1034 0° and
vy | <G5 C(=0)- | for Pro is 130430 Where ensrgatically favourable
conformations lie outside this range of ¥, and Yo Pydmxylation does not occur.
It was also i)roposed that, for proline hydroxylation, the above proposed critical

range of conformations is necessary and the extent of reaction may depend on this

range of conformations.

Based on the total range of conformations, Rapeka ef al. (1078 found
(Pwac»Gly) ; (Ala-PmGly) and (Leu-?rmGly) to have their energy minima )
(for the X-Pro unit) well within the range of permlsslble conformational area. For
(Val ro‘Gly N and (Phe—Pro—Gly)n, ulthough the energehcal]y favourable
conformations lie within t|§e pe,rmissible conformational area, the decrez;sed
hydrotylation observed may be due to ghe insolubility of these peptides in
aqueous medium‘, under the reaction conditions.  For (Sar-Pro-Gly)
poly(Pro) (viewed as (Pro-Prum)n), the conformations favoured lie (;ulside the
permissible area and hence they are unable to undergo hydroxylation (Rapaka et

al., 1978). B
o

.1.7.5. Conformation of the Pro-Gly Segment: Earlier Data

Turning now to the Pro-Gly unit, the near-absolute requirement for Gly in

the hydmxyl:nablc sequence xPro-Gly‘both in co]lngen and in syntheuc‘

substmtes, suggests that the hydroxylauon of Pro. residues may involve some

highly specific stereochemical properties o[ this unit. In the repeating sequence of
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(Gly-X-Pro)n, Gly following the Pro residue contributes to the conformational

.freedom because of its lack of side chain (Schimmel a:!d Flory, 1968). Studies on

. lﬂ-A]a—‘Pm—Pro]n by Bhatnagar and Rapaka (1975) showed that this compound
skt sonformationsllcharacteristionswerysimiian fo Hakef (Gly-Pro-Pro), and
both undergo hydroxylation with comparable rates and affinity. -This suggests
that Gly, at least in some cases, can_ be replaced by g-Ala becduse of the large

N " frosiiom: o sotatich’ retained by this residue. Studies on (Gly-Gly-Pro),,
(Gly-Pro-Sar), and- (Gly-Sar-Pro), have further highlighted the importance of

A conformational freedom at the Pro-Gly bond (Anagthnnarayanan et al., 1976), by

comparing it with the £To-Sar bond. These studies have demonstrated that when

Sar occurs on the C-terminal side of Pro, it affects the conformational properties

of the peptide to a considerable extent in comparison to the case in whicl it

occurs on -the N-terminal side of the Pro -residues. The change in the
; wmtiuna‘] features is also reflected in its 31!5;9 interaction with .
ot . Slylhydroxylase (Bhatnagar and Rapaka, 1076), suggesting @®e important role of‘

the Pro-Gly sequence and its cér‘x{[ormational nature in proline hydroxylation.

&

The above studies indicated the role of the X residue on the hydroxylation

of Pro in the X-Pro-Gly sequence in conp,maticna] terms and that of Gly in

contr}buting ta the conformational freedom of Pro-Gly segments. However, the

C basis for the selective hydroxylation of the "disordered® conformation of the
natural and the synthetic po[y‘pep’tides is not understood in conformational terms,
o from the above described studies (although the X-Pro-Gly sequences are present

e in both triple-helical as well as disordered conformation of the peptide substrates).




" 1.7.6. Further Studies on the Conformation of the X-Pro and Pro-Gly

Segments \</ A

With a view to understand the conformational basis for thevspecificity of

prolylhydroxylase towards the X-Pro—dly s'é'i]uen::es. in the disordered state of the

polypeptide substrates, Brahimachari and Ananthanarayanan (1979) examined the

conformation of the X-Pro and Pro-Gly segments in peptides and proteins, on the
basis of the then available data: These authors noted\ an ?mporlanl basic
difference between the conformations of the X-Pro and Pro-Gly segments. Thus,

from theoretical conformational energy analysis (Stimson et al., 1977; Zimmerman

and"Scheraga, 1977), it has been shown that, a ‘Gly-Pro sequence energetically
| o~

favours dn open, extended conférmation'with oy = 178°, oy = 175% 5.6p, =
-75° and yp,, = 70° and can readily adopt the extended PP-II conformation
(Sasisekharan, 1959a). On the other hand, a-Pro-Gly sequence-favours a folded:or

) » .

bent conformation, similar to the g-turn (Venkatachalam, 1968), with bpro =
'—7'-')". g, = 110° oy = 80° and Yoy = \10".‘ Figure 1-5 shows the

conformations of Pro-Gly and Gly-Pro sequences.

This led Brahmachari and Ananthanaravanan (1070) to provide an

/anatiou for the intrinsic conformational differences between (Gly-X—Pré)n and
G

Pro—X]\,l polytripeptides in terms of the Pro-Gly or G'ly-Pm repeating
sequence present in the polymer. The (Gly-X-Pro), with (-Pro-Gly-) segments
would tend to take up a folded conformation, whefeas the (GENPro-X), due to
the présence of (-Gly-Pro-} segments terd to existan an extended (similar to PP

Y bl P
1) conformation. Thus, the/*r <an readily form the collagen-like triple-helical
. w




45

N
-
o L
.
<
g . )
- (;Jg/un 1-5:  Minimum Energy Conformations of Ac-Pro-Gly-NHCH,
Z (Left) and Ac-Gly-Pro-NHCHj (Right) with -all trans peptide unit
- (From Stimson et al., 1877) L
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structure, while the former would behave like a flexible (thoygh not fully random)ss(

molecule.  ° . b

In order to further understand the conformationa] characteristics of the Pro-

¥ Gly segment in peptides, particulagly with respect to the role of the X residue at

the C-terminal side of Gly, a detailed study of the conformation of N-Acetyl-Pro-
[ ™ Gly-X-OH where X is Gly, Ala, Ile; Leu or Phe was carried out by Brahmachari et . g

al. (1978). Using CD, IR and NMR spectral techniques, these authors observed

that the major ordered conformation is the p-turn (this conformation will be in

cquilibrium with the "open® disordered conformation in solution). The relative

stability of the g-turn conformation was found to depend on” the natﬁrf of the

% E solvent (being more dominant in ‘non»polar media) and more interestingly, on¥he w

natire of the X residue. In ternis of their relative effectiveness i in augmenting the_
_A-turn conformalion at. s Pmcly segments, Brahmachari et al. (1978) fourd the

following order: Leu > A_la > Gly, lle > Phe. Inﬂsupport of.the preference of

the Pro-Gly segment for the g-turn conformation, Brahmachari et al. (1081)

obserged a-classical type II p-turn in the crystal structure of N-Acety[-Pro—Gly-‘

Phe-OH using the X-ray diffraction technique (This was the first demonstration of

the p-turn in a’linear tripeptide in the crystalline phase). 7 - -

W Statistical analysis of the crystal structure data on globular proteins by

Chou and Fasman (1977) had shown that Pro in th«; second and Gly in the tlmd

. y position of the g-turn. have relatively very high' gturn potenuals Usmg this o
A ¥

Brah b

information,

i and A h (1979) mined- the amino ‘H

. acid sequence of the ‘mascent procollagen chains and observed that. the Pro-Gly” - L

- - B




segmients in these chains exist mainly in'the g-turn conformation, while almegt
none of the' Gly-Pro segments preferred thjs conformation. These studies also

o
indicated that not all the Pro-Gly segments in the nascent procollagen moleculé

elibit the,same preferem‘e for the f-turn formation, this béing governed by the

nature of ad)ommg resldues This is in line with the observation made earlier ‘by,
these authors on the tripeptides. ’

1.7.7. Conformational Basis for Proline Hydroxylation by

v . . 3 :
Prplylhydi-oxylase - - - EA
: Based . on the above conformationsl considerations, BrabMachari and -
K { ] L

Ananthanarayannn (1979) have proposed thwhe pturn con!ormatlon adopted
by the Pm—Gly segments, in the nascent procollxgen mo]ecule (pnor to proline

v ! 4hydrexylauon] are specmcally recogmzed by prolylhydroxylase and  thus thls

T feature is a cc _' iondl requi t for proline b " They also have

Y .propos\ed that the extent of enzymatic i:ydrofylation of proline residues, which is
L0 VM kaown to be influenced by the mature o the residues adjoining the Pro-Gly,
sogment. (Pwékqp el al,,‘ 1976; Bhatnagar and Rapaka, 1976) may be’related to
the extent of s;.abi]izat\ioﬁbf the g-turn by these residues in a given tipeptide
sequence. Thls hypothesis thus offered an explanahon which was not available up
unti] then' from earlier smldms1 ‘in. cou{ormatlona] terms, for the specific
recognition and hydroxylation of X-Pro-Gly segmeuts 'ip nascent procollagen.: »

An impofta‘n%ogﬁl]ary that stems out of t‘he p-turn hypothesis ‘is the
£ - E 5
* conformational need for the hy\:lmxy]aiio_n of proline residues in procollagen. An

- examination of the crystal structure data on t—Bac»Pn\)—G]y-OH,' I‘!—PiVAPro-Gly-




" the enz@finatic hydroxylation of Pro-Gly sequences
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OH:and t-Boe-Leu-Pro-Gly-OH {Benedetti, 1977) in terms of their dp,,, ¥pqr ¢ty

and ¢, values was made by Brahmachari and Ananth \n (1979). These
gaithors observed that all three -Pro-Gly- segme‘nls that do no; take up a gturn
conformation have their 4, ¢ sugles suitable for ihe extended PP-ILconformation,
in spite of the flexibility arcind the N-CY and C®-CiPbonds of Gly residue.
Sinilar esamination of the Sty Ve fprg a0 ¥y, values for several of the
available Iin‘enr peptides with -Gly-Pro- sequences, namely, t-Boe-Gly-Pro-OH, t-
Boc-Gly-Pro-OBzl, Cbz- G]y-Pro~0H fbl Gly<Fro-Leu—0H Cbz-Gly-Pro-Leu-
Gly-OH, dnd- O-] BTCbz-GlyPro—Léu-Gly Pro—OH (Benedetti, 1977) was- also

carried out by Brafimachari and ‘A ha L (1979). 1t is ohservedthu

-some of the Pro resldues take up s Iow '14 vnlne (~ -30°) (suitable for type I-

p-lyrn) whereas others fall in the high v (~ 150°) region (suitable for extended G

PP-II conformation). On the other hand, the Gly residues in all these .peptides
have relatively high ¢ values (~ 170°), which are close to the value found for Gly
in collagen: or PP-II like extended conformation. The Pro-Gly seciuentu that
adopt & folded 3-turn confm"mntion will have to cms‘g 4 higher energy barrier of at
least 4-5 K cal/mol to go over to the's, v region of the Pf"—[[ or lriple-ieli'cal
Halics collagem In contrast, the -Gly-Pro- and -Pro-Gly- sequences that are
suitable for the ex!ended conformation will have to cross a relatively amnller
engray barrier of only l 2 Kcnl/mol to auzm the o, 7 requxred to, rorm the ll’lpl&
helical or PP-Il conform:mon (Kolaskar et al.,’.1975). Brahmachun and .

Anarthanarayanan (1670) argued that this energy Harrier would be overcome by :

ascent procollagen to Hyp-

Gly sequences, since in %the latter sequences, the extended structures would be
. 5 . w L N

.
°
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staélize‘d by the H-bond involving the “OH-group of the Hyp residues. [As
mentioned in section 1.3.1, this intra-molecullr Hebonding between the 7OH
group of Hyp (i)th residue and the carbonyl oxygen of the (i-2)th residue, in the
polypeptide chain has been demonstmte& in pé]y(l{yp) by Bansal et al. (1979) and
TOl:chi;\ et al., (1972).] Based on these con‘;ideralions, the need for the enzymatic
stueibitable g6)ihe rieed for crassidy the inerey: bsvier Batwiser thex laxibld
disordered conformation of the nascent procollagen peptides and the rigid,
extended conformation of the final product, namely, the native colligen. The
conformational consequence of pephdyl proline hydroxylanon may thus bé viewed

as the s!rmghlenmg “of the ongmal '[olded' f-turn conformation into the ngld

‘and extended structures as shown in Figure 1-6. The energy requirement for this

process can be met not only from the formation of intra-chain H-bonding but also
‘ - \on
from the sub inter-chain H-bonding. In ional terms, this would

mean that the low_ Yy values found in folded #-turng are translated into the high
"'Gly values favoured in rigid .and extended conformation similar to‘PP-lI, given
the low 4, value fixed af about -60% It is obvious (Figure 1:6) that the

conversion of 2 Pro-Gly segment into a Hyp-Gly segment in nascent pm?agen is *

strmgh(enmg of the mdwxdlml polypeptide chains is a prerequisite for the

subsequent formation ol’ the triple-helix. . ae
.

Chopra and’ Ananthanarayanar/ (1982) have provided experimental data

v, P
which support both of the above postulates concerning the conformational

requirement and conformational consequences of proline/hydroxylation u'sinf; the

peptides: t<Boc- Prr;—GI)LAia OH, t-Boc-] Pro—Gly-Val OH,| t-Boc-Pro-DAla- OH& and

¥ Ty N
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Figure 1-6: Conformational Events taking place during the Proline
Hydroxylation in Collagen Biosynthesis :

(The N-terminal globular extensions on the nascent thains are not shown
- . t

in the figure)
gire

From Brghhachari and Ananth .,,Y.,.,,, (1070)




these peptides exist in the Aturn conformation (Ananthanarayanan and
Shyamasundar, 1981; Brahmachari et al., 1982). Chopra and Ananthanarayanan

(1082) showed that all the peptides interacted with the enzyme by effectively

competing with the standard for prolylhyd. . M , the
pentapeptide t-Bo‘c-Gly-V;l-Pro—GlyZVal-dH, which acted as a sibstrate and also
as an invhibitor to the hydroxylation of the s(andat;i substxaie,‘ was found to be

mainly in the pturn conformation, thus supporting the ~hypothesis that

prolylhy droxylase i the g-turn con i present in  Pro-Gly_
segments. i
: )

Chopra and Anapthanarayanan (1982) further showed that the collagen -
s &

model r;eﬁﬁdev (Pro-Pro-Gly),, when incubated (after heat d i see
sccticn‘ 1.6.3) with the enzyme and necess;ry cofactovs at 37 °C, was converbed.
upon }lydmxylatign, from an initially non-helical conformation to the triple-helical
con;formation, as monitored by bD spectra and gel filtration. This i\'n‘.ereuingJ

observation provided exéerimental support to the conforiational hypothesis of -

Brahinachari and A har anan  (1679) that the straightening of the
" previously folded polypeptide chaia occurs ss a direct consequence of proline
hydroxylation; tl;h rendily,‘ leads \;o the formation of the triple-helical
conformation. In other words, triplehelix formation. during collagen biosynthesis
is‘ not dependent on events distal to yre‘liye hydroxylation, unless i‘ts formation is”

deliberately ‘hindered, say, by the N- or C-terminal end regions (see Prockop et

al,, 1976; Bornstein And_Tmub, ;079\.

Experiménts on the rate of folding of the denatured (RmPro-Gly)m and its
- ..




(1982). These studies showed that the latter polymers fold into the triple-hell

conformation much faster when compared to the former. This suggests that the
enzymu&i‘c proline hydroxylation in the substrates results in the enhanced rate of

formation of the triple-helical conformation, indicating a hitherto unknown kinetic

role for Hyp in the folding of collagen chains. According to the® recent

conformational energy calculations by Bansal and Ananthanarayan (1987v), the

Hyp-containing peptides are found to be capable of adopting a partially extended"

conformation  which * does not contain the p-bend bfﬁ\ reigins the

(Hyp)OH...OC(Gly) H-bond between the (i+2)th Hyp and (:)th Gly. These authors

propose that the partially extended conformation in the Hyp~cont§iniug'pepﬁdes-

(which i§ not possible in the Pro counterparts) could sérve as a -kinetic

inlermedjaté on the way to forming the fully extended conforination. Because of 1

the presence of the above intra-chain H-bond, this

would also serve
to lock the trans-geometry at the X-Pro and X:Hyp peptide bonds, thereby

enhancing the rate of their helix formation. It is known that the cis--trans

isomerization around Pro-containing peptide bonds isﬁe rate determining step in

the. folding of globular pro%n/s\fBrandts et al, 1975) and collagen (Bachinger et

al., 1978; Bruckner and Eikenberry, 1984).

In summiry, the studies described” above offer a explanation for the

conformational criteria for, and congqnenceé of, proline hydroxylation in coltagen.
biosynthesis (Ananthanarayanan, lgsr(in,)f\As pointed out earlier by Brahmachari
and Ananthanarayanan (1979), the gturn may-serve as a general conformational -

requirement for several other posttranslational modifications as. well. . For ..~
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‘exnmple, many phosphorylating enzymes (see Smilh‘and Pease, 1980 for review) .

and signal sequence modification enzymes (Giam et al., 1984)seem to recognize

p-turn cohformations in their substrate molecules for selective modification (Rose
et al., 1985). Recent studies by Tinker et al. (1986) have shown that a protein

LLymsine kinase recognizes and specifically hydroxylates the tyrosine residue in a ,.

p-turn-forming tetrapeptide sequence, offering support to the above hypothesis.

1+8. Rationale and Objectives of the Thesis

In spite of the large number of studies available on proline hydroxylation in ¥

collagen as reviewed 'in the previous sections, there are still many aspects that
need to be explored in order to understand the complex and intricate reaction *

carried out b}; prolylhydroxylase.” These include:

L. Structural ch;\‘mcteristics of, and structure-function relationship in .5

R pré&lylhydroxylase e e

2. Conformational aspects of interactions between the cofactors and

- cosubstrates and the enzyme with a view to understanding the mechanism of

: proline hydroxylation

' . A o
3. Physico-chemical characterization of Pro-containing peptides in a variety

<« of conformations (8-turn, PP-II and other conformations)
. ~

4. Study of the interactions of these peptides with prolylhydroxylase in
. L=

biofkemical as well as in conformational ferms
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The ec;n!ormntionll , aspects. o; prolylhydrc‘:xylm have not yet been studied A
although the enzyme has been purified to homogeneity for the: past several years.
My approach has bee‘n to obtain pure prolylhydroxylase from chicken er;lbryus
and to characterize tlie'enzyme in terms of th& secondary and t;rtiary structures
using CD andv fluorescence spectroscopy. The same physical techniques were used
to conehle‘ the structure of the enzyme with functional aspects under a vai-iety of

% g

conditions that can affect the structure-function relationship. The i

between different cosubstrates and cofactors and the enzyme may lead to

" conformational changes which may be mnecessary for the 'functjon‘. of, "

pmlylh);droxylue. These conformational chu‘nges may occ!

secondary“or” the tertiary Structure of the enzyme and can thereore, be,

onveniently monitored by CD and 1 r¢’techniques. The first part of the

thesis is concerned with these studies.

The g-turn hypothesis hG% been studied so far only with a limited number of

peptide models. Further verification of the hypothesis is needed for . a better

d ding of the sub pecificity-of prolylhydroxylase, in conf ot
terms. In the ligh! of the larger data base, when available, it may be possible that
this hypothesis would need modification so as to account for the additjoual data.

With this view in mind, following the purification and characterization of

prolylh‘):dmxylase (Chapters 3 and 4), an attempt has been made in the \pr‘esm)

thesis, to characterize a number of Pro-containing oligopeptides further by using'

CD and IR spectral techniques (Chapter 5).
P . <
The interaction of the above model peptides with prolylhydroxylase forms
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another aspect of the present studies (Chapter 6). \These studies are almy at
prov:dmg insights into the, conformational requnrements at the binding and
catalyhc stes: of prolylhydronyliee: Detalled inetior snalysls of the Voephides
enzyme interactions in terms. of hydroxylation of the substrates and/or
competitive inlribition of the enzyme by model peptides (with respect to the
standard substrate of the enzyme) could lead th a definition of {he conformational

specificity of the enzyme, These studies constitute the last part of the thesis.

“

Other aspects re]ated to prolme hydrcxy]atlon have also been anempted for
study in ‘@ limited way. These mclude the specificity of prqulhydroxyluse with
non-collagenous, biolggically |mportant protums which wxll be of interest in the
light of other, non-collagenous, Hyp-containing proteins. It is not‘we]l—understood,‘
as yet, whether the same pro!ocollégeu pro]ylhydmxylase is responsible for the

formation of Hyp residues in these proteins also.

The experimental details and results of the above aspects are presented and

discussed in detail in the following chapters.




Chapter 2
Materials and Meghods

2.1. Materials

.

¥ .
S. K. Attah-Poku using standard solution-phase techniques of peptide synthesis
(Bodanski and Bodanski, 1984). They were checked for purity by Dr. Attah-Poku
using HPLC and elemental analysis (See the above réf. for dét;ils'.

(F'rc«l"l',o-Gly)5 was bl;tained from Protein Research Foundation, Osaka, Japan.

- Poly(Hyp) was from Miles-Yeda chemical company. White leghorn chicken .eggs

were obtained from Cook's Hatchery (Truro, Nova Scotia).
~ v g .

‘The following were purchased from Sigma Chemical Company (St. Louis,
Missouri, USA):_ Po]y(Prc;; samples of high and low molecular weights ™)
‘(40,0(;0: and 6,000), Trizma i)ase, glycine, dithiothreitol, ferrous sulphate, ascorbic:
acid,'fatty‘ acid free bovine serum albumin, catalase, trypsin inhibitt‘)r from
chitken egg white, o-ketoglutaric acid (sodium salt), Chloramine T, Folin-

'Ciocnlte\{ reagent, f-mercaptoethanol and glycerol.
' . i :

Ammonium sulphate, sodium chloride, sodium hydroxide, potatsium

dihydrogen phosph ichl ic acid and p-dimethylaminobenzaldeliyd

. were purchased from BDH (Canada) Ltd., Dartmouth, Nova Scotia.
N, .

All the Pro-containing oligopeptides were _synthesized by Dr.__ -

.-&‘

i
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Chloroform, methanol, 1,4-dioxane, glacial acetic acid, hydrochloric acid and
perchloric acid were obtained from Fisher Scientific Company, Dartmouth, Nova

.
Scotia.

" Cyanogen bromide-actiypted Sepharose and Sépharose 4B were obtained
from Pharmacia, Dorval, Quebee. DE-52 ion exchunge’mose forresta)iwas
purchased ‘Imm,Mandel Scientific Company, Ville St. Pierre, Quebec. Biogel
A-1.5m and Dowex 50 X-W8 were from BioRad (Canada), Mississaugn, Ontariz;,
as vwi:r'e electrpphoresis chemicals like acrylamide, bis-&cryla‘mide, N,N,N'N- .
tetramethylethylenediomine  (TEMED), ammonium persulphate, sodium

ylsulp! and low

weight dard Ultra pure urea,
’ trifiuoroéthanol (Gt‘;ld-lnbelied) and Triton X-100 were purchased from Pierce.
Chemical Company, Rockford, lll;nois, USA. .
3 ' ’
Radioagtive chemiw{s, namely, 2-Keto (1-1*C)glutarate (sodium salt),
(L-Prolyl-4-3H)(Pro-Pro-Gly), were pirchased from Amersham International,
Oakville, Ontario. Tissue solubolizer (NCS), Omnil‘lqor and Aquasol were from

New E'(lg]and Nuclear, Boston, Massachusetts, USA.

2.2, Methods
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2.2.1. Preparation of poly(Pro)-Agarose Affinity Column
/Poly(Pru) with a Mr of 40,000 was covalently coupled to Sepharose 4B by

(3 .
the dfanogen bfomide (CNBr) agarose activation technique. Two methods were

empjoyedz

1. Commercially available CNBr-activated Sepharose 4B was used for
Gl oGS aditastirs ielvietians  ABGIE 15 ‘g o0 resi-dried
powder was allowed tof®well for 60 min in 1 mM HCI at room temperature (25
°C) and wash‘ed on a sintered (coarse) glass filter with the same solution. A total
of approximately 200 ml per gram of dry gel was added in several aliquots, the
supernatant being removed by suction between s ;séive additions. One gram
rree‘ze-dried powder gives a gel volume of approximétely 3.5 ml. The use of HCI
preserves the ctivit}j of the reactive groups which hydrolyze ;t alkaline pH: The
ligand solution was.prepared by d.isolving 900 mg of poly(Pro), in 50 il coupling
buffer-1, giving a final concentfation of 10 mg/ml. The coupling buffer-1 was
made up of lil M sodium bicarbonate containing 0.5 M sodium chloride and the

pH was adjusted to 8.3. At the end of the HCl wash, the gel was washed with

coupling. buffer-1 using about 5:ml of buffer per.gram dry gel. The Iigu}_

solition was added immediately to the washed gel which was rendered alkaline by'

the coupling buffer-1. This stage (washing the gel and addition of the ligand) was

Eompleted within 40 sec to avoid any delay. since reactive groups on'the gel

‘hy_drolyze"immedintely at thie alkaline pH of the coupling buffer. The gel in the

poly(Pro) solution was carefully transferred to .{éso m(! round-bottom flask and
rotgted very slowly at 4°C for 24 1. High speeds of rotation should be avoided

since the high shearing forces can/damage the gel matrix.
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& 2. CNBr-activation of Agarose and coupling of poly(Pro); This was done
according to Tuderman el al. (1975). About 100 ml of Sepharose 4B was washed
s three time:with one litre of water a;:; adjusted to pH 11 and decaut‘edd to a final
volume of about 200 ml. Then, 25 g of carefully ground cyanogen bromide was
ddded and the reaction was allowed to p@ceed for 15-20 min in s ice baib with
continuous stirring. The solution was maintained at pH 11 by frequent additions
of 8 M and 1 M.NaOH. The mixture/was rapidly washed in a Buchner funnel
with 500 ml of coupling l‘)uf{er—ﬂ madp up of 0.14 M NaCl and 0’.1 M sodium
hicarbgnale;gl;l 83 fxud the coupling was cagried out by quickly stirring 10%
poly(Pro) solution (p;epared as 1 g/10°ml coupling buffer-2). The washing and
addition of poly(Pro) to the gel was v_omplebed within 40 $ The gel and
poly(Pro) mi‘xtur‘e was transferred to a 250 ml round-bottom rl;sk and rotated

) Al

very slowly at-4 °C for 24 h.

@

At the end of this 24 b period (For both the above methods), the poly(Pro)
so‘]uti[)n was removed by suction and the gel was mixed with 1 M ethanolamiu‘e
* pH 8.0 to block urireacted groups and kept for about 2 h at room temperature.
The blocking agent was-washed away with respective coupling buffer followed by
0.1 M acetate buffer™2% pH non\tsining'ﬂ.5 M NaCl. This was'repeated a few
times in alternate cycles of coupling buffer followed by acetate buffer. Alternate
pH cha;}ges like these not only remove excess of blocking agent, but also Ehe R
excess of ligand present due to non-specific adsorptiop. '

Finally the gel was washed with a large volume of cold deionized water

followed by the *affinity buffer* made up of 0.1 M NaCl, 0.1 M gl)'ciﬁe‘ 01 M




Tris-HCJ containing, 10 sMdithiothreitol wmf). and the pH was adjusted to 7.8

- :
at 4 °C. The gel was cquilibruuﬁi‘ thoroughly with the same solution (about 10

column volumes).  Theegel was preserved with 0.02% sodium azide, a

bacteriostatic agent, until ready to use.

The efficieacy of coupling was checked by the following methods. A small
aliquot of the gel was washed with a large volume of water to Yemove the glycine
/" containing buffer and bydrolyzed in SN0l at 120 °Cifor 24 By The hydrolysate

was amalyzed for proline using an amino pcid analyzer at the local amino acid

analysis facility. °

£ : . W

In another method, the amouat. of poly(Pro) bound to agarose was measured

by monitoring the difference in the absorbance of the ligand solution, at 230 nm,

before and after the process of coupling reaction.
- s N
1 2.2.2. Purification and Characterization of Prolylhydroxylase

2 Pmlylhydmxgase was isolate(j from fertilized chicken embryos according’to,
7 the procedure of Tuderman et al. (1975) as. modified by Kedersha and Berg,

5 -
] “

. _ (1981). The details ‘are given below. |

2.2.2.1, Preparation of Embryo. Homogenate

' 3. s
Medium-to-large sized fertilized white leghorn- chicken eggsk‘were incubated

for 13-14 days in an incubator (model 1202 from G.Q.F Manufacturers, Savannah,
e B Georgia, USA) equip‘ped with autofotatory and fhermo:sptic controls. ~ The

4humldxty of the chamber and air cuéummn were mamtmned throughout the

incubation period. A constant tem™®ature of 100 + 1° F was maintained. The

& - ) (:
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eggs were rotated 3-4 times a day automatically and were candled on alternate
days for signs of viability and growth.

_ The eggs were opened on the 13th er‘ 14th day and the emb.ryos were

qmckly sepanted from the rat of the membranes and trmslened to an lce-chdled
‘beaker.. The émbqos were homogemzed ini b fcha of iso 13 thh an eq\ml volnme

of homogenmng m:dmm conlumng 01 dycme, 01 M I(C], 01% (w/v)

TnlonX 0:03% (w/v) O.rypsm in
4 C to pH 78 wngx HC] The homoge\

nhibitor (from ¢ chlcken qgg wfme] and’ ad)uzted lt

tion was"camed out.in a Wnnng v

blender m 3 cycles of low medmm and Till speeds fnr 1 mm zt each speed and

allowing 1 min ror cooling hetween the-cycles. The homogenate, allowed to H
stand for 30, 'l.nin,with_ occasional stirring and then centrifuged nﬁo x g for 45 |

thin and the supernatant was collected.

2.2.2.2. Ammoni Froust

Solid i ;I»llphlu' /‘,_ tirred into the i to a\Gpal

) . & s
* concentration of 30% (164 g/L) at 4 °C and allowed to stand for 1 h: After

cehtiiﬁlgntbn at -15"000 x gfor 1 h the pellet was discarded and solid ammonium

200 snlphg!e was slowly sl.med agam into the iatant to a final ion of.

so% satunllon (m g/L) Aller c'

IS glycme and OOl”inM D\@ .
was' draly;ed fur 4'h againstt16 L: of affmlt)" buffer md I'or another 12-16 h I‘R‘r”. '
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2.2.2.3. Affinity Chrom.mp.plb\ {
The dialyzed jum sulphate precipitate was centrifiged at 15000 x §
¢
for 30 min and the protein jon of the sup was measured

.according to Lowry el al. (1951) or the BioRad Protein A#;y (1977). The
3 v

concentration of the protein was adjusted to 10 mg/miwith affinity buffer. Th

sample (abaut 150 ml) was tten mixed with the washed pnly(Pro)—Sephuose (100 . g
" ml) prepared as 'described above and bmdmg of the enzyme was nllowed to take

place with occasional sumng for” ({mul 8 h u! 4 °C Iml.ml nnd subse};ﬂ{

samples were removed to monitor Lh‘e fextent of binding at dlﬂeren! time intervals ’

by assaying the aCtivity remmnmg in the supernnlnnt At the end of the bmdmg

- period, the gel was washed’ with large volu‘mes of affinity buffer on a smtereel
glass funnel in the cold, until the absorbgnce of the eluent was less than 0.3 at 230

nm using 1 cm cell. The gel was packed into a column at 60 mi/h flow rate. The

enzyme was eluted with 20 ml {3 mg/ml) of poly(Pro) solution in the same buffer
at a flow tate of 50 lnl/h. The elution was then continued by one column volume .

of al‘f‘nixy buffer and 4 ml fractiohs were collected The poly(Pro) used for

oy eluhon has a M, of about 6,000. The'size ol‘ the poly(Pml is nmporlant in that 3

peptide of M more  than 8000 cannot be completely separated from the enzyme

. 4
in the later-stages of nl’ catlon

.

v ° *e s B o o
The absorbancé of the fractions. eluted with puly(Pro) was monitured at’
..both 280, and 230 nm ’I‘he enzym&poly(?ro) complex elntg,d asa symmctncn.l
\ pcak havmg an absurbaﬂce at ‘both 280 and 230 nm wavelengths The

l'mchonscompnsmg the penk were combmed togetlm‘ lnd concentnted toabout 5 -

: ml in an Amncon ulv.urxltrnnon cell with YM membrane (molecuhr wmght cut-




off: 30,000) under 20 psi of nitrogen gas (N,). The ultrafiltrhtion cell was washed

twice with 0.5 ml of affinity buffer and- these ‘washies were pooled with the
enzym@oly(}’ro) complex concentrated earlier. The ultrafiltration step was also
useful in removing the bulk of the poly(Pro) 7
2.2.2.4. DEAE Ion Exchange Chromatogrnphy

The emyme—poly(Pr;)) complex (about 8 ml) was dialyzed overnight at 4 °C,
ngsir’xst 2 Loof the 'iol}«exchange buffer® cont‘aining 0.05 M Trié—HCl, 0.1'M
glycine, 0.05 M NaCl and 0.01 M DTT and adjusted to pH 7.4 at 4 °C. 'This
buffer was also used to equilibrate the DEAE ion-exchange resin. The dialyzed
material was applxed at a flow rate of 40 ml/h to the pre-equilibrated DEAE ion-
exchang? column (1 x 18 cm) and washed with about 50 ml of -the sage buf{er

The enzyme, bemg negatively charged at this pH, ®inds to the resin whefeas the

uncharged poly(Po) is washed off witfin one column volum‘mm&e bulter. The

bound enzyme was elutedeby applying a 300 mi hnésr gradient of increasing|NaCl
concentration (0.05 M - 0.35 M) in the same bul'fer The hxgh ionic strength

buffer is the limit buffer ahd is referred to as th\gmdwnt buffef*. Fractiong.ef

-4.5 ml were collected and the a absorbance at both 280 amd 230 nm was mqmtnred

Two peaks weré cluted usually w:ﬁ s:gmﬁcant resoluhon during this gradient’
elution. Pralylhydroxylase activity ‘was assayed [see 2.2.3.2 and 2.2.3.3) and the
fractions contained in the second peak'showed the activityﬁ *hese fractions were
pooled .and concéntmted to 2 ml in an’ Amicon ultmtlltrahon cell lhrough a

YM-10 (molecular wclght cut-bif 10, oou) membrane u 25 Ps. of N, pressure. At

r #
- the end of the concentrahun, the cell was washed with two 0.5 ml aliquots of -
- .

buffer and thest washes were pdoled. with the conceptrate: The conéentration was
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momv.ored by the increase in the absorbance °,L the sample at 280 and-230 nm

dnrmg the course of concentrafjon.

- 2.2(2.5. Gel Fxltntldn Chromntogrnphy . . R &
oL The contentraied euz,ﬁe sample was centnfuged at zooo xg for 10 min

and the. clear supematant was, mlxed with a few ulrops of gly{e)ol and applxed to a

'pre equilibrated Blogel A-1:5m column (L.5. X 85 cm) :md eluted with the al‘l‘lmty

buffer at 10 mi/h. " Fractidns of 3 il were coll‘eczed and their absorbm&e: s,

measured at 280 and 230 nm The er\zymmc actmtyu was assayed and’ the

[ractlops containing botfl absorbance and the acuvxty were pooled. 7and
concentrated by wlteafiltragion (througl YM:a0) fés desesibed ‘above wid: thea
1 . centrifuged at 2000 x .g for ‘;‘min. The cleat supernatang was ‘stored in,'small*
0.2-0.5 ml aliquots frozen in liquid N, until rendy to use orage in this ‘manner

was found to prevent loss of activity due " to repeabed thawmg of the enzyme

preparation.

2.2.2,8. Protein Estimation

r) The amount- of protein present jr samples at various sbaées of enzyme,
purification was estimated by either Lowry’s method (1951) or by BioRad Protein +

. . ‘ # .
Assay (1977). For gpure p:olylhydroxylase, the concentrition was estimated using

¢ < ’ an extmctlon colfflcleut (\ 4 at 280 nm and 7.73 at 230 nm for a 1 mg/ml

: solutmn (Klvmkko and Myllyla, msz) . ‘

- '
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2,2.3. Chume‘ri,:acion of Prolylhydroxylase
2:2:3.1. Assays of Enzymatic Acemcy ~ TR

The acuvny of the enzyme was assayed by one or mote of the following
methods : “coz release method (Rhoads and Udenfriend, 1970; Kivirikko ef al.,
i97§), c&'@imemc estimation of hydmxyproli;le (Hyp) loni;allion (Edwards and
O'Brien, 1980) of the trifiated 'water release method (Peferkofsky and Diblasio, '
1973). Both 1,002 rélease method and colorimetric method were used routinely

for the eshmatxon of produced in. Lhe enzyme assays Tntmted water release
:nethud was used only. in thennhlbmon expenments‘ A]I the three methods were '
smndardxzed for the optimal assay condmons as descnbed below: ~The sensitivity
of the 1CO, method is about 2 nmol (200-300 cpm above the background valie
of 40-50 cpm) while that of the colorimetric method is ab::S nmol of Hyp

produc®d. In the case of tritiated water assay method, the-sensitivity of the

method is about 10. amol of the product formed (100-150 cpm sbove the
background value). In the case of 1CO, release methiod, the sample cpms were
corrected"for the cpms due to the uncoupled decarboxylation under the same
condmons Similarly, any-non-specific tritium reléase was checked and corrected
l‘rom the snmple valuds in the tritiated ws.ter rglease (assay. The. speclflclty o!' the

colorim_etrip method was similarly checked by treating the peptide substrate in the

. “absence and presence of the gnzyme under identical reaction conditions.

Tn the emher stages- of purification, - the enzymatic activity is deﬁned in

arbltrary umts of u moles of Hyp formed by one ml of enzyme preparahon in one -

hour-at -37 °C under the candmons speclhed below obhe specific gﬁmty of lhe_
‘ » .
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pure enzyme is defined in téjms of the » moles of Hyp produced in one hour by

one milligram, of enzyme pi'oteih at 37 °C under the specified conditions.

2.2.3.2, 1CO, Release Method

This method is based on the stoicheiomstric desarborylation of the «KG.
during the hydroxylacmn of the peptide substrate by prolylhydro'(ylase In most 4
expdriments, the actw)ty was assayed in 25 ml Erhnmeyer ﬂask wnth ‘a final

renﬂ:xon volume of 1 ml. The reachun components

ere added in the followmg'
specmc order; to the fcllowmg final” concentmtmns 0.05 M Tns HCl pH 7 4,2

mg/ml bovine serum albumin [DSA), 0.1 mg/ml catalase, 0.1 M DTT, 2 mM

ascorbate, 5-10 jig/ml proly 0.1'mM FeSO,, 2 mM Hc «KG wxch
a, specific activi\ty “of 0.1 #C/ml (2.1 X 105 dpm) and finally 0.5 mg/ml of
(Pro-Pro-Gly)s4 H,0 as the ‘sub‘stmte . The reaction mixtare was pre-
equilibrated at 37.5 °¢ for 5-8 min before the addition of the j)epti'de substrate to )

start the the reaction. The ﬂasks were closed with rubber stoppers fitted wnth

plastic centre wells (Imm Mandel scientific company); these wells. contained 0 3 ml g

of I\{CS [Amershnm) sclhuon Wthh absorbs rﬁkeased radioagtive carbon donnde. :
The reaction mixtures were incu.bated for 15 min and arrested. by, injectingl ‘ml o{ 4

1 M potassium phosphate buffer, pH 4.0 into the flggk care being taken ot to

spill into the centre well The released 1CO was, trapped into the NCS solutmn 33 ,; g

for about 4 hours and then the centre wells were cut out and c_rysferred to the
scmh]]nuon vials and counted in Omnifluor- toluene sdﬁmhtlon ﬂuxd A _—

Beckman liquid scintillation” counter with ‘an.80% efficiency- of couutmg for Mg
4 < m '

was used. i




“was esl\mated lrom the stnndard curve,

The_ peptide substrate \;as.thermally denatured by henting'w 100 °C for 5

min and quenching to 0 °C immedintely'belore'adding to the rgaction mixture.
Both DTT 4nd FeSO, were dissolved in water, t@iled with dry N, for 20-30 min

to prevent oxidation of these chemicals.

2.2.3.3. Colorlme’trh: Estimatidn of Hydroxyprollne

The-colori i imation of Hyp is % m the method of Edwards
and O Bnen (1980)r ‘This method i i bueﬁ on the o!udntmu of Hyp by Chlor:umne

T (sodium Nechlofo pefol Iph ide) fincitrate-acetate. buffer nedt
neutmhty toa pyrrolm compound. This compound reacts with Ehrlich's rengcnt

(p- dlmethy]ammo benzaldehyde) in strong perchloric acld to glve a red

' + b

which has an pti i at 550 nm. The reaction was

carried out efactly as above for the 1CO, release method except for the use of
unlabelled o-KG. The reaction was arrested with 1.0 ml of conc. HCI (12 N) and
‘the samples were transferred to hy‘dmlysis ‘tubes -md hydrolyzed at 120 °C for 21
h under vacuum. The hydmlyzed samples were evaporated to dryness under
vacuum at 0 °c lo remove HCI 3nd !he residue was dissolved in 0.5 M citrate-

acetate buffer pH 6.5.. Two ml of the sample werk reacted with 1.5 mi of 0.05 M

Chloramitie T for 25 min at 25 °C. Ehrlich's reagent (1.5 ml) was added and

samples ‘were incnbnud at 60 °C in a shaking water bath for 15 min for the

dovelopyat of the.sad chromophore. . At the end of this period, the samplea wera

_/cooled to room temperature and the absorbance ol‘ the samples was reacl at 550

(-

© nm in a Rye-Umcnm PU 8800 UV-Vis ph "‘ awith Lcm , hlength
. W .
+ glass cuvettes. . A calibration curve was constructed for .each-experiment. usih;

known amounts (1- 8 ug) of Hyp. The 2mount of. Hyp prodnced in &he samplu i

N
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L reaction-vofurhe was 0,5 ml. The reaction’ was ,anested W\th 0.1 ml of 10% TCA
. (trichloroacetic acid). The samples were nllowed to stand for 20 min fur

précipitation of the proteins and -then centrifiged at 2500 x g fof 10 iin to

separate the precij iate. The supernatant was transferred into another small vial;
The precipitate was washed with another 0.5 ml aliquot of 10% TCA, vortexed
and centrifuged ‘again. -The supernatant was added to the earlier one. The

tritiated water was separated from the peptide substrate by éhromatography cn’

Ddwex columns. Small (1,X -4 em) disposable Dowex 50X-W8 .(H* form,

precycled) colurvns were prepared in 5 ml syringes and washed thoroughly with’ ~

‘ . deionized water. The above supernatants: were passcd throngh sepamte columns

- and the el'urmts were collected directly mto the scintillation vials. The columnr 3

T S washed again wnh twc 1 ml aliquots of deibnized water. The eluants were

counted for radloacnvlty in Aqlmsol ‘o (A.mersham) in,a ‘Beckman llq\ud
? a9

scintillation counter wnth a countmg el‘ﬁclency of 45-50% l'or tritium.
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2.2.3.5. Effect of Temperature on the Activity of the Enzyme
i L The enzymatic reaction was carried out at different fixed temperatures

between 10-90 °C and-the activity of prolylhydroxylase at these'temperatures was

assayed.

. 2.23.8. Molecular Weight D
9

3 R : The ﬁnnl.p‘uriﬁcation step ie the gel filtration chrbmatography on.a

calibrated Biogel A-1.5m column gives an ‘idea,_about the purity as .well as

molecular weight of prolylhydroxylase. The enzyme was eluted in a single \,:

symmetrical peak, at an elution volume corresponding to the molecular weight of

the native enzyme.

&
2.2.3.7. Subunit Structure of Prolylhydroxylase

5 The subunit structure and the folecular weight of these subunits were

confirmed by polyacrylamide gel electrophoresis in the presence of sodium dodecyl
sulptate (SDS\PAGE). --The" discontinuous. system of Lsemmli.{lwo) was used
with u 12% j};rating gel p}'cpared in 0.375 M Tris-HCI and 0.1% SDS, pH '8.8
and 2 3.5% .sta?k/ing ge\l prep;red in 0.125 M Tris-HCI and 0.1% SDS, pH 6.8.
-Gel slabs of 14 em X 8 em X O&cm dimensions were used. The electmphm‘eﬁis
apparatus is from Pharmacm, Model GE 2/4 LS. Thee/lactrophoresls bu[rer had s o
the composition of 0.05 M Tr?s-HCl 0.384 M glycfne and 0.1% SDS pH8.3. The

sample was prepared by heating 20—40 4 of enzyme at 100 °C for 5 min in about

25 ul of the sample buffer made upﬁf 0. 0! M Tns-HCI,,O 001 M EDTA l% SDS

and'5% pmer hanol and 0.01% b ol blue, Afer the famples were

applied. to the gel, about 70 V- was used until the sample gets concentrated to a

thin dise in the stacking gel and 140 V was used througho_ut‘_lhe separation. 6 to
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8 hours of electrophoresis was usually sufficient for good resolution. The staining

was done overnight in Coomassie Blue G-250 in 35% perchloric acid at room
S bt

temperature. Destaining was carried out in 7% acetic acid with frequent changes

of the solumon unhl thé llukgmund became very clear. .

2.2.4. Effect of Vaifables on the Initial Velocity of Prolylhydroxylase (3

Reaction

N

* 2.2.4.1. Effect of Time

The reaction mixture ining all the was incubated for

different (0-60 min) periods of time to check the lmenmy of the reaction under
. the conditions specified. In the case uf the l‘CO method the contrnl flasks

without the added substrate were also mcubated to the same time periods as were

the tests to correct fof the uncoupled decarboxylation taking |i\lace during these

time periods. At the end of each incubation period, the reaction was arrested and
assayed as us :

2.2.4.2. Effect of Enzyme Concentration

The reaction ‘mixture ining all l.he was incubated with

different amounts of the enzyme (0-40 pg/ml) for a tpeclﬁzd hme to check the

Hnearity of-the initial veloclly»_of the reaction, with respect to increasing l[l\ql;nb

of th&%enzyme. ’ E Y C 5 v

——




2.2.4.3. Effect of Substrate -Concentration
‘The enzymatic reaction was carried out with varying amounts of the
substrate (Pro-Pro-Gly); (0-1.5 mg/ml) in the presence of all other reaction

c&mponents specified. About 5-10 ug of -enzymegwas used. The time of

bation at each ion of the substrate was adjusted to ensure that the

. a B
reaction under:hese conditions remaiffed linear.

2.2.

. Effect of o-KG Concentration

The enzymatic reaction whs carried out with varying concentrations (0-5

mM) of «-KG with all other reaction components fixed as specified above ,and

- assayed as usual. ' : | s

. v

Q .

The enzymatic reaction was carried out with varying concentrations of ¥

. 2.2.4,5. Effect of FeSO, Concentration

FeSO, (0-0.2 mM) and all g'mer reaction components fixed as ;peciﬁed above. 5

2.2.5. Circular Dichroism (CD) Measurements of Prolylhydroxylase
& The secondary ;md tertiary structures of pruly{hydmxylase were examined
. using circular dichroism (CD‘) sbectrosc’()py,' CD spectra were recgrded‘ using 2
Jasco J-500N spectropolarimeter equipped with- "the‘DP-SOO N data processor.
K ‘Water-jacketed quartz cells 0f-0.1-5 mm pathlength were used. The temperature .
was controlled Witi; a Lauda RC 6 Model circulating water -bath equipped with ~— 7
refrigeration ‘am.i was mea;ured with a Llr;ermist;)r probe (inserted at the outlet) to - | '

an nscuraEy of 4_—0.‘2 °C.. An enzyme concentration of about 0.5 mg/ml was used

for far-ultra-violet (far-UV) CD. spectra. (250-185 nm region) and about 1-1.5

mg/ml was used for near-UV spectra (320-250 nm). The. czyme-solutipn was
3 s .




& filtered through a Millipore filter (0.45 ul;l) to remove any particulate aggregates

or impurities. When CD rneasurements were carried out at 25 °C ot higher

" temperatures, the enzyme solution v;as fiegnsséd under vacuum, to prevent the
4 l‘crmatiox{ of air bubMles at elevated t;mperatures The ellipticity (6], in units
o! deg.cm?dmol™ was calculated using 2 mean residue welght (MRW).of 111 for'

prolylhydmxylase ﬁs obtained lrom the am“no acld composmon (Berg et al., 197(3)

The following formuln was used for the calculatwn of [Q]MRW

’ _ _exMRW ™
. Blew = 0. c. 1

Where 6 is the observed ellipticity in degrees, c is the concentration of the
enzyme in g/ml and'l is the pathlength in em.. The CD spectrum of the enzyme
w;s scanned at least § or 6 times, each time the spectrum was repeated at least 8

- times and electronically averaged using the data processor. The spectrum w:‘ns
corrected for the contribution Irom\the sulvan‘t by e_]e‘ctronically sub‘tra.gti.ng the
CD spectrum of the solvent from the sample spectru}n. The effect of t‘empemtu‘re
it e mative ‘sonforiiation ot fhé Fiysie Wis: alss,mooitored 57D, The
. temperature was varied between 0 and 90 °C in steps of 2.5-5.0 °C and with an

; accuracy of .+0.2 °C. The possil;le confermational changes induced m lhe
secondary structure 01 pmlylhydmxylase upon the bmdmg of substrates,

cosubstrates and cofactors were studled using the far-UV CD spechs in the regmn

of 250-185 nin.  An enzyme concentrauon of 0.7 mg/ml was used and Qhese

& , mteracuons were _ monitored at, 37 °C in water-jacketed cells of 0.1 mm

athl ‘_.Thg"' i e rations of the'substra and -cosubstr were
3 . \ . : e A




utilized : (Pro-Pro-Gly)y between 0.1-1.0 mg/ml; «-KG between 0.2-2.0 mM;
F-eSO4 between 0.05-1.2 mM dnd ascorbate in the range of 0.5-2.5 mM: CD
_spectra were corrected for the contributions from the ligands at each

2 o
concentration, This was done by subtracting the spectrum of the ligand -from the

spectrum of the enzyme + ligand together¥

Q“\}M;.x.a.l-" v M of F ydroxylas L

v 2 N

i i
The emission characteristics of prolylhydroxylase have been determined -
. -

using fluorescence spectroscopy. The spectra were recorded in a Shimadzu

" spectrofluorophotometer Model RF-540 equip{)ed with a data processf)r recorder

Shimadzu DR-3. A microcell’ with about 0.3 ml minimum volume and 1 ¢m

pathlength was used. The temperature was controlled using the spetial cell
holder and circulating water bath to an accuracy of +0.5 °C. The effect of

enzyme concentration on its emission properties was examined aiYl an enzyme

concentration of about 0.01-0.02 mg/ml was-found to give optimal fluorescence,
with intensity linearly proﬁcrtiona] to the enzyme concentration.  This

R .
concentration (0.02 gng/ml) was, subsequently used in all other experiments. The

enzyme solution was filtered through a Millipore filter (0.4.§\um) to remove any
'

particulate aggregates or impurities. A slit width of 5 nm was used Iyoth
excitation and emission beams. The excitation spectrum was scanned nd the

v : excitation maximum was found around 286/am which was used in subsequent

experiments. The emission range was between 310-450 nm and the specfra were
B ® ‘
corrected for solvent emission but not corrected for quantum yield. The -
Y a‘uorescehce emission spectra of prolylhydroxylase were ;}corded at different fixed

tcmpernlu\resv between 0 and 80 °C to checkethe effect’ of temperature on_the ~
¥ and 4 .




purificd to remove alcohol present s a stabilizer (Vogel, 1057) and distilled twice

emission properties of prolylhydroxylase The enzyme s'olution was degassed .. .

under vacuum in order to prevent the formation of air " Bubbles' at~2evated
= L

oy . S

temperatures.

The effects,of the binding’6f cosubstrates and’ cofactors bo,prolyl,hydrpxyIa’s\e)~
¥ o . 5

were studied using fluorescence spectroscopy. During these studies, the excitation

wave]ength was set at 286 nm and the emission spec':.ra were recorded in’ the

{presence of 0-5 mM o-KG or 0-1 mM FeSOv at different fixed cnncentmhons of *®

these cofactors. An enzyme concentration of 0.02 mg/ml-was-used andl the final ¢

total volume was 0.3 ml. The interactions were studied at 37 °C. The specira

were corrected for the contributions of a-KG or FeSO, to the sam‘pI?e spectrum.

2.2.7. Studies on Synthetic Peptides L.
2.2.7.1. Infrared (IR) Spectroscopy e

The IR 'spectra. of the Pro-containing- peptides were recorded in a Ferkin-

Elmer ratio-recording double beam IR spectrophotometer,, Model QéSG‘ equip\ped

with microprocessor control. “The solvent used was chloroform (CHCl,) which-was

prior 6 use. The peptides were dried for 4872 hours under vacuum Jetore
making up the solutions. The peptide cdnceutrahon was 155 mg/ml antl BaF,

cells with a- 1 cm pathlength were used. The spectra were corrected for the

CHCl, baseline. The solutions were filtered through 0.45 sm Millipore !eﬂon

filters to remove any particulate impurities.
1Y




.2.2.8.1 Hydroxylntion of Syntheti fe Peptides

prolylliydroxylase by hndergomg hydroxylauon R I

2.2.7.2. 'CD Spectroscopy o
o

v FE
The conformation of the - pephdes studied using CD spectra. Water-

|-

2y
jacketed quartz cells’ of 0.01 and 0.1 cm path{engths were used. The pepliﬁe

conformation was studied in three solvents namew triffuoroethangl (TFE), watgr

und 1,4- dloxane Spectra were recorded’ at 1+05 "F in_the. case of TFE an
water solutions and at 25+ 0.5 °C in s:he case of 1,4-dioxanfe (dtoxane freezes at i o
117 °C). The temperature was controlled with :\//:ulatmg wateg bath
conl’llmng 50% ethylene glycn] The peptide concentration was 1-2 mg/ml. ~
Solutjons wete' fll!ered through a Millipore teflon microfilter (0.45um) to remove
any particulate impurities. Doubly didtlled :md deionized water ana\red.mued
TFE. and dioxane were used. The CD spectrum of a given pepude in a glven
solvent_ was recorded in ‘dupllcale or tn.phcate, eath time the spectrum was

repeated at least 8 times und electronically aver@ using the- data pmcessor

The spectrum was . corrected for the conmbuuon from the “solvent by

electronically subtractiqg the CD spectxum of the solvent. from the sample”

spectrum. The ellipticity [6] in deg.cm?dmol™ wi@umed per pepide bond,

using the appropriate MRW for each-peptide.

2.2.8. Internctlon of Prolylhydroxylue with Pro—contnmmg Peptu‘les

The follcwmg peptideg were studled for their ability 20 act as 5uhstmtes for

1. tBoc-Pro-PrmGly-NHCH {Bac-PPG NHCH, )

2. t-Boc-Pro-Pro-Gly-Pro-OH (Boc-PPqP OH)

‘3. t-Boe-Pro-Pro-Gly-Pro-NHCH, (BDC~PPGP NHCH,),,
4 t9Boc-Pro-Pro-Gly- Pro—Pm-OH (Boc-PPGPP-OH)'




5. t-Boc-Pro-Pro-Ala-Pro-OH (Boc-PPAP-OH) N .
8. t-Boc-Pro-Pro-Glt-Pro-OMe (Boc-PPQP-OMe) % ,(

7. t-Boc-Val-Pro-Gly-Val-OH (Boc-VPGV-OH) * i
'8. t-Boc-Gly-Vai-Pro-Gly-Val-OH (Boc-GVPGV-OH) '

s .

* The abbreviation of the peptides, in ane-letter code for amino acids is given
in parentheses t-Boc- is the abbreviation for tertiary butylaxy carbonyl gtoup
and OMe s for }) -methyl ester. The hydroylation. studies were carried out in

two stages. Ju the first stage, all the above peptides were ueaced’wnh the enzym}\

under standard reaction condltlnns to check whether they underwent the
d{xylatmn by both Yco, release. methiod and cheinical estimation of Hyp,

method [see 2.2.3.2 and 22.3. 3.). The concentration of these peptldes were 20 m\/{

/\ when compared to the 0.35 mM concentmuon of the smndard substmte,

(Pm~Pro—Gly)5 whlchd[/z\sconsndered arbitrarily to be'100% l\ydmxylnled in ordér -

to serve as the reference, After the initial screening of ﬂ'x(z peptides for_ their E ﬁ»‘
ability 6 act as’ subs;rates‘ for pmlylhydroxylsse, detniled kinetic studies were
cnrried out. Durmg these. stud:cs the peptxdes were jused in dnﬂ‘erem fixed -
concentmnons in the range of 5-40.1 mM

5 ‘2_.2.8.2. In]nihition by Synthepic Peptides

‘1_‘ - . “In kinel‘rc“experime)nts designed.m“test the competitive nature of the

inhibitory effect of the Pro—cnntaining peptides"on the hydroxylation -of the‘ N
standard-substrate- by prolylhydroxylase,' ‘the i’o[lowing peptides were chosen as . X :

the representative examples :

= 1 t:Boc-Pro-Pro-Gly-Pro-NHCH, ’ .




. R C e
2. t“Boe-Gly-Val-Pro-Gly-ValOH .
" Sl - - . t.w
To serve as a standard for inhibition, poly(Pro) with a M, of about 6,000
was used. " The radidactive standard 'pepti;e\(EFoPrb-Gly)s, ‘tritiated at m’é
fourth carbon (Cy) atom of the prbline ring was used and the tritium release assay
p.rocedu*e (2.2.2.4) ?vus' emplo:fed. Thie inhibitory peptides were nf{e’d at a"'ﬁ,§ ¢
von'sentmtion of 10 mM and: Z_p’hM in the case of Boc«FPGP-NHéH:3 and at §
%‘ *© mMaiid 10 mM in‘the case of Boc-GVPGV-OH. The labelled peptide was diluted
- " 747 the unlabelled peptide and thie subsifate concentration was varied between 0 " ok
’
ard 1'mM. The time of the reaction nnd enzyme concentmhon were ad)usted to

gwe an.optimal pmduct formation' at a linear rate at all czmcentmﬁons o‘f\the

lie
‘substrate The results were ~.’malyzed uslng th‘e Lmeweaver-Burk or double :

well as anon plow(Dﬁxun, 1053)

q,upnxal:lots (Lineweavér and Burk 1934)
to determine the type of mhlbmgn,‘

% % S T




[ Chapter 3

Isolatlon and Characterrzatron
T T of! Tr,olylhydroxylwe
4 o ¥ b
‘ o8 Puriﬁc&trﬁn of Prolylhydroxyluu .
" As descand in chupters l and 8 prolylhyd’roxylme was purified from 13-14

day oId chrcken «embryos using an n‘lfmrty procedure after, ammoniuin sulphnte

' frncnorrntron lt wa.s furbher i unﬁed on DEAE-c:lIulose ron-exchnnge

b ornutography on a Brogel A-. l 5m -

chroma!ographx and flnuﬂy By gel ﬁ]lralro

column . The u\n flow

¥ e P

dmgram in Flg“g! 3-1. The p;utem precrpmtmg bcl.vleen 30-60%. nhmonium

sulphatz cont.s(ned npproxrmalely 60-70%. of the tota} prolylhyﬂ.roxylm uhvrty
pnesenc ru !he clﬁcken\ embryo homngenale (see Table 310n pige 86).

iR y w2 E z =

B k1. Aﬂ‘m[ty\flhromlbogrsphy 5 5 .

Thé detaile procedure was presented enrllemn Cblpter 2 (2.2.1.3). Briefly,
mvolves al’l"rﬂ}y—bmdmg of the en':yme in-the ammonium sulphate precrprme
onto the nl‘flmty gel‘ in whlch pofy(Fro) (M of 40000), a potent competitive
‘vmlh-rhrmr or the enzyme was covalently 'lmked !o an agarose matrtx . About 100
'Aml al' gel was used ‘and the bmdmg was nllowed to ‘take plsce n; a batch’

.a beaker rlt{er than applymg lha ammonium su]pha.te precrprtnw

pmcedure

2 fractlon thr&ilg lhe column conlammg the affinity gel. Assays of enzymaua
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Homggenate = .

. 30=60% Ammonium Sulphate
¢ . Fr«ipi tate Fraction .

. lmmry Bmﬂl’ng fo puly(Prn)-Sepmrnu i .
£ % . . liluﬂoﬁ with no\y(Prn) ' ¥ . i )

(Mol. Wt 6000)

5 " (Enzyne + poly(Pro): -+ poly(Prol-

)ngrrghins) '
. . 1 Y . o .
S " DEAF Ton-Exchange Chronatography ..
& 7 £ ¢ u#znm-m o Yples
. GOSERSH NaCl
nl ry . = ‘y 3 - ]
Breakthrough . poly(Pro)- binding - Prolylhydroxylase *
Proteins - Protein (PBP) ;
. /Prch .

PP 0 1 . Gel Filtrationon \_ | © -
. - Bogilim .

-
wo = L . -, Pure Prolylhydrox: l;s: - ‘Trxest;
. . s @ P, o » Y PBP ¥




acnv:ty ih tbe I'mchnns o[ the su;:emwmt from the affinity bmdmg mxxture, at
dl(farent time mtervals, mdlcated that about so-es% of zh@nzyme was bound” co

Tethod has been prove}:‘,o—bﬂime 9 i

saving. "On the other hand, when the aminonium sulphate fraction was app)

the gel in dbout 6-8 houlﬁ at 4 °C." The baj

a column contagmg the a[ﬁmty el it took 20-25 houts,to pass all the.solution b oLt

a flow rate of 50-60" ml/h. Earlier studxes by Kedersha and Berg, (198!) also_

reponed about 20 h for the appljc: boﬁ)f the nmmonmm sulphate fraction onto
S

ing of bhe enzyme in" a batch procedure :ﬂso

the gei in"a column. The b}

- gircumvents the problems like clof ged col\rmns and sldwer flow rates due to bhe

i ' .
‘viscous nature of the ammonium sulphate fr(ction at low telﬁpe‘ratures. - L

The elution pro{ile of the -enzyme during '.'sziéily cl{romnto‘g}aph)‘"{s o
presented in Flgure 3-2. As seen from the rlgure;the enzyme-inhibitor complex
elnted. in a smgle symmetncal peak bet\v;en the elution volume of 40-60 ml

mdlcanng thé completion of elutlon, ‘The absorbance momtmed at 280 nm, at the

% ak hieight was about 2 absorbance units, when, 300 ch\cken embryos were used

" as the starting material. Since the enzyme is in the presence of a potent

competitive inhibitor, the enzymatic activity at this stage could not be used to
monitor the amount of enzyme obt4ined. The entire peak containing the enzyme- *

poly(i’ro) complex was pooled and concentra“ted.
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Fig\ii'e 3-2:  Elution of the Bo\m;i Proteén from poly(Pro) Affinity Column
. Prolylhydroxylase was eluted with a solution of 3 mg/ml poly(Pro) R
e (molecular weight of 6,000) dissolved inzaffinity buffer: 20 mlof
\\l \ poly(Pro) wasused to e.lute the enzyme followed by the affinity bu#fer,

both at a flow rate of about 50 ml/h. Fractibns’o\f} ml were coilectegi.
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8.32 Inn-exén.nge Chromatography ( : o o

The e]uhon prol'lle uf the enzyme dunng ion- ekchange chrom:\tography is
Presented in Flgure 83 which reveals a few breaktbrough fractions cnnlﬂmmg
mainly {he neutral, unbound pon(Pro) Since these fractfons exhlbn sbmrbance
mainly at 230 nm (>3.0 units) and very Ilttle‘ absorhxnce at 280 nm, it is unlikely
) o contain xnvq?rotems that bound to the poly(Bed) affiity gol. These fractidus
were washed off the ion- exchange Column dllrmg the mh,lal washmg‘ before the

salt gradmnt was appller_lx_ T g

Wt o

Application of the spdium chloride gradient results in”the clution ‘of two”

. peaks us\m)]y with good reso\utmn Pg-,ak 1 yorresponds to a-single protem earlier

re[erred to as” poly (P! ‘bmdmg—protem (abbreviated as' RBP) by !}edersl_)a. _aud

* Borg (1981). Recently, this protein has been shown to be, profilactin, a complex
i ns,Df i

between prol‘il?n and actin (Tanaka and Shibata, 1085). Assay of enzymatic
detivity, on differerit fractions indicztéd that the peak II contained 100% %of the

pmly]hjroxylase aclmty éluted from the column (Flgure 3—3) The fractlons

with prolylhydroxy!ase ‘activity. were poo]ed togethet and concenuated to be .

I'urther purified on a Bmgel A-16m column. N

3.1.3. \Gel Flltrntlon Chremxtography

The enzyme liusually separated well from PBP dunng DEAE—cel]\l%s\)on-_

’ex.changle step.' However, any l:nlnor contamination of the enzyme by PBP is
‘farther removed 'by‘ ge] filtration ofi-a Biogel A-1. &m column. The elution profile

w5 presented in, Flgure 3-4. The enzyme was eluted asa smgle symmemcal peak.

bet veen 60-90 rn] elution volume and the fractions under the peak exhibited both -

)

"

s
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Figure 3-3: Purification of Prolylhydroxylase by DEAE Chromatography
About, 15 ml of dialyz¢d e‘nzym&polﬁim) complex was applied to the " - 3:‘
ion-exchange (1x18 ¢m) column: at a flow late of about 40 ml/h. The
column ‘was washed, wnh 50 ml\bl‘ ion- exhhzmge buffer and then eluted with

300 ml hnear gradlent of 0. 05-0‘ 35 M NaCl in ion-exchange buﬂer, pH 7 4.

% ' - Fractions of 4 ml were collected The arrow indicates the start of the

o ‘ o oy
5 & o gradnent Poly(Pro)-binding protem (PBP) and the enzyme\pjaks are indicated. "

4
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Figure 3-4: Purification of Prolylhydroxylase on Biogel A-1.5m Column

o -
Pooled and concentrated enzyme peak froin DEAE chromatography (3 ml) was
applied to Biogel A-1.5m gel filtration column and eluted with vaf[i'ﬁty 2

buffer at a flow rate 'of 10 mi/h. Fractions of 3 ml were collected. The

solid lin€ indicates absorbance at 280 nm while'the line with closed

circles indicates speclfic activity of the enzyme in umol/h/mg. .
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absorbance and enzymatic a;tmty The recovery of prolylhydmxylase activity

* during this step was imatel 95% The-cdntaminating protein, PBP was, *
eluted as a_very small peak at an elution yolume of about 120 ml (fiot shown). . E
3.1.4. Discussion, : 8

. The purity™of the.enzyme was assessed by the increase in specific activity,
by gel filtration chromatography and polyacrylamide gel electrophoresis. The
extent of purification of prolylhydroxylase at different stages of the above

described purification scheme is presented in Table 3-1.

S As presented in the Table, the initial 0-30% salt precipita ih removes as
much as. 50% of the total protems present in the original homogenale yet only
17% of the. total act)vlty was removed during this stage. The net effect is the

concelq;znox} of enzymatlc actwn.y  the 0-30% supernatant which acéounts for’

almost 85% of the total activity. Funher salt fractionation between 30-60%
.ammonium sulphate “oncentration removes about 78% of lhe proteins ongmauy, B

’ present in 0-30% supematant yet only 14% of the nchvlty w.u lost along w:th

these protems. The net result is the recovery of 70% of the total activity from

the homogenate into the 30-60% pellddand the specific activity is increased by
P

o about7-fold. - .

In the next stage i.e. poly[Pro) afﬁmty binding, the redovery of the actwlty

bound to the gel was est:mnted ‘indirectly by assaying the residual activity leﬂ. in

. ghe supernatant and then by substracting the residual -activity from the total

ALgactivity present in the 30-60% fractfon. These studies indicate that as much as




g
—— N > !
< . %
o i . Table 3-1:  Puyrification of Prolylhydroxylase from Chicken Embryos
. Step Fraction * Total Total Activity Specific  *  Purifi-
Protein, Activity Recovery Activity cation:
. mg 2U % U/mg Fold
" .
1 Homogenate 15200 426 . 100 0.028" 1
2 0-30%pellet 8080 .73 o 17 0.01 0.32
3 +  0-30%supt. 7120 356 o84 ~ 0,05 .17
4 30-60%supt. 5615 58 14 0.01 0.37
\ 5 30-60%pellet 1500 208 70 0.20 7.1
6 o PP-11 ND ND 2 67 ND ND -
7 - DEAE 5.4 268 63 50 1773
8 Biogel A-1.5m 3.0 ' 255 60 85 3036
Total protein = total volume x mg protein per ml. 4
Total activity. = total volume x activity in units/ml ¥
? ! Unit (U) =umoles of Hyp formed h™! . N Vs
Specific activity = total activity /total protein s : ]

= Units per mg protein
Purification fold = Specific activity at each step/Speml‘l activity at stcp 1
supt. : supernatant ®

ND  :not determined (due to the presence of bound poly(Pto) | \




gino

95% of the Eotal activity present in the 30-60% pellet was bound onto the B

column‘ This corresponds to about 67% of the total actmty Lbresent in the .

homogenate. As mentioned earlier; direct activity measurements on the rracuons

elufed from the Poly(Pro)-affinity column could not Qe made since. the eyy‘m;.- is
comp]exed with a potent competitive |§h|buor and therefore neither Lotal activity

nor specific activity were determiined. | Hence, the punﬁcatlon fold at thls stage-

- gemains unknown. The, specific activity of the enzymie al‘ter the DEAE stage *

increased tremendously when_ compared to the 30~60,a pellet and the net

purification fold at this stage is 1775. The spegific activity further rises in the -

’

final gel filtration stage increasing the purificatior fold to 3035. Similar values / -

were reported by Kedersha and Berg (1981). TheWfinal specific aetivity varied a

frdm 70-80 umts/mg betjveen dlﬂerent bntches of the el\zymetﬁder the -

N
condmons Speclfled in Chn.p er 2 (See 2.2.2. 2) It may be noted that the enzyme

lost thore lhan half of its activity within 2 months ofi several occasions, when it
was stored at -20 °C. However, storing the enzyme fra%tions_in liquid* N, was
: L , &

found to preserve theenzymatic activity for mo‘re than 6 months.’
| . 0
3.2. Characterization of Prolylhydroxylase
3.2.1. Molecular Weight D r . v
The moleculat weight of prolylhydroxylase was determined by calibrating
s .

the Biogel A-1.5m column with standard +molecular weight markers. The
" calibration was carried out according to the instructions given in the booklet,

"+ supplied along with the moleculm: weight markers by Pharmaéia Chemieal

Cqmpany. The resultant calibration cutve is shown in Figure 3-3 As shown'in

’./\.
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~ Figure 3-5: Calibration Curve for Biogel A-1.5m Column
The fcl[ow'yg molecular weight standards were used: (1) Thy:ogle;l)ulin

(M, 670,000) (2) Ferritin (M, 440,000) (3) Catalase (M, 232,000) °
and (4) Aldolase (M, 168,000). The closed triangle
represents the point corresponding to pxolylhydroxyl;se._ .

1




the figure, the K | value of the enzyme is very close to that of catalase and this -
value translates into a (M,) of 240,000. Tuderman et al. (1975) also reported the
same value for the chicken' énzyme from amino avid composition and

P! is under ing diti In this context, it may be noted

that human prolylhi‘drox‘ylnsc ‘also has the same M, of 140.@ '(Kuuui et al.,
1075). ™ i A o
3.2.2. Subunit S’anctnre & - >
As discussed in Chnpter 1 (section 1.64), prolylhyt{roxylose was repcrted to
be a tetramer made up of two a- su‘bumts nnd two A-subunits \vlth M of 64 000
- and 61,000 respechvely The subunit strueture and the M of thue subunits wag
confirmed by_ SDS~PAGE on slab ge!s. The pbowgrap'h-ol the gel i is prseq‘ted in
Figure 36 and thé corresponding calibration curve'in Figuie 7. . -

In Figure 3-6, lane-A represents the enzyme fraction purified on the DEAE
jon-exchange column. This clearly shows the band die to the contamination fror
PBP, in addition to the bands corresponding to a‘- and g subunits. Lape B and D
represent the molecular weighl.bmarken'in the order of decreasing‘ fnolecular
we’ighQsl -Lane C corresponds to the final enzyme fraction puriﬁed by gel filtration
chromawgmphy on Blogel A-1.5m colllmn and clearly demonstrates the removal
of contaminating PBP. One rcm also see from the phowg'raph that ‘pugified ’
chicken pmlylhydroxylue is composed of elqunl amounts of a and  subunits:

- il 5

As can be seen from the calibration curve (Figure 3-7), the Ry values of the, N

enzyme subunlts correspond to monomer M; values of 64,000.and 60,000. These
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‘\'gigure 3-6: SDS PAGE showing the Subunit Composition of Prolylhydroxylase
Lane A contains enzyme fraction punhed l'mn) DEAE column,

Lane C contains final enzyme fraction obtained from Blog‘e] column.
& Lane B and D contain molecular ‘weight markers. (1) Phosphorylase
P!
2 (M, 94,000) (2) Bovine serum albumin (M, 67,000)

(3) Ovalbumin (M, 43,000 (4) Carbonic anhydrase (M, 30,000) and .

(5) e-Lactalbumin (M, 14,400) .
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Figure 3-7: Ca]ibration—Curve for SDS-PAGE
The mo]ecu]ar we:ghts of the standnrds are as'given in the legend for r

Figure 3-6. The closed triangle represents that of o- subumt md

the closed square represents g-subunit.




v e '
: Values are very close to those published earlier by Kunm et al. (1975) and Berg et
al. llmr human and.chicken enzyme.

3.3. Stund.lrdiuﬁon of Prolylhydroxylase Reaction

The 1ren;io|i conditions .l.or.- the prolylh’ydroxyla.se reaction were
standardized by sﬂldy;ng' the ef[eca: of the various rm&\hn influence the,
initial veldcity of the enzymatic aclvivitg\md the optimal conditions for enzymatic

- [ 5 E 5

assay were established.

3.3.1. Effect of Time

& )
Figure 3-8 shows the plot of prolythydroxylase activi

%nchon of time.
can be seen from the figure, the gnzymatic aclivil,y was foun be linear \mtil fl ‘
225 l;lih and tha standard assay i carried out routinely for 15 min. However, *
tor the sake of umlormny in comparing the results of d.lrferent expenrnenu,

what follows, vis exprw:d as the pmol of Hyp produced in 60 min- (1 h) by 1
mg of ellzynge'(ie pmol/h/mg); v can therefore, also be referred to as the speciﬁc' :

activity.
s T .
3.3.2. Effect of Temperature a .
. ~
I3
Figure 3-9 shows the plot of prolylhydroxylase activity as the function o(
" temperature. As seen from'\he hgure, usmg the assay condmons mentioned in the
legend, the optimum tempemzure ror the maximum activity is, %bonl 37°C.

i 3 . ¢ -
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TEMPERATURE, °C

'Fl;ﬁre 8-9: . Effect of Temperature or Prolylhzdroxy]ase Activity %

. The assay of prolylhydroxylase was carried ou.t at different fixed

temperatures. Th; 1 m! assay medium contains 50 mM Tris-HCI pH 7.4;
2.mg/ml BSA, 0.1 mg/ml catalasé® 0.1 mM DTT, 2 mM ascorbate, 5-6 g enzyme,
0.1 mM FéSO‘I, 2 mMKG and 0.5 mg/ml (Pro-Pro-Gly) .

‘Reaction time is 15 min; Bach péﬁl represents the average of atleast 3-4

individual trials. g v '




3.3.3. Effect of gﬂ 5 ’ £ 5 v &

The pH i for the prol: yd ; lase reaction ‘was i ig: by -

carrying out, the assay at \l‘h'-fl'erent pH values. Plepar;tions of 50 mM Tris-HCI

L L, sl :
buffer of different pH values were prepared at 25 °C. In view of the known pH .

vatiation o[ Tris buffers kah temperatmz the pH valfies of the buffer sdhmola
were Tneasured again at 37 °C. Standnld renclnon mixtures were prepared in w
mM Tr|s~HCl of different pH values measured at 37 °C and the reaction vm
carried out as usual at 37 °C. Flg\n-e 3-10 shows the plot of prolylhydroxylue

activity as a function of pH. From these results, it i is. found that the pH opnmum

for prolylhydroxyfhse at 37 °C s about 7.3-74. Thu value is in excsllent

agreement with the value reported by Kivirikko and Prockop (1967a) for chlcken
°

S
enzyme, <

# s 3 -
3.3.4. Effect of Enzyme Concentration ’

The effect of increasing amounts of enzyme on the initial vg]pcity of the

reaction™wi® investigated and the results are presented in Fighre 311, As seen

from the figurg, the initial velocity of the reaction increases linearly With

increasing amounts of prolylhy until & ion of about 25 g/ml.

In the standard .assay however, about 5-10 ug per ml of the reaction migture was

used.
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Figure 3-10:  Effect of pH on Prolylhydroxylase Activity

" The assay of prolylhydroxylase was carried ot at diffsrent pH values of

 the reaction medium. The temperature was fixed at 37 °C. The

5 -
assay conditions were as described in the legend to Eigiire 3-9.

- Edch point represents the average of atleast 3 individual trials.
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Prolylhydroxylase Reaction
J yihydroxy
« The reaction conditions were as described in the légend for Figure

3-9. The conceutra_ﬁon of the &nzyme was varied as above and
v "the‘&empexature was fixed at 37 °C. Each point represents the

average of atleast 3 individual trials.
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3.3.5. Effect of Substrate Concentration B -

Tmerregc of increasing smounts of the substrate (Pro-Pro-Gly); was

investigated in the concentration ringe of 0-2 mM. The results are presented in
. Figure 3-12. -As seen from the Figure, the plot of ini!;nl velocity versus substrate
concentration. displays a mear-linear initial part followed by sa’nlion at
s\lbstralz concentrations ie. beyond 1 II\M Figure 3-13 shows lhe’doublz
Tetiproel plot of lhfe same data. From lhls, 2K ‘ﬁlue of 0.5 mM. and the
maximfum  velocity (V) of 11l wmol/h/mg, at infinitely high substrate
concentration were obtained. S:mllar values of K (0. 55+0 075 mM) apd V,
. (1204 15 ymol/h/mg) were obtamed ‘on a number of oceasions using ‘different
butches of enzyme prepsrnlwns Similar vnl\les have been reported by Nletfleld

angd Kemp (1080). However, Myllyla et gl ( 1977) and Berg et nl (1977) reported

somewﬂt lower K, values of 0.2-0.3 mM, -lthough V ax Values were similar to

the ones obtained 9gre. This apparent discrepancy may be due to the different

/

max

cosubstrate and cofactor concentrations used in the reaction mixtires by théue

authors when

Aceording to Engel (1981), in muiti-sub enzyme I the apparent

K, for one substrate depends on'the concentration of the other substrate and thl:

may well account for the dlﬂerences observed for K values reported.
. .

to the diti ploy here (see section 3.4).°

L3
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Figure 3-12: Effect of Substrate Concemratiou on the Initial Velocity of
. Prolylhydroxylase Reaction

“The reaction was ¢arried out as described. in the legend for Figure

3-9 except that substrate concentration was varied as shown
above. Temperature was fived at 37 °C. Each point represents the
~

averagz of atleast Sgndividna] trials.
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Figure 3-13: Lin.ewenver-Bnrk Plot for the Effect of Substrate
Concentration on'Prolylhydroxylase Reaction  ~
Line is drawn ding to linear reg lysis with

s A
coefficient of. 0.'21. Each point represents the average of atleast 5

individual trials.
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3.3.6. Effect of a-KG Concentration on the Initial Velocity

The effect of increasing amounts (0-5 mM) of the cosubstrate, namely, a-KG

on the initial velocity of prolylhydroxylasedPeaction was studied. The results are

l
presented in Figure 3-14 and Figure 3-15.
.

As seen from. the Figure 3-14, the reaction velocity shows linear response
wit? increasing concentrations of a-KG up to 1 mM. The maximal velocity was

yobtained between 1-2 mM beyond which, the reaction starts decrea}ng. At the

’ maximal o-KG concentration studied (5 mM), the activity was decreased by about

30% of the maximal value,

The double reciprocal plot of this data is shown in Figure 315 which clearly

shows the mh\bmou of the reacnon at high _ cosubstmte concentration devmnng

" from both lmeanty as well as sahuatlon The K va]ue obtained from tlns data
N

is 0.15 mM and the K; value at the hxgh cosubstrate concentn\uon is abous 2. 5

mM. Inhibition ut high cosubstrate concentration has not been reported esrlief.‘ .

3.3)7. Effect of FeSO, 6on'c=n‘trnﬂon on the Initial Velocity -

fHrhe effect &F increusing amounts of the cofactor, FeSO, (00,2 mM) on the
initi 1 velocity of prolylhydroxylase reaction was studied in the presence of two
different concentrations of a-KG ie.’0.1 mM and 2.0 mM which is the saurating

Zoncentration as observed in the earlier section (Figure 3-14). The results are

presented in Figures 3-16 and 3-17. As seen from Figure 3-16, in‘zhc presence qf‘

0.1 mM o-KG, the activity increasey linearly with increasing concentrations of

FeSO, and the maximum activity was obtaiged between 0.04-0.05 mM of FeSO,.
' 3

O
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Figure 3-14: Effect of =)KG Concentration on the Initial Velocity of
. Prolylbydroxylase Reaction '

The assay was carried out nndex 1he conditions described in the legend
for Figure 3-9 except that the concentnhcn of -KG was
vaned as shown above; tempera.ture was fixed at 37 °C; each pomt

Tepresents the avelnge of atleast 3 individual trials.
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Figure 3-16: Double Reciprocal Plot for the Effect of o-KG Concentration on
Prolylhydroxylase Reaction .

Open Cil’}l_ﬁ are the points in the high, cosubstraté range showing inhibition
at these concentrations and the closed circles are in the lower cosébstrate

conceritration range. Line is drawn according to the linear regression

_analysis with a correlation coefficient of 0.985 for the points inthe
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Figure 3-16: Effect of FeSO, on the Initial Velocity of
Prolylhydroxylase Reaction

The nssays were carried out as described in the legend of Fig\ue

S-Q\except that the concentmtlon of FeSO, was varied as

shown above. Two separate experiments we‘re done;'the FeSO, concentrauon

was vaned with fixed concentrations of KG at A. 2 mM (line with

closed triangles) and B. 0.1 mM (line with closed circles).

> . /
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Figure 3-17:

Assays were carried out as described earlier; Line 1 represents the

N effect of increasing amounts of FeSO, in the presence of 0.1 mM

~

: ) : a-KG (closed circles). and line 2 represents the gﬂect of FeSO,
concentration in the presence of 2.0 mM o-KG (Qiosed triangles), on the
initial velocity of pioly!by;droxylasﬂ reaction. Lines were drawn
according to linear regression analyses. In the case of closed

triangles, all the poiats v.ere ftcluded while with closdd circles, points
béyond 0.95 mM F.-SO“ weregliminated.
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Beyond 0.05 mM, the activity gradually decreases to a p]a.teau at about 0.2 mM
FeSO, concentration. The' activity at this point js only bout 70% of the
maximal value obtained at 0.04-0.05 m»/A similae belavioir wasiteporiediby
‘Tuderman et al. {1977a). d o

g . . “
. .

When a sa!ur&inikconccntialimiﬁ mM) of -KG was used, the velocity,

quickly reached the maxjmum at about 0.04-0.05 mM FeSO,. However, unlike

the earlier case, the velocity was maintained at the maximum throughou‘t the
further concentration raftge bgtween 055--0.2' mM. " These results indicate that in
the presence of 0.1 mM -KG, although the maximu velocity was obtained at
about 0.05 mM F‘eSO4y the velocny soon decreases prohahly, because the
concencmtmn of a-KG becomes rate-limiting. On the‘other hand, when saturaung
concentrations of a-KG are present, the maximal velocity is sustained.” When
'

! 1
these data were plotted as double reciprocal plots (Figure 3-17) one can clearly see

the effect of different concentrations of a-KG, en the app:ﬂmnt K,, values of

enzyme for FeSO,. With 0.1 mM o-KG, a value of 0.0138 mM (13.8 uM) was

obtained while with saturating concentrationg’of «-KG, the K, value for FeSO,

decreased 4-fold resulting in 3.8 M. The latter valug is very close to that (5 uM)

reported earlier by other fnvestigators (Tuderman ef al., 1077a; Nitfield and
\

Kemp, 1080). . =
]

One can also see from Figure 3-16, that the presence of exogenously added
‘FeSO4 is not an absolute requirement for the enzymatic proline hydroxylation.
There seems to be sdme activity by the enzyme (about 8.5% with 0.1 mM a-KG

and as much’ as 40% with 2 mM o-KG) in the absence of addod FeSO,. This

<

¢
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activity can be considered ‘endogenous due to the bound ferrous iéns of the native

enzyme. Since t{ie water and buffer solutiops were deionized by passing through
the metal-ion retarding resin, Chelex-100, the possibility of minor contamination

by extraneous ferrous ions is ruled out.

3.4. Summary .-nfl Dintumio.n

In order to carry out the pl‘;posed studies on the internctiqn of ~
prolylbydroxy‘la.se with peptides (Chapter 6) and on the characterization of the
enzyme's strugture .(Chapter 4), it was' necessary to Gbtain th.e' enzyme in the =
" purest possible form and to assess its kinetic and other propertié..' Literature

. Teports on thie purification and ch ization (especiall, kinetic) are not always

. 7 ¥ )
‘consislent.' This has resulted in_problems’ of comparing the. datd op. peptidé-
enzyme interactions reponed from dxfl’erenl laboratories. Therefore, considerable

“care was taken hereAo obtain cnnsxstently pure enzyme preparations with lngh

. spemﬁc activity and well defined klnehc' parameters. e

. : . :
* Prolylhydroxylase has been purified from 13-14 day old chicken embryos

using an affinity procedure after salt fractionation at 30-60% jum sulphate

concentration. The enzyme was further purified by DEAE ion-exchange
3 ¥

cl{romatography and gel filtration on.Biogel A-1.5m. .The enzyme obtained by

; 9 ’ ; .
this procedure was about 3,000-fold pnre and was'found to be homogennufzth a

_high specmc uctmty of 70-80 lets in terms of ymol Hyp pmduced by .1'mg of

enzyme in one hour under the conditions' specified in section 2.2.3.2. However, .

under ing conditions of the ubst the maximal specific activity vuled.

é.rtznnd 120 (+15) umol/h/mg (or 1.8-2.3 ymol/min/mg) of the enzyme, which i
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very. similar to the values reported by other investigators (Tuderman el al., 1977a;
e Nietfield and Kemp, 1980 and Kedersha and Berg, 1981). If this value is used for

the cal‘culation/of enzyme.activity as was done by Kedersha and Berg (1981), the B

purification fold further increases sby as. much as 1,000 fold resulting in the net
punty o( about 4,500-fold. This value is close to the value reported (5,000-fold)

by the same authors 5

“The enzyme exhibited a M, of about 240,000 by gel filtration and has a
= & .
&
subunit composition of oy By ‘The a-subunits exhibit a M, of 64,000 and

. f-subunits of 60,000 as determined from SDS-PAGE.

'
Prolylhydroxylase activity is rather sensitive to the changes in temperaturg

and pH of the reaction medium.. The optimum temperature was foind to b}‘

around 37 °C and the optimum pH- was about 7.3-7.4 at this temperature. Thes

’:_ s effects may be re)aled to the effects of temperature a and pH on the structural N '

stability .of the enzyme prétein as will be Aiscussed in Chapter 6 . The pH

optimum suggests the involvement of His res\d\les in the enzyme's active sxte

Y although. this speculation needs fdxther conﬁrmntion from other direct studies.
The mmal\velocxty was found to be linear up to 20-25 min under the

standard condltmus specn‘ﬁed in Chapter 2. Increasing amounts of enzyme up to

2% ug/ml produced a linear response under the conditions. of substrate and

cofm:tors used :md beyond 25 ug/ml, the rate assumed a nearly zero-order

kinetics.

Prolylhydroxylase is complétely dupenldent on the a-KG concentration for




-

activity and no activity: was observed i%bsence of added o-KG. 'Maximal

v
velocity was obtained between 1-2 mM of o-K& and higher. concentrations of this

" cosubstrate seemed to Inhibit the reaction. The K[, value obtained was 0,15 mM

for «KG. This v'alue is one order of magnitude higher than those values reported

by other investigators (0.01-0.02 mM) (Tuderman et al., 1977a). The reason for

this discrepancy is not clear. ibition at higher ions has

nqt been reported earlier.. Probably, high qoi i of

from o-KG may be responsible for this inhibition (end-product inhibition].
’ £

Prolylhydroxylase, as purified, was capable of e;rrying out hydrogylntion

) re_iaction to some degree in the absence of added ferrous iron. While Tuderman et
al. (1977a) reported th_g nbsolute requirement }or exdgenous ferrous ions, Nietﬁcld

and Kemp (1980) reported that their preparation o! prolylhydroxylase was able to

carry out hydmxyhtlon in t.he absence of added iron. The latter authors showed

that pmlylhydroxylm purified by the l.I'ﬁmty procedure still contains ﬁrmly

Qlmund iron th;t is raponxlhle for the observed prolylhydroxylase actmly, in the
absence of added FeSO, (l:llelﬁeld and Kemp, 1080). Later studies by De Jong

and Kemp (1982) reported that at mw’mal’ activity (20 ymol/min/uig), the

enzyme contains two Fe*? jons specifically bound per mole of enzyme tetramer.

They also showed that the Ky, value for FeSO, depends on the nature of the
ulph})ydryl compounds present’in the reaction medium. 'C’y\steine was lmm\d to

stimulate the enzymatjc" activity in the absence of added iron and BSA (D‘e jong
and Kemp, 1082). These authors also reported that in tl;‘e absence of added
FeSO,, BSA and DTT could stimulate the enzyr;\slig h'ct-ivx;y by 5-10% of the

/maximal rate. A relatively high rate, as much as 50% of the maximal activity,




was reported by these suthors in the absence of added Fe” if BSA' was
premcnbated with DTT. The stimulation by cysteine or DTT suggests that zhe
free SH groups are essential for the enzymatic activity. - This suggestion is
supported by the obsérvation that the enzyme is inhibited by low con:enlutions‘
of thiol reagents (Popenoe et al., 1969; Halme ef al., 1970), an inhibition that can
be prevented by a-KG (Popenoe et al., 1960) or reversed by DTT (Halme et al.,

1970) According to Kivirikko and Myllyls 1[980), the action of BSA is in part

cxpliius by s nonspecifie =protein effect, bukiu‘patt, more:specifically:due o

the presence of a number of free SH g‘reu‘pum “BSA. These considerations may
also offer an explanation for the observed activity in our studies in the absence of

added Fe*? because in the reactf?wdium, BSA and DTT are added in this

. ®
order before the addition of the enzyme. Therefore, the enzyme may have been

stanulated, in the nlbsence of Fe"'z, by BSA treated with DTT. The reaction
mediu;n also ct;nlains cltaln;e whic]l was found to stimulate the prolghydroxylase
Yeaction. The effect of catalase is i)u(ly due to the destruction of peroxidt, which
is generated non-enzymatically by' solutions of O, FeSO, and ascorbate

(Kivirikko and Prockop, 1967c).

The K, value for FeSO, was about 14 sM when 0.1 mM oa-KG was used
while with saturating concéntrations of a-KG (2 mM), the K value decreased by
4-fold resulting in ‘a_value of ;bout 4 uM. Although similar ' activities were

obtained either with 0.1 or 2.0 mM a-KG at 0.05 mM concentration of FeSO,, the

activity began to decrease beyond 0.05 mM FeSO"in the presence of 0.1 mM .

o-KG probably becasse the concentration of the latter becomes rate limiting.

%
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incubation for 3-5 min at 0-4 °C, 0.1 mg/ml catalase, 2 mM ’ ucorba‘u,
prolylhssefeylase (5-10 ug/ml), 0.1 mMf FeSO, and, after at least 15-30 sec, 2 mM
«KG. The reaction mixture was then trn‘urerfed from the ice-bath to 37.5 °C in
a shaking' wafer bath and .pra!‘qniiibﬂle& for 8 min; finally 035 mM
(Pro-Pro—Gly)s was added (o% the reaclio; The reaction tim‘e was 15 min
during which the reaction remain:

linear. These conditions were found to give

optimal enzymatic activities. . )

C .

P




Chapter 4

ormational Aspects
of Prolylhydroxylase

4.1. Structural Properties of P}'olylhydroxylu‘se

Although prolylhydroxylase has been purified to homogeneity over the past °

several years, there have i:een very few structural’ studies on .this, enzyme.
. Prolylhydroxylase fron: chicken embryos, new born rat and human s‘aurc‘es has
been shown to be a telramer consishing of two different types of enzymatically
fnastive Sibunjts wj{r‘h M, of 64,000 and 60,000, respectively (Tuderman e al.,
;075; Kuutti et al., 1975; Kedersha and Bérg, 1981). At the time of the begining

of these structural studies on the pure enzyme (presented in this Chapter), the

only structural study available was the electron microscopic study carried out by

Olsen et al. (1973) which showed that the a.and  age rod-shaped and

are joix‘)ed to form V-shaped dimers Which are interlocked to form tetramers of

ayB,. Not much information was available from .chemical modification studies
“either, except for the fact that the disulphide bonds are essential for maintaining

the native structure and activity of the enzyme (Berg el al., 1979).
! 3 0 g

Considering the fact that collagen is the major p:ul'ein in vertebrates

_amounting to over 20% by weight of all proteins, the paucity of data on the

w. ”




114

str:cture of one of tlie key enzy}nes in the biosynthesis of this protein is indeed
;urprising. Sin/ce the structur@is related to function, it should be igterestiug to
study #is aspect of prolylhydroxylase in the light of the high degree of specificity
it exhibits to\vards the ¢onformation of its polypeptide substrates; as discussed in
the introductory chapter. As part of the attempts to understand the interaction
of prolylhydroxylase with the pevptide substrate, cosubstrate (o-KG) and cofactor
(FPSO4), : the secondary and the tertiary struc{uml ﬂh;aclenstics of

prolylhydrosyfase have been determined using spectroscopic techniques (CD and

fluorescence spectroscopy) in the absence and presence of these reactants. The

results obtained are presented in this Chapter.

4.1.1. Conformation of Prolylhydroxylase from CD Studiés ’

CD spectra of protmns in the wnvelenvth regions of 180-250 nm (far—UV .
spectra) and 250-320 Ym (near-UV spectm) give information, respectively, about
the secondary and tertiary structural characteristics. While the secondary
structural features are due to the conformation of the backbone, the tertiary
structural features are due to the rc]alive.ovrien'thhon of these secon‘dary structural
e]en;ents in spacf and thiereby indicative of the internal environment ol ‘the
protei molécile (Séhiutz and Sehirmer, 1079). Thereforey in the present studies,
CD measurements of prclylhydvrcxyhse were used for characterizing the
conformational features of RN AR ae,, TN T i 0BV D Wectie®
of the enzyme were oblnine;‘l using a Jasco J-500 A spechpuIn’rimeter equipped
with a DP-500 N data processor-(Section 2.2.4.3) and the results are presented

velaw, IS 2 & S




¢ The far-UV CD spectrum of prolylhydroxylase at 0-2 °C and pH 7.8 is E
2 .

shown in Figure 4-1. The presence of two minin@at 208 and 220 nm
*_respectively, and a maximum at about 192 nm characterizes the spectrum. The

spectrum shown represents the average of several spectra run with different

batches of the enzyme having maximal specific activities ie. in the range of
90-110 units/mg. The ellipticily values are -16,000 + 1,000 deg.em?dmol™ at the
minima and 19,000 + 1,000 deg.cm’dmol! at the maximum, as obtained with
different batches of the enzyme preparations. These values were found to be

< . ~
—spractically invariant between 0-20°C and hence could be taken to represent,the e

native enzyme. These spectral features are indicative of significant amounts of <

a-helical conformation in the. native enzyme.

v . i

The a-helical content was calculated from the observed ellipticity of thg”

enzyme at 208 nm and from the ellipticity values, at this wavelength, of the

random-coil and fully a-helical conformations of poly-L-lysing in water (Greenfield

£ and Fasman, 1969). An average value of 38 + 2% was observed for the a-helical
content of native prolylhydsoxylase between 0-20 °C. Comparison’ of the far-UV ;
CD spectrum of prolylhydronylase with those computed by Greenfield and
Fasman (1060) for various mixtures of the a-helix, p-sheet and random-coil
conformations of the model polypeptide, namely, poly-L-lysine, indicated that the

= “~
far-UV CD spectrum representing about 40% e-helix, 40% p-sheet- and 20% ~

random-coil is very similar to that obtained for native prolylhydroxylase. Based

5 .
on these obgervations, one can’ conclude that prolylhydroxylase has a substantiafl
/

propprtion of ashelical conformation (about 40%). More dbtailed analysis of the

s
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Figure 4-1: Far-UV CD Spectrum of Prolylhydroxylase

-~
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conformational ¢omposition from CD spectra involveglthe use of the procedures
B e -

based on the CD spectral data of globular proteins of known secondary structures
from X-ray crystallography. This was attempted using the procedure of Prof.
Martinez (Chen et al., 1972) with the help of Dr. Devarajan at the ‘Univer‘sity of

Californja, San Fransisco. The results obtained are 42% a-helix, 0% g-sheet, 16%

* p-turns and 42° random-coil structure. It is very interesting to note that both

the above methods give identical values for the proportion of a-helix present in

prolylhydroxylase.

The ear-UV CD‘spectrum of prolylhydroxylase at 0-2 °C and pH 7.8 is
shown in Figuré 4-2. A series of negative ‘CD bands are observed between 250-320

nm region which can be atttibuted to a'symmen'ricany oriented. aromatic arhino .

" acid: resndues (Adler el al., 1973). ., Based on the available data (Adler et al., 1973),

those around 262 nm and 268 nm may be attributed to the Phe resldues whlle the
bands at 275 and 282 nm may be asslgned to cyrosyl residues placed in an _
asymmetric epvironment in,native prolylhydroxylase. The fegative band at 233_
nm could arise either from tyrosyl, or more likeiy, from _tryptﬁpi)anyl res}dues.
The amino acid compostion data on the enzyme (Berg et al., 1979) show that
“prolylhydroxylase contains as many'as 68 tyrosyl and 130 phenylalanyl ‘res{dnes
(per. M, of 240,000 No data are, however, available on the nurber of
tryptoplhany] residues, if any, present in theenzyme. Ig#?vould appear that this is
due to the special procedures needed for estimating the tryptophanyl residue
content. Therefore, the absence of s‘uch data does not necessarily indi;ate the
abseice ‘of tryptophanyl residues. As will be shown in a subsequent section, a

definitive indication of the presence of tryptophanyl residues in the enzyme is '




118
\ LS
'
"y g
ol 3 v "
¥ .
S “
" ’
r
' 0
L7
» 3 - ¢
8 E
~-50
ks E
]
., - .
. ol .
£ 500
R WAVELENGTH, nm E
' -
. | - . \
v & . -
¥ ; ~ \
- @ e
. . Figure 4-2: Ntar-UY CD Spectrumy/of Prolylbydroxyheg _
_spectrum was ob‘tained AL'QZ °C in Tris-buffer, pH 7.8. . . l
e . B -
Concentration = 0.5.mg/ml, cell pathlength =1 em.  ~ “
\ ' T
= : ( ¥ B
’
- Sy ¥ ' +
- e




@

|

T BRI e WU
- ' L. ' 119 .
observed from the fluorescence data. More studies involving, for example, specific -
chertical fiodifications are necesary, Howeves, 15 ifitFprel 1he:288 ifh CD'bind
in torms of tryptophanyl contribution. In any case, the aromatic CD bands o
prolylhydroxylase should be useful in studying its intemctionks with substrates,
inhihitors‘ azycofactars in"terms of the perturbation of the environment of the

aromatic residues.

"4.1.{‘.scmcmr.1 Data from Fluorescence Studies

CD measurements momtor the: opm?l activity "af'the protaius diie:tothe

conformation of the peptide back bone and to molecular\asymmetry (Bayley,

1980). Both seconda;y and tertiary sfructural chnnges cpn be \nouiwred by CD.

“However, there are certain Ilmmmons in studying the con[orm:monul changes

using CD especlally in the nearUV CD region. These are: (a) conformational’

shanges can be seen only if the internal asymmetry of the aromatic residues is ¢

. S :
altered due to ligand-binding; (b) it is oftén times difficult to mf’gp bands to
chromophores dueto their overlapping; and (c) usualiy high ntrations of the
protein are needed.

In contrast, fluorescence spectroscopy has been found to Be one of the most .

versatile and sensitive methods for probing the tertiary ¢fnd ‘quarternary

structures of proteins. Protein fluorescence in the UV région is mainly due to’

"tryplophan and, to a lesser extent, to, tyrosine residues (Konev, 1967; Burstein e

al., 1973). Using the‘differenccs_in the ;bsurpiion spectra of these two amino .
acids, one can choose conditions of fl excitation under wukj,iocein'

fluorescence spectra, are only due to the fryptophanyl residues (Burstein et al,,

4 3 Vo
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1973). Tr&p‘tophanyl residués in mative proteins occur in different locations and
Nencsaressipoed taiiterant .}ﬁcrgenvim&mmts. The microsavironment o each
residue is chatacterized by a particular set of physic.ochemicnl conditions (for
example, polarizability, microviscosity, availability of charged groups for

interaction with the fluorophore) Ih:\t\ﬂluences the fluorescence of the

hromophote- Thercfore, flu nce sp opy is found to be very useful in
studying cha.nges in the microcnviroﬁme}t of a protéin due to the interaction with
1&ands, substrates ete. Moreover, since the parameters of fluorescence are more
sensitive to the environment than are those of absorbance and because smaller

amounts (10 to 10" moles) are easily detected, fluorescence is more frequently

used than the difference UV-absorption spectrosm.py-\—/

In the present thesis, the emigion properties of pirified prolylhydroxylase

were studied usmg the Shimadzu =pec(roﬂuolph0tometer as d/g;c\nbed m\ Chapter

2 (secz((m 2.9.4.4). The r¥sults are Nesented below.

The excitation spectrum was first obtained to select the proper wavelength
for excitation in subsequent e;qieriments. Figure 4-3 shows the excitation
spectrum of native prolylhydroxylase between 250-330 nm recorded at 0 9C. As

B
seen from the figure, the excitation maximum occurs at 285-286 nm. Figure 4
* shows the emission spectrum of native prolylhydroxylase exciting at 286 nm. The
emission maximum occur$ at 338-340 am. The excitation and emission maxima at
these wavelengths indicate that the MioreScence propérties of prolylhydroxylase .
are due to the -presence of partially eXposed’ tryptophanyh (Trp) residues

confirming the suspicion from the CD data, of the presence pf Trp. Based on the
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Figure 4-3: “Excitation Spectrum of Prolylhydroxylase = -
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fuorescénce spectral properties, Burstein et al.‘(1973) classified Trp 'residues in
proteins into 3 discrete spectral classes. Class [ includes Trp resndues buried
inside the non-polar regions of the protein which usually show spectml maxima in
the range of 330-332 nm; Class I includes Trp that are partislly exposed to the
solvent and exhibit specli)hsxima in the range of 340-342 nm; Class IIl residues
are completely exposed to the solvent and are usually on the surface and -exhibit
spectral maxima in .the rang® of 350-353 nm. Such a classification is however, not
a very rigid one, since overlaps are possible. The fluorescence properties of

prolylhydroxylase thus can be considered due to Class II (partially exposed) Trp

residues.

4.2.‘ Struc‘/ural Changes in F“rolyl’hydroxylase

Since the function of the enzyme usually ‘de'pends on its structural integrity

s(ructure-funchon relat[onshlp Towards this objective, Lhe effect of temperature
on secondary and tertiary structures of prolylhydroxylase was studied using CD
and fluorescence techniques. Attempts were made to correlate these changes with

its function at the corresponding temperatures. Similar data are not available

from the llteratuxe.

4.2.1. Effect of Temperature on the Secondary Structure of

Pralylhydx‘oxy‘h.sa a

The far-UV CD spectrum was used to monitor the thermal denaturation of
prolylhydroxylase. The ellipticity value at 208 nm was selected as an indicator of

changes in the o-helix content of the enzyme {see section 6.2.2). . Shown in Figure

as a protein, factors affemihthe structure can be useful in monitoring the subtle
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4-5 is the variation of the fractional c-helical content of the enzyme with

'tempemture. The mid point of the thérmal denaturation or melting point (Tm)

‘was found t6 be 50 °C.

4.2.2. Correlation of Helix-content with the Activity of P e
# . Prolylhydroxylase -

The effect of temperature on the function of prolylhydroxylase was studied

at dilferent fixed temperatures and the fractional activity was determined at each

temperature. This was then correlated with the structural changes as monitored
4 by changes in the fractional a-helical content with temperature. These results are

3 ) ' “presented in Figure 4-6. The initial increase in the enzymatic activity between

10-37 °C is apparently due.to. the temperature effect on the hydroxylation,

reaction. A fairly steep decline in the activity is however found to occur between

37 °C and 60 °C. As seen from the figure, *the fractional a-helical content

remained essen!fﬁﬂy the same between 0-25 °C and slightly decreases at 37 °C .

indicating  unfolding of the enzyme at this temperature. The observation that

the maximal activity oceurs at this temperafure may imply, in this context, that
such slight unfolding of the molecule may be necessary for the enzymatic activity.

Both a-helical content and the activity decrepse mth‘er sharply after 37 °C

dicating the i folding of the molecule with the resultant loss of

activity. This intimate relationship between the a-hel‘ica‘I’content and acfivity of

prolylhydroxylase points to the functional importance of these a-helical segments

in the enzyme. == s
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Figure 4-6: Effect of Temperature on the Secondary Structure and
Activity of Prolylhydroxylase

) Change in the fractional ellipticity (squares) and fractional ach}“y
s {circles) of prolylhydroxylase as a function of temperature. The

s
fractiona) ellipticity at 1 °C and fractional activity at 37 °C

were taken to be 1.0, while both were taken to be zero at 75 °C.




4.2.3. Effect of Temperature on the Tertiary Structure of

y Prolylhydroxylase

The perturbations in the asymmetric environment of the aromatic residues
are expected to cause changes in the nesrUV CD spectra of proteins. The
negative CD bands dl[e to the aromatic Cotton erf;m, in the near-UV CD spectra
of prolylhydroxylase vanish completely by heating to aver 55-80 °C. This is
obvxo}@y‘ due to the dlsmptnon of the asymmetric environment of these residues’
i the pmtim, caised 57 e collapse of the tertiary structure during the

unfolding of the molecule at higher tempemtures

The eifect of temperature on the tertiary. structure'can also be conveniently

’
monitored by fluorescence spectroscopy. Figure 47 shows the effect of‘ the

represents the n

. , .
temperature on the emission spectrum of prolylhydroxylase\> Spectrum *N*
e 'state between 0-4 °C while spectrum *D* represents the

spectrum of the denatured enzyme at 90 °C. One cafi easily se¢ the gradual

decrease in the emission intensity due to ‘the increased temperature. Also the

emission maximum shifted towards higher wavelengths i.e. from 338340 nm to

338-347 nm. « “n e

The variation of fractional emission as a function of temperatureVis shown in
Figure 4-8. Between 0-10 °C, the emission is uncizwged (i.e. 100%) ‘after which .

. ohe can see a gradual decrease in the emission as the temyerature is increased.
) The' mid-point of the transition (50% emlsswn) is at 43.5 °C, about 5 °C lower
than that for the decrease in o-heligal content. These studil together witl} CcD

d‘ﬁta indicate that the internal ;monmenl and the asymmetry of the enzyme‘
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Curve *N* represents the emission spectrum of native enzyme (0 °C)
and *D* represents the emission spectrum of the depatured enzyme
(90 °C). Spectra 1-10 represent those at increasing temperatures '

between 0 and 90 °C. " {
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molecule are altered somewhat  earlier than the collapse of the secopdary

’ 2 s
structural elements witg increasing temperature.®

‘4‘3. Con;‘ormational Study of the Interaction of

Subatrates and Cosubstratgs with Prolylhydroxylase

My stiEyones; pastisulasy st bt sy Andergoiesatomiational
changes upon bind;ng with their substrates and cosubstrates (Citri, 1973). Often,
these conformational changes are necessary~for the -proximal orientation of the
reactive groups. It is -interesting to -study such interactions between
prolylhydroxylage and its cosubsmces} cofactors and substrates, in conformational
terms which can offer insights into the order of binding of these ligands to the
aniiie 45 Vhe Fesction irechiaiisi 11 goheval” ‘Conformational changes diie:fo

. -
such interactions can be elicited at twu levels: .

-

“ 1. at the secondary structural level which may result in gross structural

alterations and l 2. ¥

.2, at the tertiary structural level which may, result in rather subtle

structural changes. .

In the present.case, conformational chan‘ges due to prolylhydroxylase-ligand

interactions were ‘studied using both CD and fluorescence spectroscopy and are
5 : . . 3
described below. .
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4.3.1. Effects on the Seeomh.ry Structure of Prolylhydroxylase

VThe interaction of prolylhydroxylase with ti:e synlhet;c _substrate, mm;ely,
(Pro-Pro-Gly)g was studied in the co‘n'centution range of 0.125-1.0 mg/n;l of '.lhe
peptide at 37.5 °C, using far-UV CD spectra (see Methods 2.2.5.2)." Similar
studies were carried out with the cosubstrate a-KG (0.1;5 mM). with the cofactors
FeSO, (0.05-1.5 mM) and ascorbate (0.5-3 mM).. However, no CD spectral
changes were detected during the interaction of the enzyme wili: any one of tl;e
above ligands in the indicated concentration ranges. This is taken to indicate )
that the binding ol" substrate, cosub‘slrate or cofactor dogstect the

secondary structural elements of prolylhydroxylase.

4.3.‘2.‘Eﬂ'ecﬁ‘on the Tertiary S of Prolylhy
The -effects .of the interaction between prolylhydroxylase substrates or

. cgraom on the tertiary structure of the enzyme -v#.ere studied by béth near-UV

and by No ional changes were detected by
near-UV CD spec py. Since the combined effects of more than one ligand

have not been ‘studied at present, it is not known whether the lick of
conformational change in the enzyme is due .to lack of the coneﬂ;combinat‘ion of *
the ligands. In yiew of the smali a.rnomﬂ's‘ of the énzyme available, these studies
whic.;h require large{' amounts of enzyme than the far-UV CD studées, were not
pursued further. On the other hand, ‘conce‘ntntion' dependent ligand-binding

.t 5
effects were observed in the fluorescence emission spectra. These interactions are

described below. B
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4.3.2.1. Effect of Substrate-binding ofi the Emission épe:trn of

Prolylhydroxyls’se

The effect of increasing concentrations of the substrate, namely,

(Pro-Pro-Gly); on the emission properties of prolylhydroxylase was studied in the
concentration range of 0-2.0 mM by using fluorescence spgctroscopy. No changes
in thé fluorescence spectrum of. the enzyme were observed. Similarly, stu(‘iies'
using PP-II, 2 competitive inhibitor of prolylhydroxylase (which was found to
have greater affinity to»}'ards prolylhydroxylase when compared to the above

substrate) also did not elicit any conformational changgsjin prolylhydroxylase as
would be reflected in its emission spectfum. This sugg:Zs that sbstrate binding

did not affect the environment of the Trp residues; or it may also be due to the
absence of Trp residues near the substrate binding site: ) ’
4.3.2.2. Effects of o-KG on the Emission Spectra of Prolylhydroxylase
Figure 4-9 shows the representative spectrum for the effect of a-KG on the
emission spectrum of prolylhydroxylase.” As seen from this figite, in the presence
of a-lgthe fluorescence intensity of prolylhydroxylase is dec‘reased,. Figure 4-10
shows the effect of increasing concentratioris of o-KG on the relative fluorescence
intensity and activity of prolylhydroxylase. The emission data are plotted as the
percentage of fluorescence quenching at the emission maximum wsig the.
" Muorescence intensity of the native enzyme as the reference (100%). As'the,
concentration of o-KG is increased, one can see a gradual increase in the
quenching of the emission intensity which saturates after 3 mM o-KG. Shown in
the same figure," is th’ activity of prolylhydroxylase at the same concenfration.

. range of «KG-and saturating concentratiod of F‘eSO‘. The plotted sctiviiy is
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Figure 4-10: Effect of o-KG on the Emission snd Activity of
. Prolylhydroxylase

The % quenching of flucrescence intetisit§™open circles) was calculated
using the ﬂuosgscence intensity of the native enzyme as’ the reference
i.e. 100%. Ths % agtivity (open triangles) was calculated using the highest

activity obtained between 1-2 mM o-KG as the reference (i.e. 100%).
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normalized so that the'highest activity obtained between 1-2 mM o-KG was taken

as 100% and the activity values at other concentrations are adjusted\mrdingly

As can be seen from the figure, there nuy Jbe a good correlmon between the

activity and emission properties of prolylhydroxy at dlfl’erent 0 ions of
the cosubstrate. At the maximal activity (at 1-2 mM =-KG), sbout 20-25% of the
emission was quenched; beyond 2 mM o-KG, while the activity starts decreasing,
the emission remained more or less: constant at 70-75% of the initial value. The
alteration in the internal environment as reflected by about 25% quenching may

be necessary for the maXimal activity under these conditions. The emission

'hnxx?\xm of the difference spectrum hetween that of the enzyme in the presence

and absence of a-KG seems to exhibit a shght shm towards higher wavelengths

ie. from 38&-340 nm to 338347 nm.

4.3.2.3. Effect of FeSO, 4 on the Emission Spectra of Prolylhydroxylase
Figure 411 shows the representative spectrum for the effect of FeSO, on

the emission spectrum of prolylhydroxylase. As seen from this Fi_gure, in the /

intensity of prolylhydro is

presence of FeSO,, the
Figure 4-12 shows the effect of increasing concentrations of FeSO, on both the .
emission_and activity of prolylhydroxylase. The emission changes are plotted as ~

the percentage quenching of fluorescence intensity versus the -concentration of

FeSO,. The p g enching 6f flu intensity was caleulatéd using ,

the fluorescence intensity of the native enzyme as the reference.(100%). ;l.'hé

) activity “values shown are normalized so that .thé highest activity obtained

between 0.04-0.05 mM concentration of FeSO, was considered as the reference '

(100%). The concentration of the gpsuhstraﬁ was saturating under these
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Figure 4-12: Effect of'Fe§O4 on the Emission and Activity of
Prolylhydroxylase

‘The % quenchilog of fluorescence intensity (open circles) was
calculated using the fluorescence intensity of the native enzyme
a5 the reference (100%); the % activity(open triangles) was

calculated using the highest attivity obtained between

0.04 - 0.05 mM FeSO,as the reference (1005%).




conditions . As seen frpm the rigure/, as the concentration of l“eSO4 increases, the
inténsit}: at the emission maximum is quenched linearly until 0.07 mM after which
Eone can see a saturation effect. There seems to be a clear correlation between the
changes in the fluorescence intensity and activity at different concentrations of
FeSO,. At the maximum activity (i.e. at 0.04-0.05 r;\;f FeSO,), the tryptophatiyl
emission is quenched to about 50-55% of the initial value. T’his indi;ales the
changes in the internal environment around these Trp residues are due to the
binding of FeSO,. However, si‘nce no shift is observed in the emission maximum,
it suggests that the polarity of the environment remains the same, althought the
excitation energy of the tryptophemyl residues is reducdi due to the binding of tte

cofactor, namely, FeSO,.

4.4. Discussion
A cruc’ial problem ‘in the field of enzyme chemistry and mechanism concerns

the structural factors determining the specificity of enzymes towards their
physiological targets. The pesitieity 5ruE enyie Sl srgait rbe
active site géometry of the enzyme itself, it being able to accommodate the
substrate of only a particular size, shape or conformation. Such an enzyme is
described having a fixed or template-type of aetive site which demands certain
- structural dictates in the substrate.” Altematively, the specificity could also be
achieved by the flexibility of an enzyme, which can undergo specific
conformittional changes.upon binding of the subg!rate; these are ealled substrate-
induced conformative responses (Citri, 1973). Such flexibility and movement of a

particular domain or segilent near the active site scem to be a theme iu
shlidiicing the enayme SSpeciliohy fsdl YESOERILion 'of [poper ubstrates]

»
demonstratéd in fany enzymes (see Citri, 1073; Jepeks, 175; Koshland, 1076). -
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The available data on the active;site geometry of prolylhydroxylase 7{e

rather limited and the conformational changes, if any, upon: binding of the

* substrates, cosubstrates or cofactors have not been studied at all. Therefore, in

order to understand the specificity of prolylhydroxylase in terms of the enzyme
structure itself, an attempt has been made in the present Chapter, o study the
§Qructure and interactions of the enzyme with ns cofactors, cosubstrates and

subslra!e in conformational terms.

The spectroscopic data presented in this Chapter, pertaining to the

structural characteristics of purified prolylhydroxylase provide, to my knowledge,

the first indications of the conformational features of this enzyme. From the far-

/wgsd/at:pmlylhydmxylase seems fo be relatively rich in a-helix which
. comprists as much as 40% of the total secondary structural content. D’uzmg the

writing of this thesls, the ﬂ-subumt of human prclylhydroxylasa has been

d by molecular cloninig (Piblajaniemi et al., 1087) and shown to be the

prod;\ct of the same gen‘e'that codes for protein disulphide isom‘erase (PDI)
(E.C53.4.1). The proteins exhibit about 94% sequence homology at the amino
acid level and about 84% at the nucleotide level. Edman et al. (1985) have
studied PDI and shown the presence of substantial a—t;lical regions in this

protein. In view of the similarity between PDI.and g-subunit, the latter is also

expected fo be very a-helical. The tetrameric prolylhydroxylase (a, 52) was found

to be rich in a-helix and therefore, it may be possible that the ‘-subunit ‘makes a

mayor contribution. to the enzyme’s e-helical content.
£

Although the amino acid composition data (Berg et al.; l@79;‘ Kivirikko anfl
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.
Myliyly, 1982) of prolylhydroxylase available so-far does not indicate the presence = .

of T ‘residues, the sequence data on f-sublinit mentioned above indicates the
presence of 5 Trp residues (Piblajanfem.et al., 1987) In the present study,‘the
near-UV  CD  spettra of prolylhydroxylase indicated the presence of
% asyminetrically ‘GFiepted Tep Fesidiey (asel sestion’ 640). THis ' frther
confirmed by the fluorescence spectrum which exhibited the excitation maximum

at 286 nm and emission maximum at 338-340 nm. As mentioned earlier, theke

spectral maxima are due to partially expos.ed (class II) Trp residue (Burstein et al.,
1973). In the light of the above observatiorns\, it appears likely that some of the
" secondary structural features and (luorescence properties of prolylhydroxylase are
contributed by the g-subunit. Since such data are not available on the a-subunit

of prolylhydroxylase, its contribution to the structural features of

prolylhydroxylase is not kngwn at present. .5 B >

e effect emperature variation on the enzyme's conformation and

activity Wearly suggests the functional importance of the a-helical secondary

structure in the case of prolylhydroxylase. .,

N J
= The absence of any secondary structural changes in the ggayme due to the
interaction by substrate, cosubstrate and cofactor is indicative of the lack of
movement of médjor domains or polypeptide segments upon the. binding of the
- above ligands and the .rel'a'live rigidity of the seconda‘ry structural frame work of

the enzyM&ear active site. However, the internal environment arpund the active

site seems to be affected due to the binding of the cofactor FSO, and cosubstrate”

oKG as revealed by the concentration-dependent changes in the fluorescence
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spectra of the ehzyme. These(ghanges also correlate well with the activity of
prolylhydroxylase at these concentrations/of FeSO, and a-KG. A careful analysis
of the above observations provides insights into the active site geometry of
prolylhydroxylase and these are summarized below: ¥ ’

1. 1Dt Sl S GO et AR W ST TR e
near the active site. L

N

2. The active site is already created i.e. no major structural changes are
nccessaryl to create an active site to accommodate the incoming substrate
molecule. “This indicates a rather fixed active site geometry offprolylhydroxylase.

< P .
3. The substrate-binding site and the actual catalytic site are separate from

. o h
each other. For example, while the catalytic site is imthe interior, the substrate-
binding site may be h the suiface thereby substrate-binding does not affect the

‘internal environment.
‘e

4. An alternate possibility is that cosubstrate and cofactor binding precede
the substrate-binding during the actual reaction. “The changes brought about by
the cofactor and co‘yﬁstmte interactions may be sufficient so that the subsequent

binding of the substfate to the enzyme may not result in any further, changes. »
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. 4.4.1. Analysis of the Snbstrnt&\pding Site of Prolylhydroxylase

Many previous studies have demonstrated that the tetrameric structure is
necessary for prolylhydroxylase activity, w‘hereas free « and # subunits are
inactive (C‘ardinale and Udenfriend, 1974; Prockop et al., 1976; Kivirikko and
Myllyla, 1080). Earlier studies by Kivirikko et al. (1971) and Berg et al. (1977)
have demonstrated that the different tripeptide units in (Pro—Pro—Gly)S.and
(Pro-Pro-Gly), were hydroxylated to different extents: sndtle penultimate
tripeptide from the N-terminus was the most hydroxylated. These observations
were explained by a vn@bdel where prolylhydroxylase has an.asymmetric active site

",i" which binding ‘subsites are located adjacent to, gut not symmetrical with the

catalytic subsite (Berg et al., 1977). v

More recently, de Waal et al. (1985) have demonstrated the presence b .

possible substrate-binding subsites in prolylhydroxylase. ~ These authors first
cova]ently blocked the active site by photoinhibition, using a photoaffinity 1abel,
- N-(4-az’ido—2-nitrop enyf)-Gly-(Pro-Pro-Gly)s and .then checked whether the
inacuive enzyme still bound to the polyproline affinity column. The ct;val]?ntly—
b;nund photuafﬁnity.‘label did not impair the binding of the enzyme to the
polyprl:liue c;;lumn although it inhibited (the hydroxylation of the synthetic
« ¥  substrates suggesting the presence of bindifg subsites for substrates. .These

site are separate from each other, as seen also from thefact that the uncoupled

ity label studies also. indicated that the substrate-bindingisite and catalytic

decnrbo‘(ylatlon of 'a-KG ca!a]yzed by the enzyme was not affected by the

presence of the affinity label. Moreover, the labelling was specific for the

N
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a-subunit of the tetrameric a,8, enzyme indicating that the substrate-binding site
. -
N
(s) is (are) present on the a-subunit.

It has been shown tha heat-inactivated prolylhydroxylase still retains the

ability to bind o the polyproline affifiity ~eolumn (Anéntha\namy"anan,

unpublished results). This suggests that although the catalytic site is disrupted by ”
thermal denaturation, the substrate-binding site is not affected indicatipg a stable
and defined substrate binding site, probably on the surface of the enzyme, in both

4 . the nativ; and denatured states. Thus, binding of the substrate to native
prolylhydroxylase would not be expected to result in changes either at the tertiary i

. “or-at the secondary structural level, if the substrate binds at a pre-created site on
the surface of the enzyme, distinct from the catalytic site.* This is in dgreement

with the observations made earlier in this Chapter. N

v .
The alternate possibility that the-changes brought about by the cofactor
. .

and cosubstrate interactions may be sufficient for subsequent binding of the
substrate to the enzym&wou_ld indicate an ordered or sequential mod;hof\rcacti?n
mechanism for proline hydroxylation. The results of extensive Kinetic studies
(Tudérman et al., 1977 a,b; Myllyla et al., 1977, 1979) and other datu’(Nietl’ield et 5
al., 1982; De Jo.,g et al., 1982) are consistent with the binding of Fe*?, o-KG and

the pefifTde substrate to the enzyme taking place in this order. However; the

order of release of products is unknown.




antibodies to the enzyme strikingly reduced the hydroxylation, but did not affect

%
4:4.2, Analysis of the Catalytic Site of Prolylhydroxyjase

The effect of cosubstrate and cofactor binding on the ﬂuo!escence spectra of
prolylhydroxylase indicates subt? changes taking placer in the intm‘xal

environment of the enzyme moleculedlue. to this interaction. Theseschanges can

be explained if the catalytic site is assumed to be at ihe‘ interior of the molecule

“and the binding sites for the cosubstrates and cofactors are either inside or very

near the catalytic site and hence their binding affects the internal environment.

Available data on cosubstrate binding seem Yo be consistent with the above

assumpt‘kon. :

proposed by Hanauski-Abel and.

L('| h.

2. ‘_ ding to the ster

Gunzler (maz), "the attive site ferrous ion is smmted in a pocket of the catalytic © .

subnmL This pocket also ancommodates the locus for the decarboxylauon of
a-KG and’ Subsequent formatlou ol’ succmale so that the K& bmdmg site is ¢

proximal to, tres ferrous ion binding site. They also proposed that the mo[ecular

oxygen ‘binding site’is situated within this pocket siiiFias Wiaadngie binding

site is on the outside of this pocket. Earlier’ﬁridence for -the s;patial separation of , .

catalytic and substrate-binding sites came from the studies in which specific

the decarboxylation (Counts et al., 1978). This was explained to result from the

. loca_tiou of the substrate-binding site being readily accessibﬂo the antibodies,

while the o-KG binding site is inaccessrlﬁe since it ig situated inside the molecule.
, v 4

s * .

A more ditect clue to the nature of a-KC-binding site is obtained from the

T - . " . 1
studies by Majamaa et al. (1084). " The structuré and function of the




a-KG-binding site’“wns studied by these anthow”hy assaying the inhibitory
potential of 24 selected aliphatic and aromatic ‘compounds that are structurally
analagou; to the cosubstrate, a-KG. "Based on these data, Majamaa et al. (1984)
proposed that the o-KG-binding site -can be divided into 3 distinct subsites:

Subsite I is probably a positively charged side chain of the enzyme that ionically

‘binds the Cg carboxyl group of -KG; Subsite i consists of two cis-positianed

equatorial coordination sites of T)e enzyme-bound (errousﬂon and is chelated by

'zhe C-Cy fmo.ecy, while subsits I involves a hydrophobic binding site in the

C:,-C4 region. These authors also point out the importance of subsite I ia
providéu‘g ‘the proper alignment of l'he',cosul?strates which q;ay facilitate
subsequent binding of molgeular oxygen to fhe Fét? at the octive site via.”
allosteric i'ca‘rrangernént of the enzyme pmgein.‘ La;er studies by the same
authors (Majsmaxja'elvul,,' 1985) also suggested a considerable degre‘;e of protein
flexibility at the a—KG«bénding site, as this site can harbour molecules. with
markedly different structures and volumes. Shown in the Figure 4-13 is the active
site of prolylhydroxylase as originally proposed by Hanauski-Abel an-d Gunzler
(1982) and later slightly modified by Majamaa et at'( 1054).

. . g v

Using: varjous hydroxybenzoates . and hydroxybenzenes and . related-*

compounds that resemble structurally | hoth «-KG and ascorbate, M;uarnan et al.

-(1986) have further reported that !hese compounds inhibit prolylhydroxylase

competitively with’ respect to both cosubstrates. They proposed that  the
@ V)
ascorbate hu\dmg‘*s\e is partially ldenucnl wnh that of e-KG-biding snbsnte o,
and cons)sts of two elsfpcsmoned toordmalmn slte; of the enzyme-bound Fe
ions. This modé of mteractmn suggests that ascorbate reduces the enzyme-bound

iron through an *inner sphere* mechanism.




I' ol Figure 4-13: Active Site of Pr;olylbydraxyl'ase
Binding of the peptide substrate, ferrous ion and _cosubstrates at the*
active site; The ifon (4) is thought o be lofated in a pocket and the
a-KG (3) to become bound Via subsiies I 1 and I Molecular
O, is thought to be bound end-on in at axial position, y'\eh{ing‘ an

superoxide-like structure. The peptide substrate (1) is sterically

oriented to participate stereospecifically in the hyq'roxylation reaction ,

. (From Majamaa el al., 1984).
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The latest studies by de Waal et al. (1987) using again a photoaffinity label,
G $-azido-pyrydine-2-carboxylic acid and by Gunzler et al, (1987) using coumalic
acid (2-ox0-1;2, H-pyran-&cnboxyiic acid) confirm that the o-KG-binding sites of

prolylhydroxylase are located ‘within lhe;subunil.

. Based on the above data, the active ste geometry of prolylhydroxylsse can
. Be visualized as follows : The substrate-binding site and cala.lytlc site ure
separate from each other. The subslratebmdmg site is on the extenor (p ‘bnhly

on the ‘surface) and the catalytic site is at the interior, inside a pocket whxch

harbours both a-KG binding sitg and ferrous ion binding site. Molecular oxygen
B 2 Tos

also binds inside this pocket. The substrate-binding site and o-KG bin‘dlng site

- -are present on ‘the a-subunit of the enzyme while'both the subunits contribute to

formation of eatalytically active, active site (Gunzler ¢t al. unpublished data

" quoted in Pihlnjnniemi et al., 1987).

. 4.4.3. The 8-subunit and its Contribution to Proline uydmxymlon

The contribition of the s-subunlt to the catalytic site of pmlylh) droxylase *
was revealed by smdies (Hoyhtya et al., 1984) in which a monoclonal antibody to
the g-subunit -inhibifed pmlylhydmxylase mmty However, the actual mode of
involvement of this subunit in prolme hydroxylshon is not Luown at presenl The :
l/‘ - very recent ‘sequence studies by Pihlajaniemi el al. (1087) showed that the

v o : psubunit of prolylhydroxylase is in fact, a protein dis)\phide isomerase (PDI),

imparting isomerase activity to prdlylhydrb_xylnse also {j.e. prnlyllnydroiylnse"
exhibits g’mﬂ enzymatic functions). Struetural studies ‘on RDI by Edman et al.

(1085} showed that the molecule contains two pairs of regions w_ith “internal
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homology. Two of these regions (a and a') exhibit a highly conservr/d stretch of
16 amino acid residues with only one amino #€id difference between the

counterparts. These sequences are found to be’ marked by the presence of two

Cys residues separated by a Gly and.His and form the active site.of PDI. This

agrees with my observation of the pH dependence of prolylhydroxylase activity,« -
/

suggesting the ﬂ@lve}nm of His in the active site. These: regions of internal
homology with two Trp-Cys-Gly-His-Cys-Lys sequences were found to be identical
in the human gsubunit. The signal sequences were also highly homologous,
although this region in rat PDI was found to be two amino acid residues longer

(Pihlajaneimi et al., 1087). Rgf PDLand hence}ﬁ»subur;it ‘also share sequence

» w.a'mmolof;‘y with bacterial t}giéredoxiu According to Pihlajaneimi et al. (1987),

bacterial thioredoxins (’Gléason et al., 1985) were found to be hox;mlugous to
amino acid residues 6-113 and 30-453 of regions a and ' in the buman psubuait;
conservation of amino acid sequences was found along the wholée thioredoxin
sequence and the corresponding ‘two regions of the g-subunit, but the highest
homology was seen in the regions of the two active sité Cys residues. These
findings suggest a common origin for bacterial thioredoxin, rat PDI and pnrls of
the p-subunit of humx;n prolylhydroxylase. A;:alogou; to thioredoxin, PDI
catalyzes the rearrangement of disulphide bonds using the two pairs of Cys

residues‘present in its active site.
.

pEaflier studies with prolylhydroxylsse in the presence of p-

chloromercuribenzoate (Halme et al., 1970) amd N-ethylmaleimide (Popenoe et al.,

1069) have suggested that. SH groups play a role in proline hydrox);iu'tion. Hobza .
W i Py .

et al./(1973) proposed that the fedxgré ions are liganded to the enzyme through
7 < 14
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the SH side chains of Cys residues and are very close'to the a-KG-binding site.

Besides their participati 1 in actual hyd: ion, the SH groups are also shown
to link the enzyme subunits (Berg ef al., 1970). The function of the ﬂ-subu’n‘it
which exists in exc&‘of the o-subunit in the cell has not been defined so far
- (Kivirkko and Mylyla, 1952). Therefofe, the recent observation that the
ﬁ-subn?it itsell is an enzyme with disl;lphide isomerase activity camé as an
unexpected finding (Pihlajaniemi et al., 1687). Nevertheless, the disulphide
renrmngem*nl of prolylhydmxylme was clearly discussed by Nietfield and Kerg{
(1981] They showed that the enzyme gets mmtlvated when preincubated in the
preseice of e-KG and O, and th)s inactivation leaves the enzyme in n_@ftramanc
structure Which is different from that of the native structure. This ll_lactivntit;n'

could be reversed by dithiothreitol (DTT) but not by ascorbate, althongh both

offer’ ion against this i

«KG, 0, causes not only the oxidation of Fe*? to Fe*? which can\ be reversed by*

ascorbate, but also of other groups that can be reversed by D ut not by
ascorbate. Clrcumsunual evidence indicates th:u these groups could be SH
groups which are réarranged wnlhxn the enzyme. Pusumably pre—mcubuhon with

a-KG induées a

groups resulting in the mi hed S-S bridge i These authors also

explained that DTT with a B/, of 332 my (Clefand, 1964] can reduce the -5
bonds (E’) = --200 mv) while ascorbate with E‘o’ol’ 460 my caninot reduce these
bonds and reactivate the enzyme. However, ascorbate could protect the enzyme
by keeping the SH groups reduced in an indiu-ét way, possibly by preventing the

conformational change necessary for inactivation.

It appears that, in\the pres#nce of Y

change conyiniive to the oxidation of these SH

-~

*
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N In retrospect, these SH group rearrangements might be considered to be due .
to théisomemse activity of prolylhydroxylase itsell, through its A-subuait which
could be triggered by the binding of o-KG, Fe*? and molecular oxygen to the
ciyme catalytic site in the dbsence of the substrate. Koivu and Myllyla (1986)
and Koivu et al. (1987) showed that the tetrameric prolylhydroxylase retains 5055
of the isomerase actvity of the isolated g-subunit or PDI itself. According to
Koivu and Myllyla (F986), PDI or g-subunit may be.an enzyme that is able to
retain the tetrameric prolylhyroxylase structure in its native cou'lormationL i‘n
which it h_as:maximum enzymatic activity, but it seems to lack the ability to

associate the enzyme monomers into the active tetrameric form.

4.4.4. Active Site Geometry in Collagen Hydro;iylnses :

Since the individual binding Sites for the peptide substrate, cosubstrates
(-KG and 0,), cofactg's (Fe*? and as:o’rkate) are identified in prolylhydroxylase
as discussed above, it would be‘iutereszing‘co characterize the structural features,
of the closely related enzymes like prolyl-3-hydroxylase, lysythydroxylase and the
ﬁiisrtgmtly related prol)‘;]hydroxylase from plants (Chrispeels, 1084). While prolyl-4-
hydroxylase binds specifically to both PP II and collagen, prolyl—s—h;{dmxylase
does not bind to PP II but bind; collagen. Similarly, lysylhydroxylase bigds to.
¢ollagen but.not to PP II (Kivirikko and Myllyla, 1082). On the other hand, plant
pm!_ylhydr‘:ylase binds to both PP I and collagen similar to proly‘l-4-hydroxy[ase
(Chrispeelg, 1984). These observations indicate that lhe_rﬁ m;y be differences in
the subsiratesbinding Wiss: or Sibsites, among {lhese enzymes. Kinnt (i877)
o’bserved arsimi]ar situation in the case of serine proteases which catalyze similar

reactions and hence show similar spatial arrangements of chemically important
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groups but show differences in the binding subsites for different substrates. Thus,
it appears that the further refinement of specificity within a family of enzymes

can be introduced within the realm of the active site that is common to every -

member of the family, by introducing binding subsites.

a-KG is utilized by not only prolyl-+hydrosylase, prolyl-3-hydroxylase and .

lysylhydroxylase but also by oKG debydrogenase (E.C. 1.2.42). The last

enzyme, however, differs distinctly from the collagen hydroxylasss with respect to

other ¢

- .
4nd reaction mechanism (Reed, 1974). Studies by -Majamaa: et
; . .,
al. (1985) using both aromatic and aliphatic analogues of a-KG suggest that all{—/ |

N ) y 3
_the above enzymes includiig o-KG dehydrogeénase have very similar but not * fl

identical «KG binding sites. The subtle differences appear to be again at the

subsites which, in turn, define" the varied specificity of these enzymes towards -

their cosubstrate, namely, oK G. |

<

In the light of the above observations, it appears that the active site
geometry of colligen hydroxylases might have been evolved from a commion
ancestor with slight variations in the theme. However, extensive sequence data as
well as” X-ray studies on the crystals of these enzymes are needed to provide
further insights into the evoluticn of these enzymes.

~ ) N

4.5, Conclusions o

Based on the above discussion, the speciﬁ'city of prolylhydroxylase appears-
fo be defined at two levels: :

1. The specificity of the enzyme towards the substrate is governed by the

y ~ ’ 5




By

structural dictates of the substrate-binding site, which is alrendy/_dl}ned on the
enzyme. In this case, the enzyme demands certain structural features in its

substrates for optimal binding and productive interaction.

2. On the other hand, the specificity of interaction of the cosubstrates and
cofactors with prolylhydroxylase appears to be governed by the flexibility of the
enzyme i.e. the enzyme has to ‘make the Aecessary changes 'm‘ its struct‘ure for the

.productive interaction wivth the, ligaﬁds. The subtlé -confegmational changes
‘observed upon‘v binding of «KG and FeSO4 to enzyme w.o!lldvsupport this

argument.
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Chapter 5

Spectral Characterization
of Peptide Structure

5.1. Methods of Peptide Characterization

Many methods exist that can_yield information about-the conformation, of
peptides. These include X-ray crystal]agraphLy for the solid-s’tale structure and for
solutior;»stgte conl‘q;mation, Nuclear magnetic resonance (NMR), IR, CD and
fluorescence spectroscopy. In ﬂl.ddiﬁﬂn, ;oter;tial energy culculatio;s on peptide
conformation piovides‘anothe‘r useful technique. Among these, the most definitive
is Xray diffraction. However, the drawback of,X-ray studies is that the
molecules are viewed in conformation (s) determined by the inter-- and
intra-molecular crystal lattice forces. Still, the observed conformation(s) can

always be counted among those adopted by the peptide and, in many instances,

will be closely related to confor i in"other envi,

* The solution conformation of peptides’is mainly affected by the solvent-
% g
solute interactions and hence results in conformational heterogeneity and
1 ¥
dynamics. Small linear peptides are usually flexible molecules and undergo

conformational interconversions. The amount of time the peptide spends.in each

of its conformational state‘sr and the rate of interconversions must be taken into

~
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consideration in choosing the methods of conformational analysis and in

interpreting the data (Rose et al., 1085).

CD is very sensitive to the conformation, since the arrangement of peptide

bond chromophores with respect to each other and to the asymmetric fieldsiﬂ,’h\e

molecule will vary with different conformations. CD has a very fast time'scale
(1013 sec) (Cantor and Schir;lmel, 1980). The CD bands arising from =1 and

) nr" transitions of the molecule overlap with each other to a significant extent in
the peptide chromophore region (Adler ef al., 1073 Woody, 1874; Rose et al., *
1985).  Because of this, CD spectra of peptides nsuélly show the averaged
conlorm;tion; present, in a given set of experimental conditions. ‘The main
‘information Lh‘nﬁ can be edsily obtained from the CD is the E;'esem:e or absence-of
‘the ordered structures, especially in different solvents, which makes this technique

e
very popular. . . f 5 .

Vibrational spectroscopy, especially IR, has been used as a complementary
\ technique, along with other techniques in determining‘ peptide conformations.
The amide vibrations are very sensitive'to H-bonding and therefore, have been of
particular interest in the analysis of H-bonded or non-H-bonded (free) peptide
conformations (Aubry et al., 1979; Boussard et al., 1979; Kopple et al., 1975 and
Rao et al., 1080). Like CD, IR also has a fast time scale (103 sec) and hence.one

can see IR hands for almost all species present (Rose el al., 1985).

NMR is perhaps the most useful method of peptide conformational analysis

in solution. NMR parameters give information about the chemical environments

J
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’
of nuclei (chemical shifts), geometric relationships between nuclei (coupling .

constants and nuclear Overhauser pffects), accessibility and H-bonding of amide
P

. protons (by exchajige kinetics and sensitivity of resonances to temperature and

solvents) (Jardyfzky, 1080; Rose et.al., 1985). Since NMR gives information
which is site-secific, the properties of individual residues can te studied. NMR
exhibits a tife scale of 102 to 1 sé, which is slower when compared with the
peptide_conformational intefconversigy rates (from nano to milli sec). Hence,

ra .
conformational interconversions yield averaged parameters.

Solid-state NMR methods have been recently developgd and found very

useful in obtaining peptide conformation in crystals and solidike environments

for example:in lipid bilayers (Pease et al,, 1981 Frey et al., l983) These methods
complement solution NMR and other tcchmques in providing m[ormatmn about
>
the conformation of the peptides.
&

“Conformational energy calculations also offer a means of exploring and
characterizing the conformational space available to a peptide.  This,
supplemented by model building and computer graphics will provide information

»
regarding the minimum energy conformations adopted by the peptides, which can
be checked against the spectroscopic data. B ' 1

The strategy useq in this thesis is the combined use of CD, IR and model

building for arriving at the conformations of the oligopeptides used in the

hydroxylation experiments (Chapter 6). Ideally, greater use of NMR has to be

)
made in analyzing the conformations of the peptides. However, a highfield NMR
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facility necessary Tor the analysis of oligopephde conformation is lacking on this

campus. With limited access t» the instrument at Dalbeusie University, Halifax
.

and eksewhere, it was only possible to obtain NMR data for the tripeptides like t-
Bocor N-acetyl ProGly-X, Pro-DAla-LAla and Hyp-Gly-X, 36d these were found
to be very useful in interpreting the present data on Pro-containing oligopeptides.
In spfte of this limitation, as will be shown later, the conformations arrived at by
CD, IR and model, building are quite compatible with those reported in the

literature either by X-ray or by conformational energy calculations.

' 3

=

containing, peptides will be presented 1‘nd discussed in the light of the literature

available. A gencral discussion of-the results is then provided.

5.2. The IR Spectra of Peptides

d s .
associated with the backbone amide (-CO-NH-) groups (Miyazawa, 1067). Since
the conformation of the peptide backbone is usually influenced by the polarity of

the surrounding medium, the medium also can cause changes in the characteristic

3 =
amide ies and i iti Infc ion can thus be sought regarding the

conformation of the peptide molecule in different solvents using the amide bands

as markers. - .

Theré are 9 distinct amnide bands : amide A, amide B and amide I-VIIT all of
which arise out of the different ’vibralionql motions of the bonds involved in the

amide groups (Mi‘yauwn, 1967; Rao, 1963). Amide A and B primarily originate

- In the following sections, the IR and- CD spectral features pdssible for Pro-

The IR spectra of peptides and proteins exhibit characteristic bands

L9,
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from NH stretching vibrations and appear in the region 3100-3500 em™. _ln the

amide A region i.e. 3100-3400 cm™, bands are usually observed for conformations’
. . -

involving both intrs- and inter-molecular H-bonds (Rap, 1963; Stimson et al.,
1977; Rao etal. 1980). The amide B region 3400-3500 em! exhibits bands due to
'l;ee' NH group, not involved in H-bonding. The relative intensities of these
bands are proportional to the ratios of the respective conformations present.
Under higirTesolution, the free NH stretching bang of mc:ndmy amides appears
as a doublet arising from the cis- and trans-isomers (Rao, 1963)., Since the protun-

donaling po\\ers of amides ‘are nearly equal to those of alcohols, the nm(des

usually are mvolved in'NH...OC type of H-bonding fbrmmg pseud(rcychc pephda

structures such as'the Cg, C;or C structures, The subscripts used in denoting
these C5, C; and Cyy structurés represent the number of atops involved inf a

pseudo-ring structure Bonnected by intra-molecular H-bonding. These structures

* are shown in Figure 5-1.

Several m\esll;alurs have ?sed IR extensively to sludy the conformativn of
smallpeptides and polypeptides (Debor 1974; (rlppen dud Yang, 1074; Kopple ¢
al., 1975; Venka(achalapnlhl and Balaram, l979 Ananthanam)anan and
Shyamasundar, 1981; Brahmachari et al., 1982; Rw et al., 1980, 1983; Hollosi’ tl
al., 1985). " These studies indicate that, in the amiée region, a band at 3360 m't\i'l
is indicative of the C structure (which is equivalent to the p-turn, confogmation)
which ilz\,:'olves‘u 4-> 1 (NH..OC) H-bond (Rao et\'gl., 1983; Hollosi et a A.‘1985).
A'band at $330:3310 em! is indicative of a,C, conformation, although

-
inter-molecular association can contribute to this band (to a sm;:ﬂi?*ent) as
. ] -




.

3 e \ Figure 6-1: Schematic Representation of intr larly Hejsmded
5 Gow g - -Structures in Peptides
- | N

=0C;;B=C,and C.= Cyq.strucures
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well (Rao et ul._, 1983). A band in 'tiae region 3405 3420 em™ could arise due to a
C; conformation (Avignon et al., 1969; Maxfield et al) 1079; Rao et al., 1980),

althonfh this would be difficult to be distinguished frofn the free NH vibrations. }

The. amide .group may also be eharacterized by the other amide bands I -

VIL % Tl;e irﬁid; band.Iis esselilially due to c;}bonyl stretching and appears in the.
1670-1700 cm™! region. A-band at mso-mbo cm-‘ is usually indicative of the
pepnde carhonyl in a H-bonded conformation 1ana1 and Fasmsn, 1978 Hollosi

* el al.;1985). A band dt 1710 - 1720 em’! mdmntes '.he \lrethane carbonyl group
Qot involved in H-bonding in ',l\e case o! b-Boc-protected ohgopeptldes Ester

carbonyl groups give bands nrmmd ’1740 em’l,

Tertiary imides like X-Pro bonds
show 2 strdng im_ide band between 1630 - 1670 cm", normally appearing at 1650
cm! (Doil: et al., 1975). Since the tertiary a;nide bond cannot act as a prot&n—
donor, the, presence oI’ '.lus band is also indicative o( an open, non—,H bonded

pephde -backbone. Ths_wm observed with PPI‘I and other Pro-contunmg

polypepndes (Lamev'et a i 1085). The Il‘nlde bands II and IIT appear at 1500 -

1550 em”™ xnd l°00 - 1300 cm 3 respectively, and -arise due to the N-H or C—N -
bending moglons. The nmlde ands IV - VII occur due to the bendmg and
* rotational motions of the au\}. \ appear ‘in the regmn 700'- 200 em™.. ‘The
latter bands are, however, fo\nd to be expef’ me'neally difficult to access and to
interpru due tb excessive lvent nbsorp;ion A;nd related problel:ns in these
regmns [Hollosl etal, 1985). ?\geuera} since the amide A, B and [ bands ususlly

/
give the m{ormnuog nlmut tL Hbonded and non-H-bonded structures in

s -
. peptides, they have ‘been sively used in the ch :‘

3 q_t p_g_ptlde S



confarmation. _In addition, the 1700 - 1760 e region due to ester and urethane

- carbonyl stretching is nlso;sel“nl in determining small-oligopcptide conformations.

s

Using normal yibrational analysis, Bandekar and Krimm (1986) calculated

the amide I, IMand-III band frequencies for the regular secondary structures like

the e-helix, g-sheet and also’for different types of pg-turns. The considerable

ngréemeut between the calculated and experimentally observed [requencies makes

o b v PPy . i
them useful in identifying the various types of reverss turns.

5.3. CD Sx:ectra of Pephdes

UIn peptides am{ protejps, the CD spectra in the far-UV region arise l'rom the

peptide bond that absorbs light and undergoes electronic transitions. Two such

e . * 2 ana * ™
transitions of importance are, the n - 7 Lansition and the z:- = transition (y )

(Woody, 1071) The former transition \lsun”)’ results in & CD absorption band i in~
J

the 220-230 nm _region, while the latter gives rise to CD bands l‘:u-tbér into the

lower wavelength regions extending to the v%cuum-UV CD region (up to 150 nm)

(Brahms et al., 1077; Brahmachari el al, 1979).  The interactionof different

Y i Sauci?
transitions may Tesult in the splitting of the absorptieg band, called the excitori

splitting (Bayley, 1980).  This is,usllmlly o‘bservm_'l in- periodically ordered

¢ “
structures like the a-helix. . '

As mentioned earlier, CD has been best used for monitoring the changes in

_ the ‘conformations brought about/ by dirr&rent experimental - conditjons

(Brahmachari et al,, 1932; Ananthanarayanan and Sk dar, 1981; Smith

:\nd%ease, mso) In this section” & brief review of the conformationsladopted by
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the Pro-containing peptides will be presented fogowed by the de&ripzion of the

CD spectra exhibited by ' these structu&es. These ‘are expected to serve as
¢

guidelines in interpreting the CD spectra of the/est peptides used in the presént .
. %

study. i x 1

LoD

5.3.1. Conformational Features of Pro-containing Peptides

§ It has been found that the chiroﬁtical properties of Pro-containing peptides

are heavily influénced by prolyl residue contributions (Hollosi e al., 1085). The ..

presérice of prolyl residues in a peptide chain is of considerable interest and™

importance because of the following two characteristics ‘with which they are
7 a -
associated : .
: . v o

- = i -
1. the geometrically restrictive mobility due to the presence of the

,pyrmlidin‘e ring as the #de chain (with ¢ fixed at about -60°) and

a

2. the tertiary amino (imino) group cannot participate in H-bonds that

normally stabilize the various secondary structures in globular proteins.
. . K

Therefore, Pro residues cannot be accommodated in inner a-hélix and
B-sheet structures which are @&HP“EM‘! mainly stabili‘zed by recyrring H-

* bonds. The ehelix-forming potential for Pro hes been found to be.very low'and,
in fact, it ha\been libflled 45 o helix-breaker (Chou .and Fasman, 1977)..

_However, there are two specific conformatigns in which, Pro sresidues have been

found £ be accommodated without any difficulty : (3
. 3 B . S -
& ¥ 4 4 ] .

v coa
1+ an extended, lel b-hnndedjhehx
. ¢ :

| e

‘{hlch ls/ stabnh?.nd by the ‘s‘tierejc(hemic@ “ E




restrictions offered by Pro residues_alone without being dependent on H-bond -

formation #nd ~y _

J—tum, the Toldsd, tateapaptide sequends, whish s involied in chonging

the dxrecnon of the peptide c%)m by 180°, as found’in globular proteins. . £ ¥

The above two structures are presented in Figure 52
.

kA K ) . . - i I %
; : ’ " The first of these structuires has %cen found to be“characteristic of the

Ch )
homopolytmeg of L-proline, poly(Pro) in the form I, with all rans-configufation of
the peptide bonds. Similar structures have been observed in the individual chains

o + 6f collagen and its related homo- and heteropolypeptides (Sasisekharan, -1950a;

Brown.et al., 1972; Ananthanarayanan et al., 1976). [t may be noted‘that the

extended all-trans structure of PP-II can undergo isomerization to yield the all-cis

; PP-I conformation.
Lt [ .

ﬂ-turns have been fqund to be an |mpor!zmt class of secondary structures in
g]obular prateins (Smnh and Pease, 1980; Rose et al., 1985]. A survey of the
amino a(ggl sequences found in the turn regions of many globular protelns whose
As?ructgre&_\ are kr‘m‘wn from X-ray studies clearly indicated that proline is the miost

frequently occurifg. bend residue“and it prefers the second position of the

tetrapeptide sequence (Ch’ou‘ and Fasman, 1977).' The third position &f the

- tetrapeptide sequence is found to be preferred by residucs like Gly, Asn, Asp, Ser,

Thr, Glu and Tyr (Crawford et al., 1973; Chou and Fasman, 1977) A specific
apalws of the frequencigs of oceurence of amino acid residues in Pro-cuntammg :
—retrapephde segrnents in * proteins has recently been “earried out by

Annnthanamyann’n cl al. (1984). : /




Stereo drawing of Boc-Pro,

o By -BZ molecule
" (From.Matsuzaki, 1974)

4 .

"
. . R
\ i ! “|\w‘j‘ ’ :}"

A B-turn ini Dt
with Pro in the 2nd and Gly in the 3rd
. pobition (From Brahmachari et al., 1981)

o Figure 5-2: Conformatiops of Proli ining Peptides

. " "A. Left-handed helix of polyproline-T agd >

B. Type Il f-turn with Pro in the 2nd position. ~
A x -y




Both the PP-II and g-turn conformations have been found to give distinctive

CD spectra and a vast literature is available on'the subject. g« ’

, In view of the above considerations, I have tried to analyze the CD' data of

Pro—containing peptide substTates of prolylhydroxylase in terms of these two
possible conformiations, namely PP-Il and p-turns which are likely t epsz i

ethbnum with the unordered or l‘ﬂ.l’ldol‘l’FCOl] structure @ .
& | !
5.4. CD of the Polyproline-Il Helical Conformation

The extended left-handed PP-IU hehcal structure of Pro-contammg pepndes~

. A
i + is characterized by a CD spectrum with a small posmve band near 225 nm and a
la‘ negative band around 200 nm (Zu'fany and Krimm, 1969& ,b). Most of the
studies characterizing this strhcture were carried oiit on homo- or heteropolymers, .

although in a very few cases, oligomers were.-used. The characteristic CD
= 7

spectrum of the left-handed extended helix was also observed in the charged forms
- z
"~ - 3 3 e
of poly(GTa) aiid poly(Lys) although there is no direct evidence in these cases
(Tiffany and Krimm, 1069 a,b). A ‘Similar CD spectrum was observed for collagen
and related polypeptides as.shown in the Table 5-1. In many of these peptides,
the existence of this conformation was demonstrated in the solid-state by X-ray

studies. - -
e g

. From ghe above studis it sppears that, in general, the axteided PP-II like

leﬁ,-handed helical ¢onformation is seen when Gly is followed by the Pro molety -

in heteropolymers containing thése res?dues: In other studles using oligoprolines,

similar CD spéctrq due to the. extended left-handed helical conformation’ were




&‘-ble 5-1: CD Specha] Characterist

~

of Collagen and
Related Polytriphptides

Protein/ Col ini Ref.
Peptide® in solid-state. om - "\nm
1.C1q T:r] - 230 E,oo i
2. Collagen TH. 220 08 2
3.(P-P-P), PPAT - " 228 208 3
4.(G-A-P), PP-II - - 198 ‘4
5. (G-P-A), TH 222 108 5
6.(G-S-P),  PP-T < 108 5
7.(G-P-S), TH 222 198 5
9. {G-L-P), TH - 198 ]
10. (G-P-L), - TH 220 201 [}
11. (BA-P-P), TH 230 201 - o1
12, (APP), PP-I 225 203 7
13, (G-s*¥P), Unknown - 202 8
14. (G-P-8*), %known ‘220 198 L

\TH 220 190 - 9

5. (G-F-P)”

OB}
a amino acids are indicated in ope-letter code

-~

1. Brodsky-Doyle et 4l., 1976

2. Brown el al., 1969

- 3. Ti#fany and Krimm, 19692

4. Doyle et al., 1971
1'%

i
5. Brown et al., 1072

8. Scatturin ct»al., 1975

7. Bhatnagar and Rapaka, 1076

78.‘Annntha|;nmynnan elal, 1016 )

9. Brahmachari et al., 1978.

.
TH Triple-helix; PP-II poly(Pro) II; S* Sarcosine;: BA #-Alanine.
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observed (Helbecque and Loucheus-Lefebvre, 1078). From the theoretical aad
experimental s!:udies- of Madison and l’(opple (1980) and Hollosi et al, {1985), it
wWas observed that PP-II like extended conformers also predominate in small Pro-
containiffg linear peptides in polar solvents like water or methanol, due’to the
(dominant chiral contribution of Pro re_sid‘ues (negative baud around 200 nm). In
addition, the- §isordered (random-coil).-structure’ of the pepiii‘le will also be
“ expected ‘to be present in these solvents. By contrast, folded C; or Cyy

confo. mers stabilized by H-bonds are known to prevail in these peptides in order-

. promoting organic solvents like trifluoroethanol (TFE) or dioxane (Madison and (

Kopple, 1980; Hollosi et al., 1985). Since the ordered structures wgll be in

5

equilibrium with the unordered or open conformers in any solution of a peptide.in
¢ -

a given solyent, the observed CD spectrum arises from an ave{nge of these

structures. When the solvent is changed, there will be a redistribution of P

: C‘ﬁi)formers which iwill be expressed by a different kind of spectrum. '

5.5. CD Spectra of 8-Turns ~

Venkatachalam (1968) carried out a detailed cx:ﬁformational analysis of the

tripeptide sequences that can form g-turn structures and classified them into 3

types of p-turn’structures I, I and II. Later studies by Lewis et al. (1973) further
defined a:lditionh‘ types of pturns. However, Woody (1974) was the first to
calculate the theoretical €D curves for the vafious typesfof ,Hurns‘by cnmp}ltingr»

sthe n -« dnd 7 - 7 rolational strengths for tripeptides in these conformations.

Four classes of CD spectra were proposed for the different types of g-turns

(Woody, 1074). Table 52 shows these classes of spectra along With the criteria”

for the classifiéation. .~ . - S .
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Scheme for Calculated CD Spectra

o  Table5-2: Cl :
Class * Extrema
5 Sign) | Wavelength Range, nm
A - 210-220
e e *195-200
- <190
B - >220
+ 200-210 -
- . <10
- 200-210
+ 180°105
- L >225
+ 210-220
- 190-200
+ <190
After Woody, 1974. ] -
h ~
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According to Woody (1874), the most common CD spectrum by far is the
b
class B spectrum. “Almost all variants of type I, about 80% of .type Il and about
)
65% of type I g-turns give CD spectra of the class B pattern. Class B spectra

are characterized by a minimum in the région of 220-230 nm and a maximum in
: \

200-210 nm region followed by another minimum shetow 190 nm. A minor ..

propomon of type IT and iype Il 5-turns (about 20%) gives rise to class C spectra

which'are similar to those of the nght—handed a(hehx with two negative bands

" around 220 nm and 205 nm and a positive band around 190 nm. The mirror

itnage of this spectrum, class C' is expected to give positive CD bands around 220
and 205 'nm and a negative band below 180 pm resulting in an:ihverted a-helix
pattetn. The mirror image of trpe Il p-tura (iype I p-turn) can be associated
with class C spectra while class C' spectra can be exhibited by type Il f-turns and

athers like type 13 g-turn (in Venkatachalam's notation) (Smnh and Pease, 198&)
~

Class A spectm are exhibited by about 15% of type I g-turns which are
very similar to' class B spectra except that the extrema are blue-shifted by about
510 om in class A. Class D spectra are characterized by a positive‘baud between

190 - 200 nm and another positive band below 190 nm. This kind of spectrum is

" most likely to occur in open g-turns (i.e. f-turn without the 4 --> 1 H-bond).

" Although this classification scheme can offer guidelines for characterizing
different types of f-turns, the predominange of class B spectra makes it difficult to
8o paricilae A6 61, U010 /4 TEiVen DAPUIYE Bi56d o CD Slois;WttiBHY _
the supportmf evidence from studies using other physical techniques llke IR,

NMR and/or X-ray g investigators utjlized tire




ahove-m-nuoned techniques in addition to CD in charattenzmg the different

types of ﬂ-turns, thus making available relerence spectra’l‘or various g-turns.

+ Kowai and Fasman,. 41078) have observed Class B spectra, in
€BZ-Gly-Ser-(OBu')-Ser-Gly-O-stearyl ester with a type I g-turn and' Crisma ef -

al. (1984) in Piv-Pro-Val-NHCHy, with a type 1 (II) pturn. Type I fturn

5 A
.‘exhibiting a class C spectrum has been reported in cyclo(Gly-Pro—Ala)z.

Somewhat similar spectra have been obtained for type I g-turns in Z-Aib-Ala-Aib-
: A
Pro-OMe (Crisma et al., 1984) and cyclo(Ala-Ala-e-aminocaproyl) (Bandekar et «

al., 1082)."

In addition to the Pro-containing cyclic and polypeptides,. many linear

oligopeptides have been shown to exhibit class B spectra due to type II p-turns.

Using vacuum-CD, which enables one to' record specira .into much lower

wavelength regions (165 nm), Brahmachari et al. (1979) rgported a class B

spectrum in N-acetyl-Pro-Gly-Leu-OH and it_‘vas attributed to the presence of . .
type I p-turn. In a homologous series of tripeptides with the.sequence N-acetyl-

: Pro-Gly-X-OH (where X = Gly, Ala, Val, Leu, Ile and Phe), Aﬁantha)arayanan

and coworkers (Brahmachari etlal., 1982) reported typeJI -turns which displayed
class B lbectra, Among these, N-acety]-Pro-GLv-::\e&)H was demonstrated to
adopt type Il p-turn in the solid-sfate by X-ray diffraction (Brahmachari et al.,
1981).” . ' =

4

Class C spectra have been predicted by Woody (1674) for peptides

containing the L-D amino acid sequences. However, it was observed th}t both

r




: e
$ colmentrat)on range Rao et al. (IDSO) nsed a pepnde concenhatmn\n[ 5x 10 M

in the\r [R studles and reported o mter mnleculxir uggregatmn at thls

¥ g B coneen!rauon For GD studles the ude salunons were prepared at. the

10°% M)

n or 1% mg/ml (2-

‘ancep@r ) A wideér concentmhon range could i

: to. eeghnlcal ch[f)c i Thé CD specua or Lhe peptldes we

" not be used .d

iR those r[ﬂpo tod' b .others n
hel‘cmatmnal mﬁly

oA
the l?ght of the inf

@ nt‘gnés u_sing these an



" [Boc-PPG-NHGH,
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Summfy of CD Parameters fo:)i’ro-conm
Tetra- and Pentapephdes :

Dmxane

2. Bcc-kPGE}NH
£ B 600
Dlpxane o 878 -lO,'!80-‘

3: BoPPGPP-OH - -
TFE. .-

- Water % !
- Diokane

! Boc-PPQE OMe
> TFE
. 7Witer
Dioxane

ressed il deg.cxi\ﬁm‘pl‘ ‘)




tmny, -l 530, deg cmgdmol") and a deeper band urmmd 190 n [mean el

2dmo\ 1), The solvent depeudence o( che CD’ :

m?




o-Gly-VaLOH (1) and -
OH (2) -~ -




to thcse of e-Boc-Pm.cly.Leu-OH .‘deunbed shave:

The prawce of class B spectr in TFE mdlclm the pmw_nce al mher type

'\l/or Lype Il p-tunu Elrhe‘y stud:s ‘on N Apetyl-FroGly Leu-OH by vaumm-UV

D demonstr: d ‘the presence of a type I g-turn in this pepmle (Bmhmulnn :l

al., 1979).‘ fact, the TFE spectrum of: N Acetyl Pro-Gly-Lel; OH at -40 °C l\:d

Based on the_abové studi theCD speclnl features of t-Boc Pro-Gly-Len—

OH md t- Boc-Pro-Gly VAI-OH can be ascnbed to the praence ofa O.ype [[ a-tum 1
Mou detuled CD u;q IR studies were carried out nn tetn- )nﬂ .

tlm were C bstrate (Chnpur 5). Thm ;




0 conl’ormefs mdlcnted by the R data 01 the: mpephde i NH and CO stretchmg

reg;ons. (here(ore, “can. be, vist hzed a.s 2 Cm st,runtuxe '%?h "0 conformer i

would form a H-bo

5ecwe_en Pro! -Co andEHN of glycyl meth: lﬁm‘de =31

% a posmve band at 198 nm are seen; Xn water, however, there ‘are two negatxve










As nnsed enrlm in section tra ‘observed in TFE lnd d)oxnne

are” ty]mnl ol class B spectn pven \mully hy mhgr type l or type o M\mu

(Woody. 1074) The dioxane spectmm of tl\e pepndealso indicates the pomblhty

> 1 intramolgeulart Hbonded '.{m et al, 1973; M:dlson

B m(f?:chellmu, 1970 s.b) In nqueons medmm however, the szmng negluve bmd - -

i seen at 190 nm mdmtu the predomm:nce of an ‘extended (PP 314 lxk:) conformr.

relatwe bo the. folded conformn which: is repraen!ed by the shu.llow neglhve %

rough around 225 nm' Accordlng ta MIdlSDII lnd l@pple (1930) and Holloel ¢I

pephdes, resu]tmg in the'

150° i

80" nnd Yy =

g AT Ba;ed on the |bove nrgnmenls the :peclnl behavwnr of MPPGNH

can .‘:7‘/ ‘,, d by 3 6 1 equilibri between a PP 314 hdz
- ex hded structure vuth a negnnve cD band unund 200 nm an%the fturn’ (4‘ 3

> 1 H- bonded' stmcturq\xhlbmng 2 negative bmd between 220-230 nm. Thl

‘séems to be al

since other i i have shown by

j,. T 'andu

s&udles thut Pro—Pro sequences adnpt sn

. extended open :onformntlon ie. thelr é and ¢ vnlues are cldse to those of the PP-

jl] struct\nre (Benedem et al‘ 1983 Anbry el al., 1085) On- he othe hand Prc»

Gly sequerice n.dopu a "ben" structure (Tannkl et al 1977) Moreo\ er ProGly

= sequence is umon; Lhose'found most- onen in: p-tln‘ns (Lew eL al,

Ananthnnarayanan et al.; IOM) 'I‘he pmblblhty of p-tum formnt‘on for the Pro- f




The most suppbrtmg evndence for. this structure can be obtamed from X-ray
stud:es on. the almoét identical mpepude, tBomProPro—Gly-NH carrled out by

‘anaka et al., (1979) These studxes cIeuIy demonstmted the presence af two,

(/el! det‘med conl‘ormatmns, p extended PP-II structure at the N termmnl halr (t=-

Eoc-Pro.-Pro— segment) of the molecule and a p-turn at the C- termmal half, the/C-

= termma] amide group acting as a, H.donbr to.the CO'group o[ Prol. ‘The p—turu

!/msucally represented as shown in anure ~66

The crystal structure Df S

s a.lso presented in Flgure 5‘7 I'or companson

Y5a% b—Boc-Pro—Pro—Gly~Pro—OH A e T by

Tt( tetmpephde was s/elected to study the elTect on the conformatlon “of







* Fiom Tanska ef l, 1976,







o

A partly resolved broad band wnh a major sKouIder at 1680 (3

+

. cannut be a H donor, a regular Cm st'mcture wnh 4 —-> 1 H bondmg may nat be .

posslble The mtra—mo]ecular H:| bondm“g dlcated by the IR dnm vmnld suggest 7

- thh two. munma, one at 206 nm and- another et 204 Am.. The molxr elhptmty at 4

CO wbrauons of the termmal COOH grou The co stretchmg regmn shows a o

11\kdmlnor one -
at 1660 cm . The presence of a 1870~I§0 em’ i‘ carbonyl strezchmg band

suggests _the involvement of Lhe peptide bond KH -bonding. (Hollosl e; al., 19$5)
’I‘he 1760 cm" band is due to the CO vxbrahon of ‘the termmai COOH group
The 16§0 cm'l shouldler’can be ascribed to’ the carbonyl snet:hmg vlbratlons of
terlmry |m|de gro\lps of prolyl resldlles in- an extended form as. was observed

ear]ler by Lazarev et al..(1985) for PP- 1]. (Isemura et al., 1968) and othcr PPH

related polype bldes (Bmhmschan €t al.,*1978;. Doy]c et al 1975) and for Pro—

contammg lineat. zetragepudes (Hollosx et.al.,

85).”* —

Becup e ,the xm no group ol‘ Pro resldue fallowmg tbe ProGly sequence

(1974) observed two frequenmes am 3400 cm and 3300 cm‘1 for ‘N-; acetyl Ala--

y in whlch they prop: sed n.slmxlar C

anmng 10w to the CD dsla, the CD spectra of Boc PPGP OH i m TFE, g

water and dloxa.ne are shown in’ Fxgure 5—9 In TFE the spectrum duplays a

shallow negahve shau)der around 230 nm-and a strong negahve band around }88

nm In water, the’ spectrum shows a posmve band aru\md 228 nm and strong

negatwe bund at 196 am. In dwxnne, the speetmm resembles 8 class C speczmm







A

¥ ‘204 nmis Iound to be more thﬂn thal at. 226 nm., The solvent dependence of the

spectm mdlcate the

" The TFE spectruin of Boc~PPGP OH is very imilar to that observed in the '

“Case of CBZ Gly Pro-Leu Gly~Ost and CBZ Gly‘Pro-Glu(OButyl) GIy-Ost (Sc‘gﬁ(

" stenryl) in, acetoritrile by Hollos et al. (1683Y as shown'in Figire 5-10." These .

spectra have been mbﬁl\med to )ae due to atonrormatmna] equlhbnum between

a PP—H hke extended struct\lre and & H bonded type l ﬁ-tnrn\ The neg: uve band

. around- 200 nm and shallnw negmve shoulder at920 nm were asslgned to PP-] !]

3 and p-turn, respechvely jn Boc«P‘PGP OHQ:e Qm 198 im band ﬂlggesl.s a i

Schel]mann o7 ‘Cann a aI ma) ind. alio’ if cyclo(Pro—Gly) by Madxson
3.

(1974) Thls structure kontams a3 --> 1 mtrs.-molecular H 'nd In the present %




i iﬂéthadb!

conce‘nhaw\?n = 9,36 mg/ml.

, From HoHBsi et




) Boc-PP'G‘-N‘HCHv’ ;

Hence, a slmllar conrnrma.txon can be attnbuled £o the

q-hlm whlch is stnb zed by an mm molecnlnr@ > 1 Hhond be!.ween CO of

/ \ Pm an HN of Gly resxdues The pmpon.lons of the consmnent structures, iz,

e

PP 1. and -,-turn, vary with the uature o{ the so/vent Al @\\\‘
s

t—Bo:-Pro—Pro-G

-Pro-NBCH ~

This pepude is homologous to the tetrnpepude dlscussed in tbe prev:ous

sechon and cont ns an nddlhonal pept\de bond (be&ween Pro-ind N-methyl o

. amnde) af.‘the C-termmus The elrect of thw elonguuon u the (‘rte;mmus IS‘

exammed in thxs section i m terms of the spectr;l data ; "

[ .and CO strelchmg reglons Zof the IR : ‘s))eétr‘um' of

Boc-Pm—Pro—Gly Pro-NHCH are shown i m Flgure ‘5-11 As seen’ from t‘he ffgllre,







. c,s isructires are posslble but ot hkcl)‘ by

compari >

& G, structure.
W)ngthe't}'{ and' tetrapephde analogues One can also see the

* absené‘e‘.af 1760 c‘m‘"l b; d, charactensuc of the” Qeryllnal COOH_gmup §1nce it-is: St

" blacked in this case: * v, . s -
o :

The CD spectra_ of.‘Bop-PP,GP-NHCHs in. TFE, dioxane. and water are »°

*“shown in Figq; The»speétrlim in Ti“E shows a strong ne‘gativer bam‘i,

heeu + carried. “out.

Wacetyl Pro-Gly-NHCH '.o evuluate its: pctenhal for “the, fcrmahon -of ﬁ-turns

) (Lee et al 1084a) It was shown that there was, a'lugh p-turn potentml for thet‘

¢ dlpeptide, mz 072 w)uch mcreased l'urche ; 086 [or the - pentapephdé

as. attnbuted to ‘the stabil

y (N-agetyl PPGP N}’C,Hs!-, Thls_mcresse

b-txin:l by nonc'ovalenl' interactions involvmg the ‘first and last J’rd"residues

»Incldentally, it. is“to be menhoned that both the f:rst and: the fourth Pro resldues'

are reported m the sw:alled "F' sme whxch fn.vours v.he PP -1 hke ext,ended,-

structure,

e’ s!.ru_cture of N-acety]-PF_GP-NHCB‘ arrived at by Lee et al. :






195

(1084a), hown in Flgure 5 13; can be regarded as bavmg an 'open' ﬂ-tm’n 2

3 structure' n ‘addition’ t6, the PP-II stmctum at the N’termmal N-; acecyl -Pro-Pro

‘ d P ¢
. segment. 3 pi

More re, enbly, based on the conformmonal ehergﬁalc\llauom Bans: ZI ‘and’

¢ Ananthﬂnarayunan (1987) have mdmted c]early that’ this open' £t / is, m

ed by a. Tturn mvolvmg lhe'?m CO and Gly3 NH groups. /This is in

agreement with che fmdlngs of: Paul and Ramaknshmn (1985) who e/tnmmed the " 'N:

4->1 type H~bbndmg These two lypes c{ H- bonds were ronud to occur -

R m g:lfurcs,ted form as” shawn in Figure 5~l4' This kind of H- bondmg scheme :
A seems ',o be possxble also in Boc “PPGP: NHCHs and the consensus sﬁuctye t‘or: '

this, compound as denved fmm the expenmental da'.a ‘and the above theore! cal

cnnsxderatwns is shown in F\gure 515 " T ¥ s e ‘6.

t- Boc-Pro—Pro-Ala-Pro—OH, t—Boc-Pro-Panln—Pro—OMg and

Rl t—Boc—Pro-Pro—Gly—ProLPro—OH

‘.These pephdes were studled ‘n.vlew of the I‘ollcwmg conslderahons

l The former two peptxdes permlt to examme the" eﬂ‘ect o! mtroducmg a
.

Slde dmm che thxrd i.e. (:+2)nd residue on the Iurmatmn of ;Hnrn, whlle the )

sludy of !he pentspepclde is expected to give ml‘ormanon nbuut the " effect of
LA

%auon of the cetrapephde by another Pro res)dne on lts




" Minimum Energy Conformation of

From Lée'! al., 10842

N- "ceiyl;Pro-?ro:Glyil_’.rdrNHCH
pew'ie ; ;




Fig\érev 5- 141 Bif

‘From Paul and Rars krishnan, 1985. - . oA

.

Possible Strutture of t-Boc-Pro-Pro-Gly-Prt-NHCHy




(1976) und; Pro-nch uhvyy pxote\ns lBennlck 1075) Pro-A]l and rv-GIn

/ .
' sequenccs are found.\ It is of importance to know v:hetller such sequencu are’:
I ” r:cogl'ul!i‘l by: prvlylh%droxylase spetully in the case of th whéxe Hyp«u ;bo 8
“ " found., ¢ : . I' / .
1 The NH and .C.O regions in thb R spectrum of vHe:LPmPrd-Gly-Pro-i’lm oo

-OH (Bod—PrGPP OH) are shown in F|gure 5-10, 7he NH reg:on ex\nbﬁ:! two :

bands, one_at 3400 eni! and mother at- 3300 cm'l whose’ relahve mtensmu- .

£ mdxcate the predommnnca of non-H bonded or open ccnrormers The NHhregxon

“OH mdlcate th:

the other’ hand, the' NH streuhi‘ng regwﬂ of G-Boc-Pro-Pro-Gln-Pro-OMe (Boc*v
PPQP -OMe) (shown m F|gu<re 5-18) exlublb'_l blnd.s the 3380 em™™ Innd is d\le

to_the free slde chun pnmary amide of G]n nsldne “The- 3400 <:m'l band i is-

A 5 " ascr" nhle to free N'H ol the peptide- -amides not lnvolnd in: H—bondmg The 3320

'icm and 3180 1 bnnds are due w H bbnded nmlde NH frequenu The relluu

- mtenslhu of Ir ¢
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péptide backbone is the extended,.op‘e—n form.. ‘However, the Qmmel: shéulqer at

1680 em™! coupled -with “the smaller band with 3300 em! represgnts ninﬁpor vy

fraction of the that ‘can. be stabilized by intra-molecular H-bonding.”

As discussed eatlier in the case of Boc-PPGP-OH, the H-

nded. conformation ;s
‘may be & T, structure between the CO of Prol and HN l‘Gl\!"T\rsi"duu. -

contrast to .ghe above pepti;‘le, the CO stretching region of PAP-Ol;l shows a
i broa/d~ partly resolved huu:l biﬁlrcated at lbsb.and 16! l:ml (F:g\lre 5-11)

i mdmhng the presenu of both open and H-! bonded cunl’or oFs. Iu & very sumlnr

donor, unlike: N

group ofJ_ the Alu-Pro&bond Caagt ol I
et]

lePro-Pro-Aln-NHCH where the NH of Ala ’ hyluhi;'le' is involved in "~

mlrs—molecnlsr H—bundmg.- z Th‘e‘r;e[ni:,‘v the observe intm-mole'qufluilil;blnniing is.

. Jikely to'be between the CO of Pfo’ and NH of. Ala®} forming a.C, structure.
£ £ e ;
The CO stretching region 31 -PPQP-OMe (Fignre S-ls) hds a well- *
xesolved band ‘at 1140 em! ‘due to lhe emr carbonyl stnuhlng There are two

" partly tesolved bnnds at. 1680 er” and 1845 cm” Whlch indicate the | pxmnca ol’ N

both H unded s well as extendud couformlhons of lhe peptlde bond as m the .

" case of Boe-PPGP- -OH and Boc~PPAP OH. « Henée, s c., conformation in

ethbnum wnh an nxtended PPH conformnuon can’ be v1s|mhzed for “this -

peptlde also ie







- and water. In the TFE two mlmma are Lbsewed a shallow one at 230 pim and a

strong band at 196 nm ln dmxane, a shal]ow negahve band around 230 nm a.nd'

i stronger negatlve bxnd am\md 200 nm are seen. . In water a st 'ng posmve 5

maxlmum is seen at 224 nm whlle the minimum is still seen. nt 196.nm: Jf may be.

" nofed that the CD spectra of this pephde in the three solven'.s Jare d\stmctly
. dlﬂ‘erent from each other, as observed in all other pephdes mdlcatmg the sq) ent ©

. dependence of conformahonal states The presenee of a shauow negahve tr gh.. -

+ around'%o nm in’ -TFE whlch bucomes much strongenn dxoxane is mdlcahve of

an mtra-molecularly H bonded 7 nrn (Madlson and Kopple, 1650)

to see t}m- Boc-PPGPP-OH wnth fpur Pro resldues exhlb\ts the PP-

;soluhon the spectrum is dommated by the chmﬂ cuntnbuuon dr “imino pepude‘ 3

N

groups. resulhng n\ a strong posltxve band around 224 am nnd

mtense b

0t 196 nm, char rizing the spectrum ol‘ PP 1 (‘Tnm.\ny and Knmm, i

F l‘%ﬂ a,b) From Lhe)r studles on Pm—contammg pepudes, Hollosx et al. (1985)

concluaed that the presunce of e\ en one Pro resldne in‘a tetrapepude

can 3 mﬂuence tl\e "‘ of the pepnde, ravounng PPR-] II like'
LEY. ;

extended conformers espeual]y in aqucous med\um Therefore it is, not s rpnsmg

»hke

extended helix ‘ds, the predommant conformauon in an aquéolls medlum Because

2 (hxs

vohserved even in JH- bond favounng solvent 5

.. oof th)s, the conmbuhon of imino grours [as msmfested by the re]ahve strength 6]‘ P, ™

tbe negmve baud around 200 nm- (typ\cal o[ PP H structnre) when compued to

the. shallow hough around 224 ‘nm (cha.ractenzmg Hbonded specles)] can be

The R data a]so seem w support_ "




205

vdio‘(dne‘ar‘e prefented in Pl/ure 5-20 "aind ‘Figure-s 21, respectively Both of ehése

peptldes seem w»gwe spectra ‘whichi are quamuuve]rslmllar to csch other and

; N > ; 7 ’a]so slmllar to. those ol Boc-PPGP OH and Boc-PPGPP OH However, the band

'posmons and, mtens:hes seem w be sllght\y different in each case, -

In‘ TFE, Boc- -OH. exhlbns a shallow negahve shoulder around ‘230 nm - -
[ dnda vee}"deep nf e bnnd around 200 nm.. - This speczrum is very slmllar tu »
that of Boc-P@P OH and can be mterprezed inan annlogaus manner. The TFE

spectrum o\‘ Boc PPQP -OMe also shows a shal]ow negenve tmugh around 232 nm

-and 2 stmng negatwe band 2

nd 202 nm The negnhv bsnds arouna 200 nm

“inkr: molecular H bonded conformatlon In wal:er both compound xhlblt strong

] egnhve bands eround 200 am and promlnent p sitive h:mds ‘at; 226’ nm whnch Kh

. _‘support the predommance of FP )i structure m an aqueous ‘medium. . In dxbxané" o
T two negatlve bunds are seen at 230 nm and 208 nrn m the case of Boc-PPAP OH
i -and ntﬁnm and 206 nm in’ the Gln colmterpart These spectm also mdlcnte a

conlurmahonal equlhbrmﬁkbetween two. structures, L8l possnble 3 ->' 1'

‘l1tm—mc&cularly Hbonded conformauon and ra.n extended PP-H like"

4

IR dne di cussed above also suggest the posslbxmy of: Gy :

slructures nnd extended stmct




(6] deg'crfimot X 162
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29 0 o o Flgure 5-20: ¢ CD Spectm of ! ch Pm—Pro—A.l Pro-OH

: P
’Spectra in water (A), in TFE (B) and in dmxanc (C)

'conceutxauon =9 mg/ml cell size 0,01 cm. 1l
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) Fignre 5 21: CD Speclu of t:| Boc—Pro—Pro—GIn-Pro-OCH
Speclra in watgr (A), in TFE (B) and in dmxane (C),

mg/ml; cell’ sl(ze 0.01 e




md.lcatmg slmllu- conformmmul reums when oompued to mh olher :nd.l.o
o Boc-PPGP OH. Thu mdncatu that at le-.st in some cuu, Gly can be uph:!d by
ell‘.her A]A or Gln without d.r-tlc chmgu in the stmctnre of the tetnpepnde Z

sequ‘encs The pennpepude Boc-PPGPP- OH also exhibited &ennally the. u.me h

' . confor_mi‘ﬂond I‘elturq. however, due to tlxe,rehllva ;bundnnce ol' Pro_residues .. :

o " 'in this peptide, the minant: conf

d '.oJ).e an nf)eﬁ», non-‘}[%’

similar,to the PP-IL left-handed helical: ~.

,bonded, extended stmctule very

= e conl’urmauon 5

L al,, 1974n b)- Then usé here nllowed to examm the eﬂ‘ecl oI mtroducmg resnluu

4 other- than Pro on elther snde of the Pro,Gly sequence

e o n ¢ \ )

v The IR spectrl showing the NH and CO stretchmg regwns of b-Boc—Vll-Pxo- .8
s Gl Val-OH (Boc- VPGV -OH), and b-Boc—Gly ValPro-Gly: -Val-OH. (Boe-GVPGV- Sl

OH) are shown in Flg\lrs 5-22 a.nd 5-23; rupectlvely_
4;

o

gk The-NH szreuhing region of Boe-V'PG\'I‘OH displays tv'no major bands, one. -

_at- 3440 ¢:m'l dne to !ree NH vnhntmns and a bxgger one at 3340 cm“

. representm{ the NH groups mvolved m Hbonding The relnwe mtenmtiu

indicata_the predo i ce of - Hbunded formers. Boc-GVPGVOH Talso,

nr I‘enturea, thé !ree N'H vnbruhons uppear at 3420 e “as ‘a small

shoulder hlle lhe blgger 3340 ¢m™! lsand s due to tln muor mtra;-molecularly H--

5 : s bonded conl‘ormers. Ig= zhe u.rbonyl stntchmg regmn, the small shoulder lt

A -
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Figure 5-22: IR Spectra of t-Boe-Va-Pro-Gly-ValOH in, CHCl,
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* Figure 6-23: IR Spectra of -Boc'Gly-Val:Pro-Gly-Val-OH in CH;




ue to the ureﬁmne carbonyl ot, mvolved in th(H bondmg

The major band ls ‘at 1685 cm in the case of- Bcc VPGV OH‘ whlle it is at 1870 -

Lin the cfe ol’ Boc-GVPGV OH md\catmg. in both usses, the mvolvement of

the pepndr backbone in_the intra-m olecul 1) Hbqnded G i The

band posmons o[ ‘NH and CO stretchmg regions suggest 4 -—> AA-type

mtra‘molecnlar H-bonded nonformers or Cy, st !{res The'’ small 1630 cm’1

silder in both cases indisqte the pBable presence of a very “minor fractmn of

- lecul&rlyHbonded species. : T N e B e, N8R

The CD- spectra of Boc-V'PGV OH ‘and Boc-GV'PGV OH in TFE and water

are s| own in_Figire 5- 4 and Fxgure 5- 25. respectlvefr Both the 'pepudes ex lblt, '

; very slmllnr CD spectml l'eatures i the similari of lhelr

In TFE the CD spectra of ’both the compounds dre charactensnc clsss B spectra .

‘(Wuody, 1974) wnt a el dehned midimum around 224’nm and a mmumum near

200 am: However, the magnitudes of these axtremx in the case of Boc- VPGV OH -
’ nre shght.ly hngher indicating mioré ordered slmcture in this peptide. Class B~

spectra are known to-be assoclated either with type I .or type )i p—turns Th‘e.\'

pephde speetra i TFE m‘quahmwdy very, sumla,r c‘c_. tl\ose of

cyclo(VaI I'?m{%Iy-(fly)3 5 and . HCO-| (Val -Pro-Gly- Gly) VL[ OC_ and

Aquanmanvely mterm diate "to both ol' them " (Urry et al., 1974&) . Bas

extensxve N'MR studxes 'these peptldes hz.ve been l‘ound to con(am a t.ype I p-turn:
. 'w.ch ad > 1i [ molecu]sr Hebond between COof Val‘ and NH of Glyﬁrm' T i,

zlul 197«;) ) R ’ o g

" “In water, the spectrum was dominated by two hegative bands, one around "




—inTFE .
- ll'\thy"
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s em’
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. 7 Figure:24:  CD'Spectrs of t-Bo¢-ValPro-Giy-Val-OH, -




=1,
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- Figuge 5:28:CD Spectra of tBoc-Gly:VakPro-Gly-Val-OH




224' i tollowed by a stronger rregati;e‘ band nro:i'r'rd 160.0m._
prsehce ol two con!onnels m aqglhhnnm wnh qlch other 'l'he pronounced

is-indicates eile i

shallom 4rough around 225 nm suggests that the I‘olded H bonded conformltlon .
has not been completely disrupted in Lhe aqueous medmm mdlcatmg the strength

< of ml.rn-moleculu :8 bond “The stronger n:gahve band around {Ejm mdrcns

the pruence of erlher the unordered structure md/or an extended conl'urmatron
Unhke the case of earlier pepndu the nature of the extended ccnrrmauon in

these pephds seems to be rather \lnclear from their CD spectra.

cray * studies by “Yagh et

Hfthe t/-Bac -Val-Prc

ment:| followzd B

by:a type! H ﬂ-tnm in the Pro—Gly segmenb of the molec le. The' slmﬂar peptlde,

(o N
B\'Sg-Val Pro ly-Vxl-Gly-OH hu been found 40 hke up an extended' T wid
cunformatlo in the solid stnte, nlthoug'h saluhon studus clearly suumd a. type ; 'U i

o ’p-l rn exktmg in the molecule (Aya'-o et dL, 1030 and 1981 Urry"'f:ﬁl 1983)

Thls suggsh ﬁle posslble mterconvelsmn ol Iolded 'md extended :trnetnres.

\ﬁlthm the same peptide dependmg upor the ennmnmenl Yagr e! al. (1083) have 2

.\ = Ko\md that the extend:d structure in thxs case is sllmln to that o.f the anhpaullel

‘e

\,
NE

ectul behnkur o! i3

B v.rarvi hke structure Based on zhse arguments, the C







- Figure 6:27i Crystal Structire of 4-Boc:Val-Pro-Gly-Val-OH.




Sumiﬁayy lg.'i}i Diucussi';ixi

,,Agen‘e,ral‘exi,n‘ﬂna’tion ‘of these results’i,ndicnte that:

3 /
27 . L. Pro-contais mg peptldes are capable Qf ex\stmg ih an equlllbrlum mixture:’

of mumple conformanons, namMy, p-turn, PB-I snd. unordered sructures ind

. o ¢ |
2.The nature of the solvent determines the difl‘er»nt praportions of;ach of P

i o . i
N “these conformatiops. In the organic solvent. TFE, the folded, intra—molecu]arly Itﬂ —

bouded pturn can{c;rx;nation"is expresed-mi on the other hand in the nqueaus .

medmm, t}xe extended conrormatlon of, PP-II becomes predommant. Thus,‘ a

glven pepule wallld have larger pxopornous of the B-turn and smaller amo\mts oT

PP I in TFE wlu]e in‘water the reverse would be !he case. | 9 S

~HOWe\cer, in ndditiun to these, the conf;rmatibnal population niay include

unordexed con{orma.tmns s well in’ »ethbnum thh the ordered structures

Therel‘cre, xt wollld be mtereshng to kiiow the relahve contnbunons of: ench of

; these con[ermeﬁ at equllxbnum in a gwen sulvent Au analysls to thls effect is .

d'in’ ‘the A P ‘7 L A bief. di ion:ab t ghe,results of thm‘analys‘m

is ‘given bé]q;av.~

W Determm tion of Proportlons of Secondury Str\letures—ﬁ-om CD:

Ay Spectra, ol'Peptldes. ¢ N A, 2

The analysu was’ cnmed nut by cumpanng the expenmental CD spectrum

of’a glven pepnde in n” iven solvent with the eomputed spectra for vanous

mlxtures of the PP I, 5-tum and raudom coilt stmctures 15 'showi i in Flgure A >

“to. A-9. vln_ addx!;on to ghe ‘ovgrn]l fig of the’ expenmeA @a] ,speclrum with that of




- The results of thxs ana(ysls are presented in Table 5-

is' mot s\\rpnsnig to se

vananons ot one or more conformatwns at e;ch tlme,,

that the expenmental spectrn did not always match exnctly with" the com uted

spectra. Iu those mstnnces, ‘an lnhennedmte position between two compuud .

spectra wns tentatrvely assrgned to the expenmental spectrum to obtam tha

percentages of the d\l‘ferenb conformers (I'p, fPP I und_» ,c] Mter this. initia] coarse

curve-numg, i nevtunmg wa.s cuned olit in order to obtam hetter curve-frttrng <



. "' Table 6:8: ~Cnformational Analysis of
- ... Pro-containing Peptides

Peptide 2 - Conformation "+ Conformation - *
. : 4 | in TEE ** ) in water

g T fre 7 itpppi By

_ 1Boc-PPGNHCH, L 70:0:30 )
“2BoePPGPOH . . . ° 45055 . 35:45:20
3Boc-PPGPNHCH O oavono " 40:40:90

4BocPPGPP-OH - ™ - | . 502525

. 5Boe-PPAP-OH . . i 40:0040

- '6,Boc-PPQP-OMe. =

o T—-
poor fit between the

experimiental and the computed spectra”




‘\_. .

/ 5.7.2. Dlscuulon: f'the Results l'rum CD Dats A.nnlyslu

Conform.tlon-l Annlyslu ol‘ (1='rn-P|-o'Gly)s

The expenmentnl and computed spectrn for this standard pephde substrs.te

ai e-presented in anures A 25 and A- 26 The analysls mdmates s.bout 35% p—turn, =

25% PP-I and 40% mndom cail structure presenc in aqueous mednum In TFE *

»about 0% g;turn 2% PPAL and 0% random-coiStrictures vere indicated

i The analysis thus mdlcat& zha,t m the st:mdard substrate of prolylhydroxylase,

roldad p-turn and extended PP 1I- hke conformauons are present. in eqm

PP 314 structure bemg mslgmhcant [seu Fxgures Al in Al 15] or. these pephdes,

It Boc Pro«Pro—Gly-NHCH (Boc PPG NHCHG) has. the hlghest ’p opomon of

B-turn.. confcrmahon [70%) On gomg from TFE to aqueous medlum, although i

there seemed to ‘be. a denmte shift in | the conformatmnal equlllbnu % the X o

Boc PPG—NHCH spe;&:um in aqueous miedium ¢could: notbe mulchcd well thh

TR ‘any of the mmputed spectra within ' reasonable’ (< 10%) standnrd de nhun

Datn ‘on_this and sumlar cases were therel’ore consniered to be not very useruL

= >lu’ the scases of ‘B ¢PPGEP-OH. qnijoc—EPGP-N}‘iCHG,»vwhid: gxhnb;t




St

posmve CD band arcund 225 nm (m Aqueom medlum), unly ‘the valuef a.t thls 5

wavelength regwn could be matched well. The vnlues at the lower wavelength

negnhve band are qmte dlfferent probnbly d\le to the.very pronounced el'l‘ect of

chain-length on this band as dlscussed |u the Appendlx The values sﬁown for

fPP 1 in these two pepudes were thererore, ohtamed from the analysis of tl;_e 225

nm band only A\

5.7.2. a Conformntlonll Analysis of, Boc-PPGP-P OH Boc-PPAP-OH
2 uld Boc-PPQP-OMe .

The expenmental»md cumputed spectra of these pepudes ate shown: in

Flgures A- 16 to A- 20 Tke unalysls mdlcatee !he sumlanty q[ conformnuonal“ o

eq\uhbnn among zhese pepl,xdes Unl)ke the rxrst set of pephdes mentloned above,

bhese pcpudes exhlblt the: extended PPl'l con‘l‘ormers even in FE to the extent"

of 20—259@ of the total con[ormels HoweVer, in TFE pturn conformatlon s snll B i

: the dommant coil ormatlon makin up s much as 50% of the total conlormers‘

The” chiange ' of the sglvem ot TFE " to- “aqueous R Tesilly T u.e-

of the conf 0 rs'so that the most dommant one is th P’Pﬂ] hke i

extended couformatlon .consmntmg as much a5 65 85% of the wtal conrormers
The pentapept]de Boc-PPGPP OH exhlbnts the hlghesh pmportwn o[ PP 11

contormgrs (85%) whmh is net unexpected smce it has the hlghest prohnel

conlent In the case of these peptldes a.lso, the spectra in wa.ter ce\lld be matched

" well only. near "the’ posmve band The values zt the Iower wnve]ength negatwe i

band ol‘ the compnted spectra are. much hlgher than those of the expenmexﬂnr

spectra L J e



‘222 %

An” examination .of the- compu&ed data  obtained Ibr the abo‘ve‘ ﬁeptidu_ :
(lele S-&)’mﬂlclm that the mm two. flvour the extelded eonlnrmerl moré ..

when comparéd to Boc-PPGP- QH Tlm may ‘be.due’ to-the steric, lmutalmu 3

imposed by the larger side chains of Ala md Gln when compared to Gly. -

© 5.7.2.4. Conformnlonll Anlly!h of Boc-VPGV-OH And S

* Boc.GVPGVIOH

The experimental fand computed spectra for these compounds are presented

in Figurés A A-24. The anhlyses md.cm that the, major eonromm-i <

175~85%) exist as folded ‘#turn str\lctures m eq\nllbnum w1th uncrdered )

con!ormers m.l‘F’E ‘Bven in aqueous medmm the preée;xce of the PP 1I: ‘cructnre‘

“in zhese peptldﬁ was not mdlcnfed by the curve-mtmg Analysm Thus, thu
: L o . E analysls also mdlcalu thxt the exlended structuu pr.esent in: these pephdu in

‘. nqueous medmm is dlﬂerenl lrom the PP 31§ hke structnre. However, since nnly ;

ﬁ-mrn, PPlImd d ‘_ il are’ consids ‘uthe feren :pectn.

the present analysis weuld not_ be ableto’ give m(ormahon on the nnture of -+
extended stnlchlxe present in thm pepuds, Con.uden'.lon o! the CDApecun of

other extended structures like ;-shul structure may 1mprovc Lhe mformmonnl

annlysls on thue two peptides. In addlhou to the above manual lnilyns, the

analysls was nlso lttempted usmg a compute&progrsm The values ;wen by, the. ..

campnter were found w be very similar to those obtained by mnmul unnlysm in’

: 'some cas'es, how er in othex; ca.ses, the curve-ﬁu.lng by the computer was umuy

unncceptnble it view'of the anmm}l specm vchancter |cs Of\ﬂl&ie pephdes The

3 \
"% reason I'or thls is not nderstood md mempu to xmprov

he prqgnmma_ are

underway




e a8, Chapter 8
: Intefaétion of Pro-containing
' Oligopeptides with Pr’qulhyd'roﬁcylase

B 1 Intruduchon )

“As dxscussed Il» Chapter .1, earlier studies- have indicited thatv

:proly]hydmxylnse speciﬁcally hyd?oxylaies prq]ihE‘,'reéidues in X-PxoGly

of ‘its polypeptide sub ' (Prockop. ‘e ul, 1076; Borstein and "

Traub 1979) The nature ‘of the a,d;ommg X resldue seeims. to have an_effect. on

the extent ol hydrox,ylatmn of the prolmu res|dlxe in, the XPro-GIy segment )

kko et al 1968; Pmckop et 976 and Rapaka st al, 1978). "

- an'ed' on both meoreei%al and experi}nenesl considerations; Brahmachari:

and Ananthnnarayauan ( 1979) proposed thaL the p»turn con[ormatmn udopted by 1

o the Pro—Gly segments in nnscenC

by prolylhydmxylase and lhxs 1s the conlormahonal “basis I‘or thz enzyme 's
specmmy wwards XPro—Gly segments as. upposed ta the Gly—X -Pro segments
vThese authors, ulso pmposed ﬂmt lhe oxtenlvof enzymahc hydroxylahbn olprollne o
resldues, Whichis known ‘to be mﬂuenced by the nazure of the ad;ummg‘resndue :

¥ (Prockop et 1976), may he related to the extentf of scabmzatmn of ﬂ-tum |n a"

g‘lven 1npepnde seq ,Thns hypothesm thus ol‘l'ers nn exphmatmn, in .




A" conformat{onal _terms,. for- the sp and hyd“ xylati

- segments, in nascent pfogollagce‘n.
7 2
. . T, . A ) i

+ More tecently, Chopra and Ananthanarayanan (1982) provided experimental

data which support both theése postul The. folk Pro—C'

pephdes were synthesrzed t-Boc-Pro-Gly Ala-OH tBoc-Pro-Glnyl OH '/-Boc
Pro-DAla-Ala-OH md t¢BOc-Gly-ValPro-GlyVal OH CD, - m and N'MR

) ﬁspectra] dntn shnwed that these peptldas contnlned the b-tum contormntron

(Ananthani wdd by d 1981 ¢lal rosz) Allof“'

i these‘ peptides were found to mhrbrt tlle enzyme, efl'ectrvely Interestmgly, the e

nddrtmn, rt could

pentapephde wn; hydroxylated rtselr and

hydroxylntmu of the stnndnrd substrate These results len support to the ﬂ-turn/ :

hypothesrs by: showrng that thi

conformntmn present i Pro—Gly segments of the

substrate is recogmzcd at the enzyme s nctrve slte
: . 7

However, .closer e‘icamination of the nhm:e data, rWﬁt the tripeptide' 3 e

sequence contarmng the p-turn is a necessnry but not: sufficient, prereqmsrte lor

prolme hydroxylahon Prohne hydroxylation nlso ths to depeud on the L

presence of the- addrtronal resldues Thrs is | rllnstrated by consrdermg the peptldes E

3 tBoc-Pro—Gl}hVal OH and t—Bcc-Gﬁ'-Vul Pro-Gly~Val -OH both: contal ng the

ﬁ-turn conformatmn (Cl}apter 5) "I‘he {ormer is ngt a substrate and only can act x

‘a8 a1 mhrbltor whrle t)%le lntter can not only nhi t the hydmxyla 'n'ol‘ the .

standard substrate, but a]so can uudergo hydroxy ,' by p ’,_ . ymse

Therefore, rurth\erﬁgtudres are necﬁsnry tQ understand the) contnbu n of the i

g addmonnl resldues, in *enhanci th‘e interaction- between. the ‘mipn i }-turn <




! sequehce« and the enzyme - This may be related to either . the so;cal—led

. 'chamlength efrect' or the stabilization of the pturn by\the additional res:dnes

‘with pbpt\des of varymg lengths. itio sequence an? f tion will be
L . ’
\

_presented, starting with di- and tripeptides.

) 6.2. Studie’s on Di- and . Tripeptides

Studles on several dipeptides and tripeptides were carried out to understand

- thexr mteractxon with pmlylhydroxylase Table' 6-1 lists the di- and tnpeptxdes

wlnch acted as mhxbxtors of prolylhydmxylase wit] respet:t to tbe standard'

substrate, namely, (Pro-Pm-Gly) The canfoxmahon f these pephdes as knowq

frodi. tbe htemt\lw is. ﬂso mcluded

Iripeptides llketBoc-Pm-GIy Val OH but yls6 the d.pepmes’\ -Boch—Gly-_ A

From the above dxta, lt becomes c]eg:[j t olly the }-turmcontammg (A

. OH, bBoc-Pro—DA.la OH and t-Boc-Gly:Pro:OH and the tripeptide t-Boc-Gly -Pro- .

Pro~OH (none of which can sustain the p-turn. conformation\) acted as inhihitox‘s to

the enzyme with respect to the regular snbstrate It is to e noted that some of,

. i




-Peptide™ %lnhlbxtmn“ structurg:

[ it e Vol

- BocP-G-A~ ° . . 90+5 1 f-turn 2.
Boc-P-G-V. 905 1 p-turn . 2
Boc-P-DA-A 70+3 L . p-turn 2

. Boc-G-P-P 6016 3. Extended 3
. .BocP-G - 40410 4 . ‘Bent” 3
- " 7BoeP-DA° . 50£57 ° 4 \Bent' " B
= Boc-G-P 35415 3 !'Rigid’ T3
-Boe-P-P - . 40} 10 3 TR

Ref. Reference

1. Chiopra and Axdnthanarayansn, 1082 ¢

anan, 1979

= 3 Tl'us thesls J

4 Chopm and Ananthanarayansm, unpuhhshed ) E :

5. Benedettr et. al io77

[ Ananthnnzrayanan and Cameron nt. J, Pept. Pmt

es. (in press)

7 Tn.naka el a




that PP- 1 i the ¢ extended co ton- and native tnplehehcal

. collagen are -effective jinhibitors of “prolylhydroky although heithar of them :
-

) contams ﬂ-tums in theu ‘Structures. Therefore, Lhe cunformatmnal cntena !‘m’

prolme

droxylatmn appear mmgumg and this caIls for addltlonal _experimental

s dm in order to delmeate the mmcatg, possxbu' A revlslon of the wlm

. B-turh model -was proposed by Ananthana:ayanan (1984} whlch mvolved a

combmshon o:‘ bot.h the PP: lI and )ﬁ\‘,mn conformation. Thls model is shown in -

Fxgure 6 Accordmg to th]s model tbe acuve site of” prolylhydroxylase aansxsts




o

— Cotalytic site

N

ation of ‘the Conforis

k) Flg‘ure’ﬂ-l:. Schematic Repre
: ; . Mogel for Prolylh;

Jdroxylase Substrates




2 ) Pro-contsmmg OIIgopepudes Selected-for * -
Interaction wnth Prolylhydmxylase. 4

* Peptide

Abbrevin‘tion

1. - t-Bo¢-Pro-Gly-Val-OH
2. ¢l Boc-P: 0-Gly-Leu-OH
3. tBoc‘Pr\)—Pro—Gly-NHCH
4. t-Boc- Pm~Pro‘Gly-Pro-OH
© o5 t-Boc:Pro-Pro-Gly-Pro-NHCH,
8.
7.
8
9.

. t-BocPro-Pro-Ala-Pro-OH
: L-Buc-Pro~Pro-Gln-Pro-OH
. t-Boc-Val-Pro-Gly-Val-OH

... t=Bog-Pro-Pro-Gly-Pro-Pro-OH:

10. th)‘ G!y -Val-Pro-Gly-Val-OH

B‘c PGV-OH
"Boc-PGL-OH
Boc:PPG-NHCH,
Boc-PPGP-OH
Boc-PPGPNHCH,
Boc-PPGPP-_OH
Bot:PPAP-OH :
Boc-PPQP-OMe
Boc-VPGV-OH
Boc-GVPGV-OH




: £ ﬂanked ou emher slde by-Pro res\dues would be good candldntes fox study

. before they: are hydroxylated.”

3 Table 8-2, can glve f ion.not only

. Gly sequences

terms df their conl‘ormahon and mterachon wnh the enzyme Th

* important for understanding why. " the 'standard‘ polypepnde, nan}ekly,,

(Pro-Pro-Gly), (where n=>5otr 10 residues) gets hydrdxy]ated very well by the B

enzyme No data, however( were available. (unm] recently, see later) to sho\v the

: presenne of p-turns (at, the Pro-Pro—Gly-Pro repeatmg sequences] in these pepudes

2: Starting from the tripeptide leve, inereasing the numiber, of additional

W

rosldues on either SldE ol‘ Pro—GIy sequence, as in the case of peptides, i-B shov;m in ...

eft‘ect but also

£ about the eﬂec& of these resldues ofi the ﬂ-turn eonfon@non Iormed by the Pro-

8! Boe PPA.P OH nnd Boc-] PPQP OMe were chosen to test \vhether the

.Prc»Gly sequence Js uuieed a near-abs olute requu-ement for pmly)hydroxylase as

claimed by others (Prockop et al 1976) ’I‘hgse pepude sequences allowed one “to

examine the el'l‘ect o( replucemeut of Gly by other ;mmo acxd resxdues such nsAla

. el
or'Gln.: The study “of these peptlde scquen:es )s also of’ lmportnnce in the hghb of

ke Clq, where Pro-A.la

is’especially: ~-- |




7231 -

“
l’eamres as. well as’ thiir. spemﬁc mteractmu wnth prolylhydrox&lue Tlns in turn. 3

would bexr on, the quesnon of sub "_ b;ry olylhy ylase. =

¥

4 The%elechon of Boc-VPGV-OH and Boc'GVPGV OH was based onthe

follovdng reasons :
: -

! ,Valine‘_is .3‘lso one of the most frequently occ’urring residues in nascent

¢hains especially in the X-position (Piez, 1076; Hoffmana et al, .1989). - ~

b Both solution and sblid-state ' studies have'.el‘early demonstrated the

pxesen‘cé lype~[[ ﬁ-turn in t Boc-Val- Pro—GIy Val OH (Uny el al 1974a Yagl
/

,el al 1983) X~ray 'mdles also suggésted that he N-i termmal part of\ he peph

1e’mi ‘mum sequence for p-tum found in the mpeptlde Boc PGV H.

A The zdd)ron of a G]y resldue on.the N termmnl sxde of the ﬁ-turu as, m.

the’cue ol‘ t ochly Val Pro—Gly Val OEL should make it pusslble Eo cumpare P

; Wi h L-Boc-Va Pro-Gly Val,OH These comparatwe shldle may be useful m

dclﬂncatmg the eﬂ‘ect of. addmg gpecmc resldues to a ﬁ-turn contammg sequence
s 3

vd., Bath ol‘ the above peptldes contam sequences found in; elasun and havey 5



' "_A'rom pepude to, peptlde Ry

‘recogmzed by pmlylhy oxylase in collagen and in elastl .

above Pro—contammg ohgopepndes and to' correlnte them with theu' mteractlons 2y

) competitively wnh respect ‘to the standard substrate. Conformatmnal studi
' ﬂlese. pepudes were dxscnssed in detall in Chapter 5. In /he follo ing sechons, the i

» mtnrachon of thasepepk
F ;

‘0.4 Hydroxyla on of Pro—:ontmnmg Ohgupep des’

3 whether they were' undergamg hydruxylnt ) at ay
-'screemng ‘are presented in Tab]e 83 The

o -’pepudes are, m fac', hydroxylated nlthough t]

' Thiese studles mdlcnte the - passlbxhty that common structuml features -are :‘_

_ The main objective at. this slage was w stu'd’y‘ the conl’i)xmz;tions of ‘Lhe "

with p , droxylase. | “The _ could- mvolve hydmxylntmn ol’ these"

"p'eptides by prolylhydroxy and/or inhibition of the enzyme by these peptides

| . =0y

7l

es wgth prolylhydroxylme w:ll be d\scussed.

st;ges In the

“The -results of this initial’

%

bove data mdlcnte tbat all ths

extent of hydroxylahol\ Vari

" max’ Km !

V /lotal i :
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g lele a 3‘ Hydroxylanon Dsta on ..
Pro-con!ammg Ollr'opeptldes

S o
Peptide % Hydroxylauon b/* 4
L‘Bo‘cv-Pl‘j"G-N‘I-ICHSY . - 38100 ] '
3B 'PRéP-OH_ g, B 664220 4
3 B3 PpapiNHCH, - a o dseisy
@fﬁo‘c—fpcéﬁ-oﬁ ) 100250 E :
i, Bac-PPAP-ba l?
8 Bo‘c-" PQ}‘ Me. i & '1,24;0.3’5“ i

7. Bot- VPGV

Peptlde concentmuon was 20 rnM

: b Expressew th respect to (Pro—Pr&Gly)s

),nus“'

as the standard (100% H,

under our expehmentzl condltmns

" Menn of 6 repeats + aD



C4

P

a4.1 KmetrcDa- ; g o ek e : ‘. .

- 'The Linew -Burk: plots for .the ydroxy iob of drf[erent pephdes are'
shownin Flgures o5 to 88, The subsirate, concéntiation range was hetween 5 40 2

mM Each point in these plots represent the average value of 3-4 rﬁdwrdual trla]s 5

Tnble 6-4 summahzes the” results of hydroxylahon {ata m terms pt the vanous.' of
" kinetic parameters It is seen! that the K values vaned from 10-40 mM nnd tha

V vAIue&between 1-35 ymol/h/mg

6. 5 Inhrbrhon Studres on Prolylhydroxylue

Havmg shown that Pro—contammg o]rgopepndes are hydroxylated by‘

. prolylhydroxylase, some of thern ‘were: a]so tested for therr‘
)

‘!ty w‘mhrbrtv_the

ydroxy ,reactron by ¢ ti wmﬁ the-standard’ substiate, hamely,’

"(Pro—Pm‘Glyjs A.ltbough these pepndes are referred to 25

* therr own, & true mhrbxtor 5 enzyme cnmplex 'would ‘ot break down l.o grve 4

product and ,free enzyme l{owevbr, since. the hydroxylntwn ol' the stand_

; e St
'suhstrate alone 1s ‘mommred zmy écrease rn» this * hydroxylauon‘ due to the-

*7and- ‘the_ p

jes were chosen for*
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" PP like strucfure An aqueous medmm while ‘the latter did not mdmu th!
_conlormamn explicllly in water (see Chlpter 5). < -
As d&cnhed in Chapter 2, the mlnbluon dm were obtained mlng ]
L5 radioactively labelled (Pro—Pro—Gly)s (tntllted at position 4 or the pmlma nnp)
as the substrate to test the namre ol' ml\lbll.lon, that i ls, whether comyemwe.
« « uncompetitive or nonrcompetmve Using this metlmd ensnres ﬂa'. thz mhlbmon ’

caused by these small peptldes it cumpetmve, would be due to the)r bmdmg at

« competitive inhibitor, namely, ‘poly(Pro) (Prockop etal, 1975) :

of lhe hydmxylated produc!s on thé 0 atic o[ olhe.r rates _Wls ;

checked ﬂng the hydroxylnted counterpart of poly(Pro), name!y, poly(L-Hyp) f
:md l-Boc -Gly-Val- Hyp—Gly-V;l—Pro—OH as the hydmxyhud nnalogue of b-Boe- ‘




by Poly(Pm)

The k&own competmve Inhl or ol' prulyﬁydroxylase, namely, po1y(Pro)

by. prolyhydroxylase Poly(Pro) ol‘ an approxtmate M of Boﬂowuséd at a-

‘ concentrauon er 4’yM‘ The conceutxahon of 3H(Pro—l"'ro—Gly)5 was between' "

‘m

max) mcreased from 4 5

cressed to 2 O,mM Heng the slope a[ the hn‘ [K /V

* Tigure -6:10-. shows

.3







veaver-Burk Plat for the Tnhibition of .

olylhydroiylast by BotPPC

tﬂq pnsenc'e“

* average value of at}as




k remained constant thé K

7 mM respecuvely The slopes (K /Vm;x)' also fricreased to! 75 x 10’“’ and: 103 x

#
10‘3 hmg/ 'ml, respecuvely lg\lre 6:11 shows the secol dary plnk of !he slopes of :
)

the above ]mes versus t};mh;bxwr comenzratwn The stralght
obtamed passed through the negahve abscissa mtercephng at; the poiat equal to L

" the K; value ll2 3 mM) for Boc-PPGP NHCH










P 1I0 . -
*Tinkibitor]; inM -




8. 53. I.nhlbltlon by Boc-GVPGV OH
“‘Figure &-14 shnws the eﬂ'ect al‘ 5 and 10 mM Boc-GVPGV OH on the
‘hydroxy\ahcn of aH(Pro-Pro-Gly)s by prolylhydroxylnse as represenled by the

dotble l'eclpmcal plots 3H(l’ro—PrtrGly)5 was used in the concentrauon n.nge ot

0110 mM Tn the presenée ‘of 5. mM Eoc-GVPGV OH, the K, valie for

3 3H(Pm-Pro—Gly)5 mcreased from 0 5 mM to 1 1 mM But the V vnhle remamed

the same at, 110 umnl/h/mg T'he slape of the lme mcreased [ram 4 4x 10'3 to 9 8. )

L 1()3 hmg/ml' Inérease’ in the cuncentrauon of Bcc-GVPGV OH_ >

3 turther mmeased theK to 167 mM and the slupe to 14 7 x 16 hmg /ml

7B ms of lmes one at each concenmnon of t_he substrate was obzamed that

'S
mtersected nbove the negatwe absclssa at the value equal to the he value !

thus ubtamed {3 5 mM) is cIose ito the value obtalned fromn F gur 6—11 The

'Cormsh Bowden plot for the mhxbmon dats

~Boc GVPGV-( OH g;\ve a ‘seties. or

’pamllel Tinds conﬁrmmg the compe‘v!lve nazure of; 'he i

in Figure 6-16." ", 3







- .7 Pigure 8-16:_Dixon Plot for the Inibition by Boe:GVPGV-OH -

' at the substrate concentrations of

0, 14 mM;B= o.ﬁme;' 4






6.5.4. Prodncl hhlhltlon

. 87 order to m« whetller the llydroxyhled produebs exlublt any l.l’ﬁn\ty

tow; ds the enzyme and bnn; iboll! inhibition, prodnct malognu, namely. Boo
GVP- QH and poly(Hyp) were sed. Figure 8-17 shows their. effect-on ;.he
hydr’cxyhhon of ’H(ProP;oGly)s As seen lrcm the ﬁg\xre, there is pn..hul.ly

s no mlnbmou elther with Bo;GVHGVP -OH or with poly(L-Hyp). These results

euggst tl\at tbe enzyme exhl its.no a.lﬁmty for the prodnct

}:\'?vrmed'with‘ Ptolxlh‘ygr'o;(xlqg"x‘ 2t
Table o5, iy

Vst

8 1. H'ydroxyl-tlon of Peptides *

.

Tﬁe aim o! the present stndy Jm to ccrrel:te the conformahon o{ the Pro-

), i contunmg pephda wnlh their alnhty '.o »l as snbstrates or mh)bllon 7ol |

prolylhyds ! 2] lmml r i of the pephdu (Table 6-3) mdxcsud thaull

. of the pephdu underwent hydmxylatm by pmlylhydmxyla.se, :lhelt to dlﬂerent v

extenls For ease of 0 ison, z‘.;;‘ ," ylation data are p e ...l-‘igu.

i 6-18. me (hls ﬁguu, the r:lnt.we hydroxylutmn of dll'lerent p'

tides can be

) exprgssed as {ollaw-

", = BocP 'GP N'HCHB Bo:PPGP- OH zBpe-PPG NHCH
: X
BQO'PP,QP OMe







Tahle 6-5: , Inhibition of Prolylhydroxylase by Pro- nnd

Hyp~contmnmg Pepudes
b -
Peptide . * #Condn. _“*Kl;n o /‘vlm
%, 5 mM - .mM . . hmgml!
: . ot I

1. Control- - 014105 . 05 . 44

6 Poly(Pro)l - .
7. Boc-GVHyp . -
-GVP-OH .

# Inhibitor peptlde concentratlot; in the pre.s

nce of varymg

cnucentrahonsmr (Pro—Pro-Gly,)sAﬂgﬁ

o ‘K value of (Pro-l’rv)-Gly)5 inthe ahsence or presence o[

T bhemhlbltorb . /‘ i

Control (PnyPro—Gly)s hydroxylatlon in the absence uf mhlbl'ms B

vm 9%

K and V vafues shown reprcsent the average value o!' 3—5 tuals







w be noted thlt all, the lbove p!pudes have nddlmnll\‘}mdna bmdu tlh

muummn tnpepnde sequence needed !ox Mvum confoxmmon md all of them u- b

ist- - in Murn conl’onmnon

(Chopn lnd

s n:cesary in nrder to undenhnd l.he rehhve lﬂhuhu oI blndmg a.nd the relnhve

,» 'nhs W\th wlnch the pepndes undetgo yd ,' i Thls kmd ol‘ it 'u‘ B

esuy to \mdersund wluch‘suht







jalies for Hydrokylationof.
(S .t




A‘.‘ésgj‘_

Prockop :t nl 1976) The ohgopephdes, Boo-P P OH

vnlues Tlns would

a ablhhes (a,s 'nected by K values)/p:obnbly




t£elr degree of hydroxylanon V and K m Lhe order: shawn below




5 apparent Km .vilues_.alone. conli be
B analysls of ho (‘ Substfat "i‘s _'

v - 181)

‘pmly]hydroxy]ase reachon by competmg wnth”‘, t}ﬁ, standa’rd

(Pro—l’ro—Gly)5 ln the presenee of the mhxbllory pephdes, there w?;s ar

K, for@r_g-Pw-Glx)swhlch was dependent on the coricentrati oﬂ.he

any was unchanged The slope or the lme Ko/ Vina)

oy also increased with mcreasmg conceMratmn of ‘the inh T pept)de auggestmg“

that the mhlbltor pephde was nce:actmg w1th the same enzyme specles ‘as does

~the regular subsm\t! md ai the same, site on the enzyme (Plesner, 1986)

3 Companson of Boc-GVPG

Iformer s a betier )nhnbnor thaﬂ '.h\ lntter !




d from lhe hydrox data, ° Idea.l]y‘ one wonld Y

"in@bltor. He ‘aléo. pomts




41

Thus, kthe releasé“nl‘ the sproduct doés nut seeixl(to be the. rais‘

the enzyme

of the ; \l‘ nf the ymati reacnon

7. Conformauonal ériterm for Prolylhydmxylase Rea
N

was obtmne

) Ior prolme by a careful

- analysls of the conformauon of the mhl itors and thg subs tates.” The npephdes

b-chanyle-Ala-OH L-Boc-Pro—Gly-V‘al OH and b-Boc-Pro—DAIuvAlu-OH shown :

in” Table 6.1 have p—turn conformahon (Chopra and A.nanthnnarayanau, )

1082) In cuntrast the dlpephdes shown in.the same Table, are l‘ound to huve

elther

" or an 'open or extended' structu e. Flgures 6-31 and 6-22 show

A,

) 5 hese strucmres X-ray studles on ¢! Boc-Panly -OH (Benedem etal.; 1977) nnd

tBoc‘Pro-DA]a OI-I (An _thunar:\yarpn and Cameron, in’ press) ‘show’ thut lhe c o

% ._ L tBoc Gly-Pro—OH (Tanaka ¢t ‘al) 1977) revea'l an extended structu& ln -




'6.7:1. Correlation of,the ¥
; : i

S - their’ Conformatlon

wcrth notmg tha

:/thl polypepude lso contams a consxdemble av 0

mdé‘ed be negessary Ior the pephde substrate w be accommodated at th

“enzyme's actit o s\te so that mlqorggo f

L
rmahona.l changes arg stl_lkfeasxb&e_. s




! v . o .
: SR : i
v L r
Table 8-6: Correlauon be!weenbonformatmn and Hydroxylatian of Peptides . &
& . =% o
© o Pepide®  Conformnt Ra = o * Vg, Ko K /K
. iabopite mM - wmol/h/mg seed . sec'mM!
ORI . E it g X107 *
& i ST e
1. BocPPGP-OH . - . 35:45:20 3894073, “32+0.16 UBO0L 07300
. . . " o - o
. : - 5 s : .
™ 2 Bo-PPGP-NHMe / 104020 - 3724082 5.5+0.18 0364001 £ 0974003
3 Boc-PPGPP-OH L0855 . Iar 342 1194+ 1.14 0.70+0.08 2124025
! i Boc-PPAP OH - 2060:20 siofoss > ireols 01IKDOI . 064002/
5. Boc-PPQP-OMe 20:60:20 A 394055 L1400 0.07+0,01 0324001
e Y i o N
g 6. Bo VPGV OH 65035 ° 10.740.13 13.440.23 < 088+002 8224019,
> 7. Boc-GVPGV OH _ 60:0:40 2294111 135.3+ 120 05+02r
8. (PPG)S - , 250 | 055+008 1o+15 ;7234110 13.34 2.45
s . i
¥ e

a One letter code for.amino acids is used; NHMe = NHCH; Ome = OCH,

2 . * conformation in aqueous medium as obtained by CD spectral analysis .-
bl (see Tgble 5-6); f refers to the fractional content of structure X / - n (
% Hydroxyaltion-= relatlve 15 that of (PPG]s




these twopeptides were hydroxy

However, in view of the poor fit between the, experimental and computed spectra

in the case of the above oligopeptides in aqueous medium, the prbpotticns’ the

N s P
?s-turlf and PP-II structures obtained from this'analysis should be considered with$—
cantion. Thz'improven;ent of the analysis (by computer) may give better values

for the different secondary structures considered and hence may improve the

N

s correlation. - %
8.7.2..C of the Hy i Q@ on ﬁo:-WGV-OH and
Boc-GVPéV-OH with their Conform‘nﬂon 5
Earlier sludles by Bhntnagar et al. (1078) showed that Pm7 reslduu in

elastm-model pe’phde sequences, namuly, 1an Pro—Gl -Gly),,

(Val-Ala-Pro-Gly-Val), and (VakPro-Gly-Gly), were aot only hydroxylatsd by
prnlylhydroxylase, but a\so inhibited the hydroxylamn or the th !

:ma.logue, pmlocn“s[!n, in:a compemwe manner. These studies, !heul‘ou‘

strongly suggest ~that both (V&PMIy-Vﬂ) sequences and the mbgmus of ’

prolylhydroxylase” share certain common structural features. Huwever, as
discussed earlier in Chnpter 5 (section 5.6.8), the [R and CD spectral
tharacteristics of ume ,pephdu indicate an exl.ended structure similar to that of
the ﬂ-s!mnd rollowed by a p—l.urn The (o) nunlysu 1presenl.ed in Appendix A)
also indicate the absence al PP-II structure in these peptides. These observations -

agree iith the rystal structnre data on Boc VPGV-OH (Yagi et al., 1983), where

the *extended part of the structure is seen tobe made up of a pstrand like

conlarmauon, rather Lfnn PP‘H hke extended structure.  This extended

conformation is fqllowed by a type Il p-iurn. Coming t the hydroxylation data, *

by proly . Thaus, in




the case *of these two

[ . . =

_’ "-Ior 1

hydmxylntmn nppeued to’ be an extended structure, p‘roblhly ﬂvstnﬂd followed

* fbyapturn. .

6.8. Conformational Model for the Su_ba".ra'.ui of q

- N
., = P.rolylhydroxyln.u ¥ i /*
/ F . The 1bove observauons suggest l.hn, in order- to be\ a substnte for

K © et pmlylhydmxylnse, a peptlde otght to have not only the gturn con[ormluon as

was ea.rher (Brah

i and‘ h ayanan, 1919), but in

nddmon, an extended structure. usuully the PP-I type, as well. Pept des hbvmg

enhe; one", of the:e two reqmred conformnnonnl features waud shll be .}

'mogmzed' by the enzqu‘, however, ouly inhibition but not hydrgxylntlon g

Sl \/wuld result. This is obvmns frm:[xm on the Murn'tnpe_ptxdu on the one

< i hand, and the dAtl on polylPro) d native cbﬂngen on, (he\other' lnt;:rstingly, .

4

’, - peptides that possess even a pnn. of the p-turr or PP-II stmcturm were nlso found
lo be inhibitory. Tlns was seen in the casé with the dlpeptlda Boc-Pro-DAlvOH
’ & and Boc-| Pro-GIy-OH which contain l.he partial }-lurn stmttures and the pepnda

3 - Boc-Gly-Pro-OH which have a short stretch.of the PP-II stmcture (sge Table 5-1).

In the hyd;oxylaied peptide subslrat’e’s such as (Pro-Pro-Gly)g, Boc—l"FGP- )
OH Boc-PPGP NHCH, nn@&hers (except. Boc-VPGV OH nnd Boc~GVPGV-

OH) the PP-II structure Prev

‘at the X Pro segment und the ﬂ-mrn at the Pro-

~ ’ ~Gly segment s0 lhat fhe’ hydroxylated Pro resldue would be sltuated al the .

junction bet%leen these two con{mmahons Therefore, I‘mm thue dntn it may b




/oM

in collagen biosyntliesis is the presence of the PP-II + g-turn conformation in the =
— e - 2
: peptide substrate. . 1 . -
~ S o E 5w - - ? ) we s
Hpd “ - On the other hand, the Val-containjng peptides Boc-VPG\’-OH and Boc- g
GVPGV OH; nndergn sxgmﬁunt hydruxylmon, -llhobgh they do ot exhlbn PP-
)II '.ype stmetnre preceding #he A-turn> There appears tc be two posslblhus to’

explam this ohservahon ? ¢ < § i .

l".. may be lhat the extended ﬂ-stmnd and the PPiI strictures l.r.e-
L = mterconvemble at the enzyme's active site ie. the Val Pro “or Gly-Va]-Pro . :

segmenty of Lhese peyndes are. altered lrdm the p-strand hke extended

i confarrnahon to‘that resemblmg" l.he PP l] strﬂcture Consldermg that. the
O
dlhednll aug]es for these two stmchues are not very du’ferenl. nnd that the ¢ energy

caloulatjons. of»Rapah el al.” (lﬂ'lﬁ) mdlcau sgfﬁclent ﬂmblhty of-the V:.I-Pro

bond_;tc appmach the ¢ and ¢ values of the Pn'r?ro bond, the suggsuon Ippears
7 2 5 F= .

to be reasonable. Moreover, as Tiffany l!lg Krimm (1.969‘ ab) dehilonsgrated,;éveh .
non-proline containing polypéptides can take up the extended, left-handed helieal
coqfofﬁ\ationsrin solution as revealed by the strong -negt'tive CD band around 200

nm. Poly(Gly) II can be cited as 2nothe? example Of;l non-proline peptide being

“able to exist in an extended conformation very similar to Vﬁoy Pro) WS

T ) » a . . e
Interestingly, one finds the g-sheet structure as the preferred eogfarma{ion_ for the.

® poly(cly) 1 structure (Fasman, 1967). Recent X-ray studies by Suprn‘hmnia# and S

‘Lalitha (1083) and the FT-IR ‘and Raman data by Renugopalakishnan ef al.

(1984) ona non-proline containing ll’llpeptide Ala-Gly-Gly clearly demonstrate fﬁ’e
- : L : i e

conformational similarities between Ala-Gly-Gly and collagen. !

. P s S




- in other cdses, it may be g-strand | like. ‘Thls can be rmomhzed by- consldermg
Y

*A seco‘nd possfhlht’y is thal prolylhydroxylase requires some,‘ but ‘noL el

purtlcula.t extend,ed conformauon follqwed by’ a!ﬁ-tnru in the substrate molecules

the sva‘?able information on'the a.c'.lve slte geometry of pmlylhyﬂroxylase which

was dlscussed in detml earlner in’ Chapher 4 (when! hteratur€ references to the

stalements made below may be’ found] Coe g i X

In the aclwe site. ol' qarolyihy;lroxquse, the subs!rate—b(ndlng site and the

actual cml, tic site, are d’lshnct but adjacent tp cath o&her wxme che substrale-"

of the uhve sne The substrate-bmdmg site in prolylhyd oxyla.se :

. in the"substrate mo]ecule would then fit into ll\e ~catalytic slte The long-

ding subsites specifically’ bind the PP-II szmcme while the mterna.l

subsites -pear, the* acnve site may accommodate either PP]] or other ektended

structures such as the p—stmnd, The f-turn segmeut followmg this extended part

w

1

polypephde substrates or pmlylhydro(ylése Dbind eﬂe:fnvely ‘al, - the subs&rate-

binding site, probably by multl-pmnt atlachment nt the md\vxdnal suhslles Thus, *

‘one .can visualize the lc;ﬁg nasgent pmco]lngen and nts»model poly‘p pnde

subslrates with thigir PP-| II type extended strncture m bmd ef{ecuvely, at_the
I3
bmdmg.wbsues on 1he surrace of thc a- subumt nnd to eand into the catalymc

site so that the ﬂ -turn structure fits mto thencamlyhc s\te Thls is shown-in ihe
[

rouaw.hg\camon Co Bae T owo g




sitesin
ua'%fives-re

he

eﬂecme concenmtlon of the Murn structﬁes avazlable for hy drox) la.ucn at: tk

calalytlc sltc Thns would explain the \ls\lal\y observed lowg; K, values und

higher vklocmes in the case of longe ollngemhke pephdes On the other hand

e S ot g S S———— L
‘when the substrate or Jnhlbltm is a small ohgapepude it would not pOSSlbI) bmd

to the enure substrate—bmdmg région co\enng all the subsites and extend mlo the

actlve site, In this case, the effective conceutmtmn of the subscrstcs at"the

V~cah;lyt site would be govermed by the distribution of these molecu]es over the

O
subs {. fesbidi 5 site (Wﬁe—wﬂnrm—mmcatﬂylhn?—ﬂir&'——

would be the case for the oligopeptide “subst tes Whlch are predommaml\ m the

P-OH, Boc-PPGP-NHCH,§, Boc-

. PPII hke conformation (for .example, Bot
i

" PPGPF-OH, Boc-PPAP-OH and-Boc-PPQF-OMe). In this situator relatively

Jarger amounts of the substrate are needed {0 increase the eﬂ'eclxve cqncentration
- i




B T the substrnte the actwe (and-hénce catalym) site. This may e‘xplniq :lﬂe §

relauvely hlgher K values and the lower Vm“ y:;lues observed with ‘these

., pephdw T : ¥ g C - » °
. o N .

+In contrast, the elastin-like olgopepudes (for example. Boc-V'PGV OH and 1

. Bocn(}\/PGV OH) have a ﬂ'stmnd rather than the FPI] as the extended ' ” S
scmcmw ‘pregading the p-turn. Thexerpre, these moleeuTes my be distributed

- ’ more at the’| mzemal snbstrate—hmdmg snbsnhes, near the catalyuc site thad at the-:

. outﬁr P-1I bl‘ndmg subsltes whlch may' not recogmze. the pstrand, Th\

pbepcndarence of “the pturn conformanan in these ?epkldes m(/;lso be

rcspbns\kle for thc higher nl'fuuty ﬂey exhibit townrds the cnmlym site Iocate

o ) the interior of the molecule Therelore, Ii‘)wer substmte concentratl s are needed

,’__,’_,md_-n—.nelahul-y_hs-hs%nrvelues observed m the casc %{ zhese ela.sl,m hke

ollgopephrgnsubstmtes when compared to lhe above Pro-rich ohgopephdes
a g

Based -on lhese

the * conformational reqlurements Ior

prolylhydmxylase may be stated as Iollows " Pro[ylhydroxylase requires an

""‘“—‘exmnml cﬂ'n‘o‘rr on l‘olluweﬂ by a p-turn structure in its substrue molecules

~ In che_cage cg_.pyocollagen, t'hié‘ extendepl structura/wbuld be that of PP~H' ‘.,

structure.  In* the case of ‘other proteins that are  hydroxyleted, by :

pmlylhy&roxy]ase other extended st‘rucluresllike ﬂ‘-sbmnd slructul'e mn&’ Jalso be-

recogmzed hy the enzyme, albm toa lesser extent. Thespem city of the enzyme [

9 ,towards the pmcollagen may be much hlgher because’ of the presence ol‘ FE -IL h e




hehcal ructur

procollagen in Ihe%presence of other pmtems (for example, ehstm), especlally, if

both the, substrates are present in Lhe same cellular com};fﬁent i.e. the c)sternne

of endoplasmic rencu]um'
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. .
_ Conclusions

The results presented in the preceding chapters may be anilyzed jn. the light

v or the ob]ecuvms and scope of the present thesls,outlmed m “the. mtroductol‘y e

N
clmpter The main DbjECll‘leS 01‘ tbu thws were four-fold:

. : N, s

-1 Structural he cteristies of, and' ' fudhti relapion'éhip in
. . o A e )
prolylhydrﬁ(ylase T B T !

< - 2. C jonal study of the i ion of prolylhydroxylase” with its. '

. " . A il

b b and cofactor:
<
i RS ional ch ization of syntheti peptides. T
’. 4. Sludy of the interactjons of these pe bldes wnh prolylhydroxylsse in "
tional terms. =

C = o8 blochemlczlas weﬂa&m cun(crm'

first ol{]echve of the present thesm My %ppm@ has been ‘to obcam pnxe

. prolylhydroxy]ase [mm chicken embryos and ch actenze the, enzyme in ;erms of .-



. . )
same techniques were ‘then used, fo
~ Gosubstrates with prolylhy@roxylase. The results of these studies were presented =
At - in Chapm’f The spectroscopic data reported here to my knowledge, form the

-

flrsl report, on the, conformauo\}Pl phayacterlstlcs ol' purified prolylhydroxylase. . -
= . v

From the CD data, pmlylhydmxylase seems tu be rich in a—hehx which
cofnprises as much 2s'40% of the total secondary smxctural content. A.lso, the
internal environment of the eizyme sebms to have asymmetrically .oriented -

- 5 e

aromatic amitio acid residues, These studies are‘in agreement with the structural 3

" fehtures of. the jsubunit. of p ', ydroxylase (Piblajaniemi et al., 1987) and
protem dlsu\phlde lsomerase (Edman etal, 1985) as discussed in detail in Chapzer g

x 4. Tbe effects of mtemcuons with a pe\phdg Substrate, cosubﬁ(mw and cofaclor .

on the conformauon of prolylhydroiylase, were ‘studied. There seems to bemo -

effect of lhese interactions atthe secondary structure level. However, !I\e incemalr .

envitonment seems to be affected, due to the binding to the enzyme, of the
cosubstrate (a-KG) and the <ofactor (FeSO,), ‘as Tevealed by the concentration-

dependent changes in the fluorescence spectra of prelylhydroxylase. On the other

hand, m&eramon of substrate or substrate analogue with wlylhydmxylase did *

nnt.nlw-wsmv formational-changes cither. £t -the-secondsry-or—st-thetertiary

- structural 1evel Caqul analysis of these observutions seems to {ravlde some i

lmportant insights into- the active site geomeu'y of prolylhydroxylase and ‘these !
were diseussed “To. detail Tn: Ghiapher s, Ty summary, the contormatibnal studies: -

done on proly}!gydroxylase in the present‘thesis seem. to  accoinnt’ for the e
bicchemidal c;b'se;vntions‘;tﬁ‘éde by others,on the reaction, mechanism of
pro[ylhydroxyla;e Moreover, these studies help to deﬁne the substrate specificity

of proly]hydmxylase as dlscussed in Chapter 6.
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L4 = 5
) . The thu-d and rourf:’h\ob cctives: s’ address” the |mpoxtanr.4u&mn_ol‘__lhe~._

. conrormatwnal cmena for prolme hydrcxylanon in collagen.
\ e

% At the beg’inning Of the work reported in the pvrésent thesis, the p-turn

hypothesis,which implicated the giturns 35 the sités of proline_hydroxylation in

A

" collagen had been proposed (Brahmachari and Ansnthanarayanan, 1979) and

examined with a limited, gpumber " of peptide x;l'odels (Chopra  and -

Ananthanarayanan, 1982). To acéount for certain important experimental

bbservations [such as the inhibition of profylhydroxylase by polyproline II and

native collugen\that were not explained. by the ﬁ-turn hypothesis, a Jew model”

- N whlch involves the cqmbmatmn of ehe PP-II and ,s-turn conformations as the -

requxrement Igr prolme hydroxylatlon was proposed by Ananthanaraynnan (1984)

‘Qja P.nanthanarayanan et al., 1985. Thd pmposal of -this model ut;hzed some, of
the prellmmary observations on !he interaction of prolylhydroxylase wnh Pro-
contmmug peptides, made by Choprs and by the pres:nl author. The stage was
then set for a detailed,_qung\itative v.-xamination of the con!ormati‘ou of the
tetrapeptides and pentapeptides and their interaction with prolylhydroxylase.

This was expected to test TR new model for its correctness and for any

Todificatiofs that may be needed.

The conformation of a vanety of Pro-contammg peptldes havmg different

composition, sequence and length was inedf in detail by

techniques (CD and IR). The results of these studies are presented in Chapter 5.

AL Complementing each other, the IR and D studies clearly demonstrate the

presence of an extended structure, usually the PP-II type, as well as ﬂ‘l"presence




conformation i all of these peptides except in eluuu-modé{yspudes

(Boc-VPGV-OH and'Boc-GVPGY-OH). Whlle lh& Attrn confon;nnnon is to be

" expected at the Pro-Gly sequehces (Stimson et al., i977), the exlended structure
would be possxhle at X-| Pro or Pro-Pro sequences anzsrev et al., 1985), The CD
studies in different solvents: demonstrated solvent-dependent conformational
equilibria in these peptides. In non-polar solvents like TFE and Foxane, folded

structures i.e. 1- or A-turns are expressed well while in polar aqueous medium, the

extended PP-II like structure predominates. Increased imino acid content is found
- to further increase Lhe}PPH like conl’ormatmn In elnstm model peptides, the
extended conformation s l’ou’nd to be: different {rom the PP-] H typsﬁructure and

probably similar to g-strand, !‘ollowed by a g-turn (Yagi et al,, 1983).

C e e
Structural information, on oligopeptide models of Zollagen has been scanty.
In “this context, the quantitative secondary structure analysis of Pro-containing

“ . . ., L )
i oligopeptides using CD spectra described in the present study is useful; similar
) .

studies have not been reported earlier fol{ma!l peptides, although such studies
\ have been extensively used in the case ol polypeptides and glpbular proteins,

(Greenfield and Fasman, 1969; Saxena and Wetlauffer, 1671; Chen e df., 1072,

‘4'19747'Y;ﬁg‘"€l7ﬂf‘ "1986). Tlfe]}?esent study indicates that thi

can be useful in analyzing the proportions of different conformers present in the

small peptides, at least as.a first approximation., Fmepstudles by NMR need,

however, to*be used m augment these observations.

The‘fourth objective, namely, the'study of the interactions of the above

= 3 :
model peptides with purified chicken prolylhydroxylase'in biochemical as well as .

ype of CD studT

A

/'.




conrormauonll term® has been nucompluhed and jin fact, forms the crux. o{ lhe

prtsent thesu These studies were aimed at provndmg ‘insights into the "

con[ormnuona.l requirements of the s\lbslu\e at lhe binding and cnl.alync sltas ol

prollhydroxylase. The results of these studies were d\scusscd m»a’ tail in ctnpur

6. Accordmg to these, the conformati qui s for the zymati prchn!'
hydroxylation in collagen biosynthesis is* the presence of an extended
conformation, usually of PP-II type, followed by a f-turn structure in its substrate

i ~. e . J
molecules. Peptides with either PP-II -or g-turn conformations alone acted as "

" ighibitors but not as substrates to prelylhydroxylue since the éomplete shucmrnl .

requirement is not fulfilled in these peptide n moleculas On the other hand, all ihe

mcdel pepudes w:th PP-Il + p-turn cohfurmnuon un,derw& hydroxylzzlon by

prolylhydroxyla.u, nlbm to different extents One of the pepude substnm

ramely, Boc-PPGPNHCHJ with PP-Il + p-turn_ conformation, co!lld-blso

competitivel} inhibit the hydroxylation ol‘ the standard substrate, (Pro-Pro-Gly)g.

The latter polypeptide substrate i.e. (Pro-Pro-Gly); is also shown to possess PR-Tl Y
o
«%} p-turn conformation (accardmg to the analysis presented in Chapter 5 nnd

Appendix A). These observations suppert ‘the model" proposed earlier by

Ananthanarayanan (1984 for proline hydroxyl: in coll-gn ynthesis. -
2 ) \ EE
Hawever, data on the'two elastin-like oligopeplides BocPGV-OH and Boc-

GVRGV-OH  offered othér _possibii 'fo, e subst ity , of

.

prolylhydroxylase. CD studies on these pepudes (Chapter 5 and Appendlx A)

indicated the absence of PP-II type nxlended nructure {precedmg the p-turn) in
these peptides. X-ray studm op Boc-VPGV- OH mdmted zhat the extended

structureis close to that of a ﬁ-strand followed by a gturn (Yag( et al, 1983)




These}e;iliduundergoa' ifi degree of hydroxylation by prolylhydioxylase,

although they have the pstrand + p-tdin, rather than the PP-Il + pturn
conformation in them. Both Boc-VPGV-OH and Boc-GVPGV-OH exhibited
apparent K values much lower than the Pro-rich pepti}dcs (such as Boc~PPGP:
OH, Boc-PPGPNHCH, and .BD@PPGPP—_OH] and significantly higher. V|

values. One of these peptides Boc.GVPGV-OH, also inhibited the hydroxylation

of the standard substrate: (Pro-ProGly), in a competitive manner. These

observations could be rationalized by considering the available'i ion o the
active site geometry of prolylhydroxyhse [Chapters 4and 6). ) .
o © e
“ v v L2
. In-prolylhyd lase, the. sul binding site which is,digtinct from the..

Acntnly_bic site, is partly on the surface and partly nt&the interior, yhile ':the.'_

catalytic site is at the interior of the active site. The substrate-binding sitg B

contains a number of subsites for binding the substrate. It may be that the outer -

b binding subsites specifically bind PP-II type structure (s), while the .

internal subsites near the v:‘;!a.lytic site mx; accommodate either PP-II type or
other extended structures such as gstrand. The pturn segment I'ollowil;g thi.s
extended énrt would then fit into the catalytic site. The long nascent procollagen
and its mode] pep‘tid; subst[nles with their PP-IT type extended structure bind
- e{lectively a‘t the subsites on the surface of the enzyme and extend into the active
site so that the f-turn structure fits into the cnulyuc site.  This is shown
i schemaucally in the cartoon on pagem 2?4 »

i

' On the other hand, when the substrate or inhibitor is an oligopeptide

investigated in the present thesis, the effective concentration of the substrate|at




the active site would be governed by its distribution over the binding subsites-on

the surface and those near the catalytic site. The Pro-rich oligopeptides which

are predominantly in the PP-II like structure, would bind more at the outer

subsites while the elssti‘njike oligopeptides with a_g-strand, rather than the Pl”-l]

— N
_structure, would bind more at the internal binding subsites. In this situation,

relatively larger amounts of the substrate are needed in the case of Pro-rich

pepudes when npared to-the elastin-like oli ides, to increase the effective

concentration of the substrate at the active site. This would explain the observed

K, and V,_ values of these oligopeptides. L

Based on ches'%nsidmuons, the conformational requirements for

. prolylhydroxylase may bg‘l stated as follows : Prolylhydroxylase requ1:es vlm
extended conformation followed by a~ ﬁ-curn‘structme in its’ substmte molecules.

. In the case of procollagen, this e‘;‘neudéd structure . would l;e that of PP'—];[
.strvuc_ture:‘ In the case of other proteins that are hydroxylated ’by

prolylhydroxylase, othef extended structures such as p-strand may also be

recognized by the. enzyme. Thie specil‘ ity of prolylhydroxylase towards the
procollagen may be much higher because of the presence ‘of PPI] like hehcal
structures in procol]aken, when compared: to other proteins where such structures

do not exist.

The above arguments in general, support the model proposed by

- Amanthanarayanan (1984) and in addition, offer the basis for slight modifications’

which would rationalize the observations made ,in the present thésis. Further.

more, they provide additional insights regarding: the selective hydroxylation -of
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procollagen in the presence of other-proteins such as elastin, especially if both the
(
substrates are present in the same cellular compartment (i.e. the cisternae of

1)
_+ endoplasmic reticulum).

Backed by the data presented in this thesis, the propose‘d model is l%nnd to
account for the available data on several peptide and polypeptide substrates’ or

. inhibitors c} collagen prolylhydmxylase, Although many earlier investigators
(Prockop et al., 1976; Botustein, 1914) had asserted the need fof the Pro-Gly

sequence in the enzymatic pmlme hydroxy]atlon an explaxi‘mIa in

< conl‘ormamnal terms is provided {or the first time, from the work pre
th?s thesis?_The new. model pmvxdes for non-glycine resldues following the Pro‘

X -resnd\}“‘m the substrate molec_le This ‘model also clear[y point, u'xty\that the
N specmc [or:alxzed conformatxons around the X- Pro-Gly of the substrate molecules,

. " govern the extert of specific binding and tydroxylation of peptide subsmzes%y.
p;o'lyhydrcx.ylase. Ih the hydroxylated sequences of X-P‘rmGly in-subst:'te
molecuies, the effect of X residue on the extent of hydroxylation hLas been

d d but not satisf il lained so far. In the light .of thie data

presented in this thesis, it is clear that thos& Tesidues in tie X position whose

o

1 angles are

for the formation into an extended + g-turn .

N7

conformation would favourably influence the hydroxylation while  the ozy{\ -

cannot. In their detailed "stereochemical analysis of enzymatic proline
hydroxylation, Hanauski-Abel and “Gunzler (1682) ‘have ta}ken‘ the ;turn
- conformation of the v‘peptide"substrate (proposed by~ Brahmachari agpd
Ananthanarayanan, 1979) into consideration. It would now seem apprapriate to

- ~have-the PP-II + pg-turn- model built into such an analysis of the enzyme's




) ‘eig'hh inples of a novel -supe hdary stricture “comprised nl‘ collagem—hke

fi o(l PPl like helix “followed by g-turn was also demonstrated in the aviam™

- 'proteins using_an

3f PP-IL. This highlights the fact that the presence:of Pro'residues may not be an

$ & % 285

mechanism:  The. present stulies definé the conformtional’criteria for ythe
enzymmatic prolieshy droxylstion, Which f.a crussl eveat in.the biosyathesa of
collagen. In view.of u’:gnmpomnce of collagen in bolh struchm;l integrity aud .
functional diversity of diftrent fssues; epecially i higher vertebrates, the above

studies can’bé.copsidered as a positive contribution” towards the nndermndmg of

blochemlstry and reguTen of cq]lagen bmsynthesls ° §% ~L- o
: iz

That the PP-II +.g-turn structure proposed here is not unique to substrates = -
of prolylhydroxyfase alane has recently been demonstratéd by Ananthzm;myanan

P
et al. (1987) Thcse authors have analyzed crysm structural datd om 40 globular -

for, detectmg ndary - structures knd have found

hellx Tollowed by p-4urn. Table 7:1 shows these examples, It portiat bo: note }

from the, cxumplcs pre.sentcd that' the presence of Pro resuhle does not. seém to" be
an absolute roquirernent for (e PRI :\K

uri strilcture,. although five out of
§ S

cight examples contain one or two, Pro residus in this conformation:  Earlier X -
r—} studies by Subramanian and Lalitha (1983) and FT- IR and Remad studies by ©
chugopnlakr]shnnu lez al. (1984) on the tripeptide Ala- Gly-cly showed that’ this

non-pmlmc containing sequence, in fact, can adopt a con(urmauon slmllar to that .

absolute requirement Yot thie formation of PP-Il-like iation. The pres

pancrejtic peptide (Blundell et al, 1981) in which_ the PP-II like helix contains .

i S ) §
eight. N-Lerminal residues three of which are Pro residues. This is followed by a

surn made p of a Gly-Asp-Asp-Ala scquence .
st T, WS
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“  Table 7-1: The C-pt Structure-in Globular Proteinst
Protein ~ e Residue : C-helix Residue pturh
E Numbers Sequence** Numbers _Sequence**
L. Actinidin . 11-117 D-T-Y-A-N-V-P " 17-120° - P-Y-N-N
i e
2. a-Chymotrypsin-A . * 108-115 - S-T-A-A-S-P-S 115-118 S$-Q-T-V
L . 4

3. a-Chymotrypsin-A 118126 : -S-A 125-128 S-A-A-D
4. Elastase (tosyl) ERISTH QSV-TLN wals JSYV
5. Elastase (tosyl) * 119-124 _ V-QLAV-LP 125-128 R-A-G-T
6. +IG Fab . 120-124 © . F-PPSS 123-126 S-S-E-E g

(light chain) i ) - % = 125-128 EEL-Q
7. Parvalbumin 7379 D-A-R-AL-T-D 78-81 f) T-D-GE %=

. % ’ :
8 Rhodanase 190-195 y  T-Q-P-EP I}{\ " 103106 ~ LEPDA
* Based on analysis of the crystal stnlclure data on 40 proteins.
** Amino acids are denoted in one-letter code; C- helu &= Collagen-helix;
o= %lllmthwm by pturn. -
Adapted from Ananthanarayanan et-al., 1987,
- v
& .
: ) S g < ) n
, ) t i
' . i ! N
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7.1. General Perspective .

[ believe that the present studies project a clear picture of the substrate
'

. specificity of pmlylhydro;ylm in definitive conformatipnal terfis and the model i
Nposed seems to account for all the available data in this regard. As suggested

earlier by Brah hari and 2 H 1979)\and Ananthanarayanan zl
v

- al. 1985), the #turn conformation may involved as a general recognition site

x . for enzymes involved in posunnslati.a:ﬂ modifications of proteifs ud'peptidéf
. In this “context,” it may be pertinent to recall the hy&mxy]ition studies on LW
' bradykinin. McGee el al. (1071) found that l‘mdykinvin and its gnglounes were :

| y

ficantly byd d by profyliydroxylase.  This nonapeptidé has the

séquence- A.rg ProPro-Gly~Phe-Ser Pro-Phe-Arg The presenﬁe‘ “of the p-t\nn' .

v .‘. wn!ormanon in the Pro-Gl -Phe segment is s!rongl mggesud by the oburvntwn o

1 of s '.ype I p-turn in N-Ae—Pm-Gly Phe-Ol-i by X ny crysulla[nphy 3
(Brahmu:han etal., 1081). Itis mtertstmg to note tﬁt this s:gment is preceded
T+ 7 by aPro residuc sothat onesould expecl the PP-IT + ptura conformlhon o the”

ProPro—Gly-Phe sgment of brady'hnm ‘l‘hls would then account for tho_ g

observed hydroxylation of budykmm mdlcntmg that the compleu structural )

reqlurement for enwm:mc prolme hydroxyhuon is et by |ts ;equence (nﬂxer )

than the presence of the /p—tum at Pro—G|y-PI:e segment alon% It !hould b‘i
mterestmg to see .r the crysm strueture of budykmm whichis hot yet nvmllble,
"' would bear out this. speculation. Q
)

N ~ Similarly, studies on a Pr{)—rich protein from buman liva .also .se‘ém to

. support the above model. The’ complete amino acid sequence of a Pro-rich
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_ salivary protein{Bennick, 1975) has recently been determined (Chung-Wong'and

Bennick, 1080) ahd it contains the following Pro-containing sequences :

)
Pro-ProiGly-Lys; Pro-Pro-Leu-Gly; Pro-Pro-Gln-Gly; Pro-Pro-Arg-Gly; Pro-
Pr6-Gln-Gln; Arg-Pro-Gly-Gly; Vak-Pro-Leu-Val; His-Prd-Arg-Pro; Lys-Pro-Glu-

Gly and Gln-Pro-Ser-Ala.

;i ~
”An‘nong these, Pro-Gly s&ﬁnces oceur only‘ twice while ‘Pr_o-gln sequence
occurs about 15 times and mostly in the tetrapeptide sequences of Pro-Pro-Glo-
Gin or Prc»PwGln-Gry', It is possible that these Pro- containing sequences may_
adopt the PP-IT + p-turn structure as seen in Boc-] P\'o—Pm-Gly Pro-QH and Pro- *
Pro—Gln Pro—OMe (Table 5 6) Thls protein was generously supphed by Dr.
Benmck of the Umverley of Toronto and I have found that this pmtem is
‘hydroxy]ated by pro!ylhydroxxlsse (about 2-4% relahve to (Pro—Pr&Glyr) Th|s/‘ )
’ can be expldined in the lnght of the model presentdﬂ above if we assume that,
!hesegnd ather Pro—nch sequeinces adopt the PP-II structure followed by a Murn
conformation and hence are recognized by prolylhydroxylase. In_this context, it is
pertinent to recall. the cénformational and hydroxylation data on ch-F.rp-Pro—
" GIn-Pro-OMe Sequence presentéd in Chapter 6. ’
' " ]
” Studies on c~AMl’-de.pende’nt proteiq kinases using model substrates ike
‘_casem (Kemp zt al., 1975), I;sozyme (Bylund and Krebs, 1975), protamings
»/Sheuollkar 1078)-'and_ synthetic peptides (Feramisco, 1980).. and on c-AMP-
(1xgepcndgnc protein kinases Aising deNatyred pepsin and antiprotesse G-I as the

; w
substrates (Meggio et .al., 1981) showed that the predicted secondary structure .




(1087) also lmplxcates the f-turn as the recognition site for the hydroxylation of:
- [k T

repeatedly occuring at the phosphory!ati’qn sites'is the ﬂ-iurn which apparently

includes the target residue i.e Thr or Ser. However, these studies’ are not ~

consldered to be definitive since strnczural information was sought using

predictive methods alone (See Smith and Pease mao ,Rose et al 1985) ‘Mbre
direct evldence for the. recognition of g-turn pephdes was reported by Tlnker et.

al. (1986). These stidies demonstrated that the phosphorylation {in vitro) by a

protein kinase, of tyrosyl residues contained in ch ized p-turn i "A

recent report by Zuennh and Ananthanatayanan (1987) and Takahashi zt al.

Lys-containing peptide subgt’ratts by lysylhydroxylase. These studies oﬂer s@rong

support: for the earlier speculati b§ Brahmachari and Ananthanardyanan 2 (1979).

that g-turn. conformauon could “be the recognmon site. fcrcmany poslrtranslatlonal
!

ylation and glycnsylanon i’ addmon m, prohne

hydroxylation.

'] ~ PR
_ It is interesting to note in this context, that type [ collagen from bovine

dermis is phosphorylated by c-AMP-dependednt protein kinase [ro@:ﬁbovine_ heart,

but only in the non-helical I‘orm obtained through thermal denaturation nd not
in the mple-hehcal conformation (Glass and McPherson, 1086). It iskorth
rccnlhng that prolylhy droxylase unddysylhydmxylnse do nr\t act upon: the tnply
helical native collagen but !urther hydruxylate Pro: or, Lys residuc when _this
protein is heat-denatured (Prockop et al., 1976) ‘to: the non-llehcml’ form

'P'hereforu, the snme or similar secondary slfmfcturkl features may be recogmzed by

:he protein kna‘s/e and by prolyl and lysyl hydroxylasesA
' ~a L ’
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- Finally, the concluding remark is, as always, "Conformation is
. . '
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A - Appendix A
Secondary Structure Analysis of
Proline—contai'nihg Peptides from CD Data

It is now'commonly ageepted that the CD spectra of peptides and pmems
represent the avemge of contributions from Che constituent. stmctural elements
(Chang ét al., ' 1978), Using the reference CD spectra obtmned from the

polypeptidesh or from proteins of known structures for a-helix, p-sheet .and

ﬂqrdered structires, it is possible to chlculate L€ individual proportions of these

three structural elements from the experimenta’f‘(ﬁ) spectrum of a protein
(Greenfield and Fasman, 1969; Saxena and Wetlauffer, }971; Chen an& Yang,
1971; Chen et al., 1972; 1974). More recently, investigators have incorporated the
contributions from another important secondary structure namely, the g-turn in
their analysis'(Chang e al., 1978; Brahms and Brshms, 1980; Provencher paid
Glockner, 1981; Hennesse).' and Johnsoh, 1981). As dis‘cussed in Cilapter 4, the
major conformational features of Pro-containing peptides have been found to be

the ﬁ-turn in non-polar solvents and an :extended PP-1I like conformauon ina

polar medmm like water. In this A di; ions of the P

v
peptides are analyzed in terms gf mixtures -of p-tutn, PP-Il and random
structures. " A similar, but limited analysis has beeg?carried out by Aubert et al.
(1975) in the case of the Pro-rich protein (PRP) from human parotid saliva.

‘,




- A.l. Reference CD Spéctra for g-turn, PP-II lnnd Random-coil

Y

Conformations .

A.1.1. CD Spectrum of &-turn
The vacuumﬁ CD spectrum of N-Acetyl-Pro-Gly-Leu-OH in TFE at low
temperature was shown to be the representative of an isolated A-tirn

(Brabmachari et al., 1979). The CD spectral features of this tripeptide include the

presence of a relatively strong negative band at about 182 nm, a strong positive———

band at about 202 nm and another weak negativée band around 225 nm, The

mean residu.e ellipticities of - the sbands were found to be about -1,650 s
deg.cridmol'! at 225 nm and +9,000 deg.cm?dmol'L at 202 nm. These will be e
translated into the following molar ellipticity values of -5,000 geg.cm’dmcr' at——
225 nm and +'14,'ooo deg:émzdmol'l at 202 nm at 25 °C (Brahmachari et al.,
1082). " These authors have also shown. that tripeptides of the type N-AcetyI-Pro-.

Gly-X-OH (where X = Gly, Ala, Leu, Val, Tle or Phe) adopt the p-turn

in order-p i polar solvents (Brahmachari et al., 1983).

Qualitatively; these features are very similar to, the class B spectrum caleulated
for types.I and I p-turns by-Woody (1674) in tripeptides. However, the

magnitudes at the extrema seem to be quite. different. Woody's calculated CD

spectrum for type I f-turn exhibits about 5,000 deg.cm?dmol’L around 225 nm

.and about +29,000 deg. cmzdmol' around 208 nm. On the other hand, the CD

spectrum for type I }Hnm exhibits about -2,500 deg emdmol’! around ‘a7 m

and sbout +30,000 deg.cm'ldmul‘ around 208 nm (Woody, 1974).

Brahms et al. (1977) reported a vacuum-UV CD spectrum for ‘ﬁ-t;xrn,)in

A
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(Ala,Gly,), which egjhibits 5,200 deg.cm®dmol’l at 227 nm and +63,000
deg.cm’dmol™ at 207 nm. The magnitudes at thé extrema in the case of
(AlayGly,) are Very high when compared to the N-Acetyl-Pro-Gly-Leu-OH

tBrahmachari etgl., 1982) or Woody's calculated spectra (Woody, 1974).

. v

Urry et al. (1974a) reported CD spectra for cyclic peptide m?{els of elastin.

The CD spectrum of HCO-(Val-Pro-Cly-Gpn-Val-W (where n = 40) in TFE

> }g/m °C was :ei)orted to, represent that of a typical fturn which exhibits a
negative band at 223 nim (mean residue ellipticity, -2,400 deg.cm?dmol’}) and a
positive_band at 2ox‘nm (mean resi.d-ue ellipticity, F2,300 deg.cm®qmol . The
evidence: for the presence of g-turn in this pep ide was alsb obtained fmm prolon
magnetic resonance (PMR) studies.. However,‘ the magnitude of the elllptu?.y
val:u:s of lhlsmompour:d seems to be very low when compnred to all the above
examples, In view of the mean vl ellipticity values obtained in the case of
thg test peptides used in the present studies, for example, t—Boc-Vai»Pro-Gly‘Val-

OH and t-Boc-Gly-Val-Pro-Gly-Val-OH in TFE, the choice of the C m of

N-Acetyl-Pro-Gly-Leu-OH as the reference CD spectrum seen{s to be more
P

AY ”
reasonable.  The ratio of the positive and negative ellipticity values for this

peptide in the p-turn conformation in TFE agrees well with that expecte

Woody's calcylations (Brahmachari et al., 1979). Therefore, the CD sp'eckumvo

. v 2
N-Acetyl-Pro-Gly-Leu-OH in TFE was chosen as the Teference CD spectrum for
f-turn conforgytion which is presented in Figure A-L.

L
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7 Figure A-1: Reference CD Spectra
Reference CD spectra for $-turn, PP-II and random-coil structures.
The p-turn spectrum is obtain_ed from N-Ac-PGL-OH in TFE at,
0°C; PP-1l spectrum is obtained from poly(Pro) (M, of 8,000) in
TFE also at 0 °C; Random-coil spectrum is obtained from
(Pro-Pro-Gly), in 4 M CaCl, at 25 °C. The concentratjon of

the Eeptides is 2 mg/ml ; cell size = 0.01 cm; 6 is expressed as mean

¢ Tesidue ellipticity. . L “\
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A.12. CD Spectrum of PP-II Stricture
The CD spectrum ;\f poly(P;o] of M, of 6,000 in TFE at low temperature
exhibits a positive band around 225 nm and a very strong negative band at about
200 nm characterizing the type I conformation (Figu:e A.1). This spectrun‘\ is
very similar to that reported by Tiffany and Krintﬂ\, (1969 a,?), 1{3‘72}; Mandel and
Holzworth (1973); Jennes ef al., 1976). The molar residue ellipticity of the
bositive band is about +4,0004 200 deg.cm’dmol™! and that of the negative band
is about -56,000+ 1200 degcmZdmoll. The spectrum in water .at room
tomperature is very similar'to that in TFE except that the 6, values hre
decressed o about -3, oob o em®dmol! and €,y to ~about 49,000
deg. cmzdn’loll ‘This indicates that tbe PP-Il structure, unlike the fturn, is not N
much destabilized by po]ar solvents The CD specbrum in TFE ‘and: at low
temperature was used as the reference-for PP-IF structure in the present analysls )

Since . most of the peptides. .used here are telmpeptldes, companson thh

: tetrsprolme (Proq) could be expectcd to give a better:fit between the:computed

and expenmental spectra.  Howgver, CD spectra of (Pm)4 in TFE or othef ton: )

polar solvents indicated the possib]e presence of_the cis-peptide bonds (data,'noi

shown). Other investigators also, indicated the possibility of cis-peptide bonds in

.. small oli‘go-prolines (Isemura et al., 1968; Okabayashi et al., 1968; Deber, 1974).

There(ore, the choice of PP-l (of higher molecular we)ght) which gives- a
characteristic all trans PP-Il spectrum, seems to bﬁ more reascnable “when
compared to (Pro),. The reference CD spectrum for PP-II conformation is

presented, in Figure A.L
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A.1.3. CD Spectr of Unordered or Random-coil Structure _ -
5 - - e
Polypeptides in the presence of high coqcentniibn_s of electrolytes such as

CaCl, have been shown to exist in unordered structures that.give CD spectra

different from those of ded-helical structures® of polyami A_,-acids such as
poly(Lys) or poly(Glu) in water at ﬁentr;l pH (Tiffany and Krimm, 1969 vl, 3
Mattice and Mandelkern, 1971). 'i'hue CD spectra are clnracterize«;l by a strong
negative band around 200 nm. It is fhown and should be noted here, that
polypeptides give qualitatively similar spect)a when they are in unordered
conformation, although the magnitudes :)l' the negative band at lower wavelengths
vary from peptide to-peptide“ (Jennes et al., 1976; Tiffany anq Krimm, 1969a,b).
L T— the peptides studied here have Pro-and Gly residues as constituent

amino acids,. a polypeptide contninfng these residues, ‘namely, (PmProGIyis has * °

been chosen as the referénce compound. The cp spectrum of this Vpoly'peplide in

4M CaCl, exhibits a single strong negative band at about 200-im with a mean
residue ellipticity of -20000+ 700 deg.cm’dmol™. This spectrum is very similar to"_
that of Qwrdered structure reported h?r poly(Pro), poly(Glu) and poly(Lys)
(Tiffany and Krimm, 1969. ab; Mattice and Mandelkern, 1971) and other
polypeptides (Doyle et al., 1971; Secatturin et al., 1975). The refereice CD
spect\rhm for unordered structure used in the present ma.lysis’is shown in Fig:lre .
AL - . :
&
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A.2. Method of Analysis . Lo

Using the sbove reference CD ‘spectra for g-turn, PP-II and unordered
structures, several series.of spect‘m ‘Were genergted for 'Various mixtures of these
conformatibns: The generalion of (hese spectra was basl: on the assumption that
the CD of a Pm:aon'.aining peptide at eachr wavelength can be expressed as a
“linear comgination of the contributions frém the -turn; PP-Il and unordered )
structurés. A simiIm.- approach was used .by Saxena and Wetlauffer (1871; Chen et
al. (1972) and dtherx‘lestiéators in the determination of secondary structures

from the CD spectra of proteins. This‘gan be expressed as follows :

8] OM fﬁ'[el Pley fpm[e]”“" frclelx

‘whete [6]?", 6P and [o]"® are the molar elipticity contributions from I,
o] the f{sctlons of p-turn, PP-Il and random-coil stmctures,
respecnvely, a.t a g'lven wavelength. Such sets of equuhons were applied in the
wavelength range of 250-190 nm, to obtain the observed CD spectrum in terms of
the sum of the intrinsfc molar ellipticiti tlfe structures in dll’ferent fixed
proportioﬂs{ During this tréatment, the sum of/ fractjons of all M‘.rucmral
cumponex:ls was }'ixpd Vto !;e")unity and the fraction of aparticular con{orma?on

was always positive or’ zeroi.e. (#h =1and fi >0) ~

.

W 3
SeVeral series of CD spectra were thus generated each repseseiting a unique

. combinationsof pturn, PP-l and unordered structures. {These CD spectra served

" as a library of standard{spectra against which the test peptides were compared s

.
+




as to obtain the possible combination of conformations that may be present in "

these test peptides.

? ' The normalized standard deviations between the experimental and “
exjjirin :
. . : : 5 -
computed spectra were calculated using the following formula : |
obs. Gl . |
wil (e - 8) -
S =] L MR .
'k : ~n-1
¥ L
[e]“”‘ = " fllipticity in deg.cn’dmol”!‘at the given
wavelength (X, n) obseryed- experimehally
[O)fel* = Elipticty,in deg. odmoltatxn b
. the. canputed (calculated) spectrum - 5
= N = Number of data points {i-e unber of
. wavelengths) *
s
N—1-. = Degrees. of freedon .
p ‘ “,
A . , L4 - . g
A.3. Results

’ ) T .
The following general observations may bi& on the effect of the

individual structural components on'the computed C¥ spectrum.

1. The positive band around, 200 nm (dug to s-x") transition\f the peptide
amide) rr;ny be a sensitive marker for the }tur;: and even slight ch: nges in the !
% o g

relative propdrtions of this conformation may be monitored using #is band.

’24 The destabilization of PP-II structure b;' the upordered structure
decreases the magnitude of the pegative band.-at 200 nm much more T} Lok
¢ = 4

“positive band ‘at 225 nm of the PP-Il helix. . 3
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* p-turn conformers. " e \

Al . 314 .

) 3. The admix*wr of the f-turn has nearly equal il‘lﬂ\lence on the positive
and megative bands of thg PP-II: structure. Onp the other hand, since the
unordered structure does not have any significant e&mibnti«;n around 225 nm but
does afound 200 nm, the development of the unordered structure seems wigm)
mrainly the 200 om. negative bspd of e PP-Il structure. Therelore, the changes

observed at 275 nm are interpretable conveniently in terms of the PP-II and

£ b - o
4. The negative band of PP-Il spectrum around 200 nm seems to be

. dependent on the length of the peptide chain (ss judged by the comparison of the

CD s of higher and lower molecular weight polyprolines).
g EN

5, Based on considerations (2) (3) and (4), QheMnd may be a

better md{a?or for- the PP-II conformation than the negative bmd

4 - n R
\6.7 ld’summary, the introducti X" dered in the g-tur:
PP-1I structures decreases the magnitudes of the positive and negative cD i;;

of these ordered structures, while their general spectral features are preserved.

3

A.3.1. Determingtion of Secondary Structures of the Peptides from
their C’D Sp‘ectrl )
The nnn]y!ls ‘was carried out by cbmparing the zxpenmental CD spectrum
of a given peptide in a given solvent with the compmed speclra shown in Figures
" A2 1o A9+ In addition to the over-all TXN! theéperime.ntal spectrum in

comparison with that of the synthetic spectrum, the values at the wavelengthd
t S

maxima were given specific importance. SinCe the synthetic spectra were

o
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. computer curve-fitting was totally unacceptable in other cases, especially in view

* underway.

generited in ;cgps of 10% varistions of one or more conformations.st each time, it
is not surprising to see that the experimental spectra did not always matelt "
exactl with the computed spectra. In those instances, an. intermediate value of Vi
the two Eosslble computed was tentatively assigned to the exper‘lmental spectrum *
in terms of the percentages (fg’ fpp.q and ) of different mixtures of the
conformers. After this initial coarse curve-fitting, fine-tuning was carried out in
order to obtain bene;r curve-fifting. In addition to the above manual analysis, the
aralysis was attempted using a computer program. While the values given by the

computer are very similar to those obtained by manual analysis in some cases, the,

of the ongmal spectral features of these peptides. The reason for this appar%

discrepmcy is' not understood and attempts to |mprove the program _are

The values of f, fppyyand £ afdirfwént peptides obtained using the above

data snalysis were presented and discussed in Chapter 5 (Table 5.5 In this

' Appetdix, the results are presented in Figures A-10 to A-26 (placed at the'en’d of v
this Appendix). ) I v

A generil examination of these results indicate that :, ’ »

v

1 Progmntzumng peptides are capable of existipg in an equilibrium mlxtm} -7

of muluale con[ormauons, namely,- ﬂ-mm PP-Mand \mordered structure;&nd

»

2. The nature of the solvent determines the different proportionsof each of

these conformations. As discussed in Chapter 5, in the organic solvent TFE! the
N y




folded, intra-molecularly H-bonded g-turn conformation is expresed' more; on the
othet hand, in aqueous medium, the extended conformation of PP-II becomes
predominant; Thus,-a given peptide would have larger proportions of the f-turn

and sraller amounts of E&-H in TFE, while in water the reverse would be the

case. s i \
A4, DiIscussi;m 7

The method of analysis using CD spectra bf known conformations as
reference spectra has been' suceessfully applied earlier to proteins (Greenfield and
Fasman, 1969; Saxena and Wethuffer, 1971; Chen et al., 197%; Chang et al., 1678;
‘Brahms and Brahms, lgsobTrlga[ysis done here is slightly different, in that it
deals with relatively small oligopeptides which have not hitherto been snalyzed in
this way. How;eve;-, the techni‘qu’e used is essential‘]y l_he same. The major
consideration in uing this technique-is the choice of the rel‘er:nce CD spectra.
Unlike the case wiih the protein analysis, very litle is known about the reference
states in sr;mll pepL%The reason for this is that small linear-peptides have an

:
enormous conformafioRal flexibility in solution. Thus, it is difficult to obtain a

single conformation for a peptide {in solution) whose CD can be.used as the
ot
reference. In the present analysis, the reference CD spectra have been chosen

rather empirically for reasons discussed belpw :

\./a;iations inthe CD spectra of ol_ig}r and polyprolines have been observed.
bas;edlon the molecular weight and chainleng!h.o{ the’ peptides. Al’though, the
individual proline residues in these oligo- and pnlym;rs have their ¢ and ¥ angles
[ixcdv‘appraprigi]y for‘ the PP-II like éxtended conlorma'ﬂjou, Okabay,asl';i et al.

o .

T . v
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(1968) and Deber (1974) showed from CD, F‘. and NMR that the dnmch‘ris;ic
appearance of the helical conformation starts with n i 4 (ie. 4 proline r‘idlles).
X-ray studies on t-Boc-(Pro); by K;nha el /fhﬂd) and on ;-Boc-/(Pro)‘ by
Matsuzaki (1974) indicated that they adopt the PP-II like extended stm'ctnre in
solid-state. However, Helbecque and Louheux-Lefebebvre (1978) showed by CD
and NMR that while Gly-(Pro), exhibits a CD spectrum similar to that of PP (a
negative band at x'bout 225 om), Gly«(Pro)J does not give a CD spectrum typical
of RP-II. In the present analysis also marked effect of chainlength on the CD

spectra (especially on the lower wavelength negative bands) ‘was noticed.

Therefore, there is a certain degree of uncertainty about the reference. spectrum .

for 100% PP-II conformation:

>
0

. The reference peptide for A-turn, namely, li-Acegyl-PrwGly-leu«Oﬂ has
been studied by vacuum-UV CD studies (Brabmachari et al, 1579) and has been
found to be_qunli;atinly wvery similar to the class B spectrum proposed by Woody
(1974) Tor type T and II p-turns. It s also similar to that of (Val-Pro-Gly-Gly),
studicd‘ by Urry et al. (91143). However, X-ray analysis has not been done on this
peptide. The presence of type I pturn has been implied in‘tl;is peptide by
indifect evidence that an analogous compound, N-Acetyl-ProGly:%Phe-OH adopts
}.ype I g-turn in solid state (Brahmachari et al., 1979). ‘Tlge’reforl, again there is

some assumption _abnut the 100%_p-turn struature.\ -

"» “There is considerable disagreement about the 100% unordered CD spectrum
r
which seems to differ from peptide to peptide, protein to protein and peptides to

proteins, except Tor the presence of a negative band around 200 nm (Tiffany and

S NS T ;
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Knmm, 1969 a,b; Chen et al., 1972; Mattice md Mandelkern, 1971; Jenngs etal,
1978) ln the absence ' of a typical CD spectrum for \00% \{t‘xordered
conl‘ormauon other mveshgators also had tomake certain assumpuons about the
reference spectrum for 100% unﬁdered structure in. their conformational analyses
(Greenfield and Fasman, 1969; Chen ef al:, 1972 and Brahms and Brahms, 1980).
The fact that, in the przse’nt analysis, only peptide conformanm‘:s have been used

as references to compare and analyze another set of peptides, should make these

gssumptions less objectionable in contrast to the assumptions made in

'

éxtrapolating the polypeptide data to proteins.

. P
As in the case of any structural i igation, fhe ultimate verification for

this structural ‘analysis will be obtained only from X-ray analysis of these
peptides. Again, an assumption is made that the conformations of peptides would
be the same in both solid state and in solution déspite the fact that different

. 1
stabilization forces operate in different media.

* In the cases of Boc-;PGV-OH and Boc-GVPGV-OH, no. PP-II type
structure was detected by this CD .;malysis. This is in agreement with.the studies
on Boc-VPGV-OH by CD and IR {Chapter 5) a’nd by X-rai' diffraction-(Yagi'et R
al., 1983) which indicate that the extended structure present mi)y be similar to
the g-strand, rather than the PP-II type 'stm:mrs. Since only the g-turn, PP-II .
and random-coil structures are comsidered for the reference CD spectra, the
present analysis would not be able to give information on the nature of the :
extended structure preseat in these peptides. Considerstion of the CD spectra of
Rher extended structl‘lres like Fsheet structure may improve the conformational

analysis on these peptides. ! =
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e
In spite of all these Limitatio{u, the method of  cdnformational analysis
presented ‘here seems to provide a reasonable means of determining the different b

propostions of conformers presented by the peptide molecules in solution. :
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Figure A-23: CD’Analysis of Boc—\/‘PG\’-‘OH in TFE
)
(—) Experimestal spectrum; (- - -). Computed-spectrum for

85% p-turn + 15% randomﬁvil structures.
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Figure A-24: CD Analysis of Boc—V}:GV-OH in Water
(=) Experimen(al spectrum; (- - -) Computed spectrum for

65% p-turn + 35% random-coil structures.
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Figure A-26: CD Analysis of (ProPro-Gly)g in TFE i ;
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(—) Experimental spectrum; (= - -) Computed spectrum for .

40% p-turh ¥ 20% PP-I + 40% random-coil structures.
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Figure A-26: CD Analysis of (F'ro-Pro-Gly) in Water
(<FExpgfimental spectrum; (- - ) Computed spectrum =

for 35% gturn + 25% PP-Il + 40% random-coil structures. . B
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