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ABS~RACT 

The aim of this project was to determine the 

c arboxyl terminal amino acid seQuence of the heavy 

chRin of human co;np lemen t subcomponent C1s. The 

proteolytic cle2vage of a pep tide bond(s), probably 

at an Arg-Ile bond, of the single ch a in C1s yields t'he 

active serine protease C1s comp osed of a heavy and 

light c hain. A knowledg e of the amino acid sequence 

preceding the scissile Arg-Ile bond 'Nould allow the 

chemic a l synthesis o ~ a ~odel peptide substrate f or the 

C1s- a c t ivating enzyme Cir. 

Hum an C1 s was purified to homogeneity by eug lob u lin 

precipitation and repeated ion exchange chromatography. 

Unactivated c -1 s, whi ch c ould be activated b y incuba:. i on 

with partially purified Cir, was isolated by perfor~ing 

all purifics tion steps in the prese nc e of the serine 

protease in~ibi tor phenylmeth ane sul-phonylfluor ide and 

at low temperature. The heavy and lig ht chains of 

activated C1s were separated by ion exchange chromat o­

graphy in the p resence of denaturant following thorough 

disulphide bond reduction. 

Isolation of the carboxyl terminal-derived peptide of 

the C1s heavy chain by peptide mapping as well as by 

chemical modification of protein c arboxyl g~oups was 

unsuccessful largely due to the hi gh molecular weight of 

the protein substrate_. Digestion of C1 s by carboxy­

peptidase B resulted in the very rapid release of arginine 

in a quantitative yield presumably from the carboxyl 

terminus of the C1s heavy chain. 

Mfinity chromatography using immobilized anhydro­

trypsirt was successful in isolating the carboxyl terminal 

chymotryptic 9eptide of the Cfs heavy chain. Anhydro-
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trypsin disr,lays a rem~1rkably specific affinity for 

trypsin product-like peptides ~ossessing a carboxyl­

terminal arginine resi1ue. Atte~:rpts to determine the 

entire amino acid sequence of' the isolated peptide were 

prevented by the difficulty in obtaining sufficient 

material. However, by de termining the N-terminal amino 

acid s equence and amino a cid comp osition of' this pe-ptide 

as well as by performin3 fu r ther :peptide :fragmentation 

by trypsin the following partial :prim8.ry structure is 

proposed: 

Gln-Gln-Lys-G-lx-Val-Pro-G-lx-G-ly- ( Thr , Ser , (Leu), Ala ] -

Lys-Glx-Glx-Asx-Arg . 
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Complement Nomenclature 

The nomenclature of comple_ment com9 onents and 

subco;nponents is that recommended by the 1:.'orld Heal th 

Organisat ion (1968). The -components of classic8l 

complement are designated numerically, eg. C1, C2, C3, 

••. c9. The activated forms of complement are i ndicated 

by a bar above the symbol, e. g C1 is the enzymically 

active form of C1, c's,"6 i s the active complex of CS 
plus C6. Frngments are described by adding a lower case 

letter, e.g. C3 fragments C3a, C3b, C3c, c3a. Subunits 

of a macromole cular com:plex are designated by a lov1er 

case letter, e. g . C1g, C1r, C1s. 



1. 

CHAPTER I 

INTRODUCTION 

1.1 ComQlement Action 

Human complement is a complex system of at least fifteen 

distinct serum proteins (Reviewed by Fothergill and Anderson, 

1978). It is an essential part of an immune person's 

capacity to recognize foreign substances and to defend 

himself against infection by invading pathogenic organisms. 

The b actericidal activity of fresh serum consists of' 

both a heat-stable specific component, antibody and a heat­

labile nonspecific component, complement. Antibody is 

responsible for the recognition and agglutination of foreign 
' 

cells as well as the subsequent activation of complement. 

Complement action results in the lysis of the invading 

organism as well as the production of potent pharmacological . 
eff ects. Although nonspecific in immunological terms, 

complement is highly specific in biochemical terms. 

Activation of the complement cascade initiates a sequential 

series of protein-protein and protein-membrane interactions. 

Protein-protein interactions consist of either limited 

zymogen proteolysis to directly form an active protease from 

complement components or protein binding of activation 

fragments of several complement components to form a protease 

or to bind to . and modify that protease's substrate specificity. 

Soluble complement components are able to undergo transition 

to membrane constituents through the generation of binding 

regions. The complement components are all high molecular 

weight glycoproteins (85-200,000- daltons), containing five to 

ten percent carbohydrate and are present at low concentrations 

in serum. (MUller-~berhard, 1975). 

Complement action can conveniently ce divided into three 
phas_es: 

(1) The generation of a C3 activating enzyme 
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(2) C3 activation · 

(3) Assembly of the multimolecular complex causing cell lysis. 

(1) C3 - Activating ~nzyme Generation 

Activ ation of the complement cascade may occur by two 

parallel but independent pathways: (i) the classical pathway 

and (ii) the altern~tive pathway, both of which produce a 

C3 - activating enzyme. Figure 1. 

(i) The Classical Pathway 

Aggregated antibody or cell-bound antibody of sensitized 

cells binds to the first component of complement, C1 and results 

in the activation of the s subcomponent of C1 to yield an 

active protease, C1s (Porter, 1977a). 

Activated subcomponent C1s then proteolytically converts C2 

and C4 into forms capable of inter acting and to gether 

comprising another protease, the. C3 convertase (C4,2). 

C4 is a triple-chain glycoprotein (molecular weight 

200,000 daltons) in its inactive precursor form, which is 

cleaved by C1s near the amino terminal of the largest of the 

three polypeptide chains. This limited proteolysis yields 

an 8,000 dalton activation peptide, C4a and the remainder of 

the C4 molecule, C4b (molecular weight 200,000 daltons) 

binds covalently to the cell membrane or to the Fab part of 

the antibody (Goers and Porter, 1978) of sensitized cells 

but possesses no enzymic activity. This membrane binding 

ability is rapidly lost if C4b is not bound to the membrane 

within a short time of activation. 

The single-chain glycoprotein C2 (molecular weight 115,000 

daltons) is cleaved by C1s to give C2a (molecular weight 

80,000 daltons) which associates with cell-bound C4b to f'orm 

a cell-bound C3 convertase enzyme complex, · C4b,2a. It is the 

C2a moiety of the serine protease C3 convertase which contains 

the active site ser·ine residue. The smaller C2b fragment is 
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thought to be released into solution. 

(ii) Another distinct C3 convertase can be generated by 

the alternative pathway of complement. This pathway is 

activated by complex bacterial, yeast or plant cell wall 

polysaccharides as well as the IgA immunoglobulin class and 

results in the activation of factor D (molecular weight 

25,000 daltons) to give an active serine protease factor D. 

The in vivo activator is unknown while in vitro trypsin 

activates factor D. (Volanakis et al, 1977). Factor D then 

cleaves ~he single chain factor B (molecular weight 30,000 

daltons). Factor Bb is analogous to C2a in the alternative 

pathway C3 convertase complex, ( C3b ,Bb). Following production 

of the C3 convertases, the classical and alternative pathways 

share common steps. 

(2) C3 Activation 

C3 lmolecular weight 195,000 daltons) is a two chain 

glycoprotein present in plasma at a ten-fold higher 

concentration than any of the other complement proteins. It 

is considered to play a central role in complement action. 

A single proteolytic cleavage by either the classical pathway 

C3 convertase (C4b,2a) or the alternative pathway convertase 

(C3b,Bb) liberates a C3a activation peptide (molecular wei ght 

9,000 daltons) from the amino-terminal end of the heavy chain 

of c3. 

C3a is an anaphylatoxin possessing potent pharmacological 

_activity including contraction of smooth muscle, histamine 

release from mast cells and chemotaxis of leukocytes, thus 

mediating the inflammatory response. This action is inhibited 

by a plasma carboxypeptidase B - like anaphylatoxin inactivator 

which removes the carboxyl-terminal arginine residue essential 

for activity. 
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The remaining molecule, C3b, possesses cell surface 

binding properties. However if C3b is not bound to the cell 

membrane following activation this membrane-binding ability 

is lost due to proteolysis by a C3 inactivator (C3 INA) 

(Harpel and Cooper, 1975). A cell coated with many C3b 

molecules results in immune adherence and the stimulation of 

opsonization thereby promoting cell phagocytosis. As C3b is 

required for C3 activation in the alternative pathway a 

positive feedback mechanism exists whereby C3 convertase will 

stimulate its own activation by. producing more C3b. As well 

as binding to cell membranes C3b also binds to its own 

activat~ng enzyme, C3 convertase through the C4b or factor B 

moieties. This binding results in a modification of the C3 

convertase substrate specificity and the new enzyme, C5 

convertase (C4b,2a,3b or C3bn,Bb) now cleaves an analogous 

peptide bond in c5. 

(3) Complex Assembly and Cell Lysis 

c5: (molecular weight 205, .000 daltons) is similar in 

structure to c3. C5 activation also results in the release 

of an anaphylatoxin from the amino terminal of the C5 heavy 

chain. C5b (molecular wei ght 195,000 daltons) is able to 

bind to cell membranes and also to C6. It is proteolytically 

inactivated by the C3b INA if not bound soon after activation. 

C5 convertase cleavage of C5 is the final proteolytic step 

in complement activation. Subsequent complement action is 

solely by protein-protein and protein-membrane nonenzymic 

physicochemical interactions. (M'uller-Eberhard, 1975). The 

C5b generated acts as a nucleus for the self-assembling 

membrane attack complex of C5b,6,7,8,9. 

Both C6 and C7 are single polypeptide chains of molecular 

weight 125,000 daltons while C8 is a triple-chain protein 

(molecular weight 155,000 daltons) capable of binding to the 

membrane-bound C5b,6,7 complex. The large hydrophobic 

chain located inside native C8 is involved· in the initiation 

of membrane damage. The addition of C9 (molecular wei ght 

75,000 daltons) results in the generation and stabilization 

of membrane pores. These pores are of 10 run diameter and 
are visible by electron microsc·opy~ (Knobel et al, 1975). · 



Two major complement control proteins are the C3b INA 

already mentioned and a C1 inhibitor (molecular weight 

100,000 daltons). C1 inhibitor blocks C1 activity by 

stoichiometrically complexing with the serine proteases 

C1r and C1s. (Ratnoff et al, 1969). A further control 

point is the rapid spontaneous decay of C3b, C4b and C5b 
membrane binding ability if not membrane bound immediately 

following activation. 

5. 
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1.2 C1 Subcomponents 

The first component of the classical pathway of 

complement is composed of three subcomponents: C1g;c1r and 

C1s held in a complex by calcium ions. The C1 subcomponents 

are so-named because of their order of elution during DEAE 

anion exchange chromatography in the presence of EDTA using 

salt gradient elution. (Lepow et al, 1963). 

In serum or 5 mM CaCl2 two molecules each of C1r and 01s 

are bound by calcium in a tetrameric complex of molecular 

weight 350,000 daltons represented by: C1r2-ca++-c1s2• An 

octomeri c complex has also been proposed (Nagasawa et al, 1974). 

Maximal haemolytic activity occurs with a molar ratio of C1q: 

C1r: C1s of 1:4:4 and as serum molar ratios are approximately 

1:2:2 this is suggestive of one C1r2-ca+~-C1s2 tetramer 

binding to each C1q molecule. (Gigli et al, 1976) (Porter, 1977a ] 

(Ziccardi and Cooper, 1976). Little interaction occurs between 

the C1r-C1s tetramer and C1q in the unactivated C1s state. 

(Nagas~Na et al, 1974) (Porter, 1977a). However, upon activation 

of complement this binding is increased with no dissociation 

of subcomponents occurring and so resultant C1s proteolytic 

activity is associated with the whole C1 complex. C1 Inhibitor 

binding does release a C1-Inhibitor-C1s/C1r complex leaving 

C1q-Ag-Ab bound to the cell membrane. (Sim et al, 1979). 

Subcomponent C1g (molecular weight 410,000 daltons) is a 

unique glycoprotein composed of six A,B and C chains each of 

about 23,000 daltons molecular weight. Each chain is linked 

by a single disulphide bond through residue cysteine-4 to 

form six A-Band three C-C subunits. Each C-C subunit is 

associated noncovalently with two A-B subunits to form a gross 

C1q structure of six identical A-B-C subunits resembling the 

so-called 'posy of tulips' in electron micrographs in which 

each 'tulip' is represented by one subunit. The 'stalk' of 

each 'tulip' consists of a 78- residue length of collagen -

like triple helix formed by the interaction of the A,B and C 

chain of each subunit. It is this region of C1q which binds 

the C1r-C1s tetramer through C1r (Porter, 1977). At the 

carboxyl terminus of each subunit is a globular pod-like 
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region which resembles the 'petals' or 'flowers' of the 'tulips'. 

It is this globular region of each C1q subunit -which binds to 

· the antibody molecule. Not all antibody is able to activate 

the classical pathway of complement. IgM and the IgG dimers 

of subclasses 1, 2 and 3 do while IgG subclass 4, IgA, IgE 

and IgD do not bind to C1 q to activate complement. (Frank, 

1979). 

The first event leading to complement activation is the 

binding of the foreign cell-surface antigen to the variable 
' domain of the Fab portion of antibody. This allows the C1q 

C - terminal g lobular heads to bind directly to the Fe region 

of antibody; possibly to a C1q binding site exposed on 

antibody reaction with antigen. Thus C1q binding and 

subsequent complement action is independent of antibody 

specificity which resides only in the antigen-antibody Fab 

reaction., C1q is unable to bind parent antibody but it is 

able to bind to heat-aggregated Fe fragments of antibody or 

heat-aggregated whole antibody in addition to the in vivo 

antibod-y-antig en complex. (Taranta and Franklin, 1961), 

(Ishizaka et al, 1962). 

The end result of antibody binding to the C - terminal 

globular heads of C1q is the activation of C1r to give the 

active protease, C1r. The rate of C1r activation in the C1-

Ab-Ag complex is the same whether C1 s, C1 s or inactive dipf'­

treated C1s is used. If no C1s is present at all then no 

C1r activation occurs suggesting that C1s is required in a 

non-proteolytic role. (Dodds et al, 1978). Dipf added to 

01-Ab-Ag complexes prevents C1s activation but not C1r 

activation indicating that dipf inactivates C1r as it is 

formed. During C1r activation a single-chain reactive 

intermediate is thought to be formed before chain cleavage 

occurs. This intermediate is able to activate C1r in the 

C1 complex but in solution C1r does not self-activate (Dodds 

et al, 1978). Further evidence has been found consistent with 

an intramolecular auto-catalytic activation mechanism involving 

an intermediate C1r prosite of the C1r dimer. (Arlaud et al, 

1980). These workers however, found that C1r was able to 

self-activate in solution. A consequence of C1q binding to 
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antibody is a firmer binding between C1r and C1q, possibly 

due to conformational changes transmitted from the antibody­

bound C - terminal heads of C1q to the C1r binding site of 

C1q. As calcium is known to decrease C1r activation C1q may 

remove calcium from a critical site in C1r thus allowing 

auto-catelytic activation of C1r by the low catalytic activity 

often associated with zymogens of proteases. (Kassell and 

~RY~ 1973) (Londsdale-Eccles et al, 1979). A combination of 

these possible mechanisms for C1r activation may be involved. 

Subcomponent C1r in its zymogen form is a sing le polypeptide 

chain (molecular weight 85,000 daltons) and is a dimer both 

in the presence and absence of calcium. (Sim and Porter, 1976) 

(Ziccardi and Cooper, 1976). Activation is brought about by 

the cleavag e of a peptide bond(s) to yield two disulphide­

linked polypeptide chains; the a chain (molecular weight 

58,000 daltons) and the b chain (molecular weight 27,000 

daltons). Although no detect able loss of mass occurs on 

activation the possibility of an activation peptide bei ng . 
. produced does exist (Sim et al, 1977). N - terminal amino 

acid sequence determination of the unactivated C1r and the 

activated C1r a and b chains has shown that the heavy a chain 

is derived from the N - terminus of C1r while the b cha in is 

derived from the C - terminus. (Sim et al, 1977). Figure 2. 

The b chain contains the active site serine residue which 

binds dipF and also shows N-terminal and active site amino 

acid sequence homology with other serine proteases. (Sim· 

et al, 1977). Figure 3. The C1r b chain is also of approx­

imately the same molecular weight (24-28,000 daltons) as the 

active site serine-containing chains of other serine proteases. 

The C1r a chain, which possesses a blocked N-terminus, shows 

little amino acid sequence homology with other proteins of 

known sequence. ( Sim et al, 1977'). 

C1r possesses an exceptionally restricted esterase and 

protease substrate specificity spectrum. Some basic amino 

acid esters are reportedly hydrolysed, albeit at very low 

rates. Naff and Ratnoff (1968) found the preferred C1r 

substrates to be acetyl arg inine methyl ester followed by 

acetylglycyl lysine methyl ester for partially purified C1r. 



NH 
2
--------,.-----------,---SER---CO0H 

s-----------s 
ZYMOGEN FORM 

NH
2
-------P--------COOH (a chain) 

s 
I s 

N H
2
----------SER----1CO0H ( b chain) 

AC T I VA TE D FORM 

FIGURE 2 Activation of C1 Subcomponent Zymogens by Limited Prote olysis 

In the zymogen state both Clr and Cls are single chain proteins. 

Activation by limited proteolytic cleavage (arrow) yields two 

chains linked by one or more disulphide bonds. The smaller b chain 

contains the active site serine residue (SER) and possesses the 

amino terminal sequence Ile - Ile - Gly - Gly corranon to many serine 

proteases. 



( 1 ) (5) ( 1 Cl) ( 15) (20) 

Human C1r b chain (a) Ile-Ile-Gly-Gly-Gln-Lys -Ala-Lys - Met - Gly-Asn-Phe - Pro-Tr p-Gln-Va l-Phe-Thr-Asn-Glx 

Human C1s b chai n (a) Ile-Ile-0ly-Gly-Ser-Asp-Ala-Asp-Ile-Lys-Asn-Phe-Pro-1'..f::Q.-Gln-Val-Phe-Phe-Asp-Asn 

Bovine Trypsin (a) Ile-Val-Gly-Gly-Tyr-Thr-Cys-Gly- Ala-Asn- Thr-Val - Pro-Tyr~Gln-Va l-Ser-Leu-Asn-Ser 

Bovine Chymotrypsin A(a) I le-Val-Asn- Gly-Glu-Glu-Ala-Val-Pro-Gly-Ser-Trp-Pro-Trp-Gln-Val-Ser-Leu-Gln-Asp 

Bovine Thrombin ~ chain ~ ~ (a) I l e-Val - Glu- Gly-Gln-~- !\la- Glu-Val - Gly- Le u - Ser-Pro-Tro - ,ln-V 'l l-.,fet - Leu-Phe-Arg 

HumRn Thrombin (b) Ile-Val- Glu-Gly-Ser-Asn-Ala-Glu-Ile-Gly 

Hu~8n Plasmi n B ch Gin 

R~nan F8c t or D (b) 

H11man F :=i c t or XIa (b) 

Fac t or Xa (b) 

( a ) Va 1-Val-'J-ly-'i- l y-Cys- Val - :..la- Hi s-Pro - IIi s-Ser-Tr p-Pro-'..!£..:2.-G ln-Val - VP. 1- Le u -Leu-Arg 
,,. >I-

I le-Leu-Gly-3ly-Arg- Glx- Ala - Glx-Ala -

Ile- V~l - Gly- Jly- Thr- Val 
I 

Ile - V::il - Gly-3-ly-Glu- '.J-lu - Sys-Lys- Asp - Glu 

:?:.su re 3 . >, ino Ter'.71inal Se11ue'.'"lce ~o:-:;oloCY of' t~e "~!"lzy11 ic Chain" of' Ser ine Prot e ases • 

" ~:rny:ni c Chain" i s the ch-=!in contoi ning the q~t ive site serine residue. 

. 4n rnni no acid identical to that in the s e quence o~ C·\s b chain is indic P. ted by underlining. 

(a) f rom Sim et a l ( 1977) 

(b) .from Davis et al (1979) 

* or serine 
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Other carbobenzyloxy, benzyl and tosyl basic amino acid esters 

were not hydrolysed at all under the conditions -used. The 

hydrolysis of the acetyl arginine and acetylglycyl lysine 

methyl esters by C1r was confirmed recently by Andrews and 

Baillie (1979) who also found that N-cbz-tyrosine and 

N-~-cbz-lysine p-nitrophenyl esters were also hydrolysed. 

This latter result is in contrast to work by Sim et al (1977) 

who found that their preparation of C1r would not hydrolyse 

any of the N-«-cbz p-nitrophenyl esters of tyrosine, 

phenylalanine, leucine and lysine. In a comparative study of 

the ester substrate specificities of several serine proteases 

Volanakis et al (1977) found acetylglycyl lysine methyl ester 
-to be the most specific substrate for C1r. This ester was 

hydrolysed by C1r at approximately 1% of the C1s-catalysed 

rate or 0.3% of the trypsin-catalysed rate. Acetyl arginine 

methyl ester was hydrolysed by C1r at only 2% of the rate of 

acetylglycyl lysine methyl ester hydrolysis. The only 
protein substrate known to be proteolytically cleaved by C1r 

is its in vivo substrate C1s. 

Subcomponent C1s is similar to C1r with respect to molecular 

weight, chain structure and amino acid composition. (Sim et al, 

1977), (Sim and Porter, 1976). It is a single pol;).rpeptide 
chain having an approximate molecular weight of 83,000 daltons 

in its zymogen form. (Valet and Cooper, 1974a,b) (Sim et al, 

1977) (Ziccardi and Cooper, 1976). In serum or 5 mM calcium 
C1s is present as a dimer while in the presence of EDTA i~ is 

a monomer. 

Proteolytic cleavage by C1r produces an active protease, 

C1s, consisting of two disulphide-linked chains, the a and 

b chains of molecular weight 56,000 and 27,000 daltons 

respectively (Sim et al, 1977). figure 2. N - terminal runino 

acid sequence analysis of C1s and cTs a and b chains shows 

that the a chain is derived from the N - terminus of the 

zymogen while the b chain is derived from the C - terminus 

(Sim et al, 1977) (Takahashi et al, 1975a). · As in C1r, the 

C1s b chaln contains the active site serine residue which reacts 

with dipF. Amino acid sequence homology of the b chain active 

site region (Barkas et al, 1973) and the N - terminal region 

lJASSEY UN!VERSITY 
_Ll;:;PA~'( 
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(Sim et al, 1977) with other serine proteases has been 

noted. Figure 3 and 4. This is particularly apparent when 

comp aring the N - terminal amino acid sequences of the C1s 

and C1r b chains where 60% homology is observed for the 

first twenty residues. Figure 3. The N - terminal amino 

acid sequence of the C1s a chain is also knovm and as with 

the C1r a chain no sequence homology with other proteins of 

knovm amino acid sequence has yet been found. 

Although C1s and C1r are structurally similar the most 

strik ing dirference between them is their esterase substrate 

specificities. Whereas C1r hydrolyses only slowly acetyl 

arginine methyl ester and acetylglycyl lysine methyl ester 

C1s hydrolyses the methyl esters of acetyl, benzoyl and 

tosyl arginine plus benzoyl arginine ethyl ester (Volanakis 

et al, 1977). C1s also hydrolyses the methyl esters of tosyl 

and cbz lysine and to a much greater degree the acetyl and 

acetylglycyl lysine methyl esters which are hydrolysed at 

30% of . th e trypsin-catalysed rate (Ratnoff and Le~ow, 1957). 

It i s on'e of' the few serum esterases to hydrolyse acetyl 

tyrosine ethyl ester and is therefore described as exhibiting 

a pl asmin-like esterase substrate specificity (Naff and 

Ratnoff , 1968) (Volanaki s et al, 1977). C1s hydrolyses the 

p-nitrophenyl esters of lysine and tyrosine but has no effect 

on the glycine, phenylalanine and leucine esters. (Sim et al, 

1977). This i s clearly distinct from the specificities or 
trypsin and chymotrypsin. In addition to proteolytically 

cle aving its in vivo substrates C2 and C4; C4 at an Arg-X bond, 

C1s is able to cleave some denatured protein substrates. 

(Scott and Fothergill, 1975). 

C1s activation is not autocatalytic but requires active 

cfr; C1r or inactivated dip-C1r are unable to activate C1s. 

No detect ab le loss of mass occurs on proteolytic activation 

of C1s, indicative of a single proteolytic cleavage by C1r. 

( Sim et al, 1977). Lepow et al ( 1958) have reported no 

rele ase of trichloroacetic acid - soluble nitrogen during 

activation of C1. Takahashi et al (1975a) found no 
evidence for the loss of an activation peptide from the 



Human C1s (a) 

Human Pl8 smin 
(a) 

-Ala-Cys-Gly-Lys-Asp-SF.R-Gly-Glu- X - Arg-

-Ser-Cys-G ln-G ly-Asp-S-:-;;R-G ly-G ly-Pro-Leu-

'3ovine Thrombin (b) -Ala-Cys-Glu-Gly-A s1J-S,:;-:R -Gly-Gly-Pr o- Fh e 

Bovine· Factor XIIa (a) -Ala-Cys-Gln-Gly-~-S~R-Gly-Gly-Pro-

Bovine TrY1Jsin 
\ b) 

Bovine Fac t or 
xa ( c) 

Bovine 
Chymotrypsin 

A (b) 

Bovine Factor 
VII ( c) 

Factor D (c) 
Porcine 
~las tase (b) 

-Ser-Q.y_§_-Gln-Gly-Asu-SSR-Gly-Gly-Pro-Val 

-Ala-Cys-Gln-Gly-Asp-SER-Gly-Gly-Pro-Hi s 

-Ser-Cys- Met-Gly-Asn-SER-Gly-Gly-Pro-Leu 

-Ala-Cys-Lys-Gly-Asp-S3R-Gly-Gly- Pro- His 

-Ser-~-Lys-Gly-AsD- 8~-Gly-Gly-Pro-Leu 

- Gly-Cys - Gln-Gly-As p-S~R-Gly-Gly-Pr o- Leu 

Figure 4. The Active Si te Se quences of Some Ser i ne 

Proteases 

A residue identical to th at in C1s is i Pdic ated by 

underlining. 

SER indicates the active site reac ti ve serine residue 

(a) from Fothergil l and Anderson (1978) 

(b) from Dayhoff (1972) 

(c) from Davis (1980) 
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N-terminus of zymogen C1s as is the case in bovine trypsinogen 

activation where a hexapeptide is released. 

It was also pointed out by Takahashi et al (1975a) that 

the newly appeared c:/.. amino group of isoleucine is essential 

for proteolytic activity of the serine proteases trypsin, 

chymotrypsin and thrombin. Perhaps the basic mechanism of 

activation is the same for C1s. In the cases of chymotrypsinogen 

and trypsinogen the newly appeared~ amino group of isoleucine 

folds into the interior portion of the protein, giving rise to 

the formation of an ion pair with the carboxyl group of an 

aspartic acid residue which is adjacent to the active site 

serine. (Sigler et al, 1968). This leads to the charge relay 

network which is characteristic of pancreatic serine proteases 

(Sigler et al, 1968) (Blow et _al, 1969). Thus it may be that 

the newly formed amino terminal Ile residue of the C1s b chain 

also forms - an ion pair with aspartic acid adjacent to the 

active site serine residue in a similar manner giving rise to 

an active serine protease. Figure 4. An essential step in 

the form~tion of active C1s is the cleavage of a s~ecific 

X-Ile peptide bond in zymogen C1s. (Takahashi et al, 1975a). 

Considering the trypsin-like esterase substrate specificity 
- -of C1r it is likely that C1r acts in a very specific trypsin-

like manner to cleave this specific peptide bond in zymogen 

C1s. The X-Ile bond, highly susceptible to C1r cleavag~would 

therefore be expected to be either an Arg-Ile or Lys-Ile bond. 

The possibility of more than one cleavage site in C1s with 

subsequent release of a small internally-derived activation 

peptide cannot be ignored. Even if this was the case, then 

one part of the C1s activation process would be cleavage of 

this Arg-Ile bond. In any event, the cleavage of one specific 

Arg-Ile or Lys-Ile bond in C1s is an essential step in the 

activation mechanism of C1s. Assuming the simplest case for 

C1s activation of one proteolytic cleavage by C1r, Arginine 

or Lysine will be the carboxyl terminal amino acid residue of 

the C1s a chain while Ile is the known amino terminal residue 

of the b chain. Such activation of C1 s by c1·r can be described 

as in Figure 5. 



C1r 

NH - Glu-Pro- Thr-----~--Argl l;'J lle-lle-Gly-Gly-· -.-----COO H 
2 . 

$-------- ----~$ 

C1s 

"*4
2
-Glu-Pro-Thr------.---Arg(Lys)-COOH (a chain) 

s 
I 
s 

NH,-Glu-Pro-Thr------COOH 

C1s 

(b chain) 

FIGURE 5 Activation of Subcomponent C1s by a Single Proteolytic 

Cl~vag~ by C1r 

If it is assumed that the simplest case for Cls activation i~ a 

single proteolytic cleavage at Arg (Lys) - Ile then the Ile residue 

will become the N - terminal residue of the b chain while the Arg 

or Lys residue will become the C - terminal residue of the a chain. 

The arrow indicates the site of peptide bond cleavage by Clr. 

From Takahashi et al (1975a) with corrections of amino acid sequence 

from Sim et al (1977) 
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In the micro-environment of the substrate binding site 

of the C1r active site that portion of the C1s polypeptide 

which is specifically bound would be expected to have most 

influence in determining the site of bond cleavage. The 

amino acids of C1s specifically bound or 'recognized' by the 

C1r substrate binding site would include those residues in 

the immediate vicinity of the Arg/Lys-Ile bond, that is the 

amino acid sequence preceding and following the a~ino acid 

residues linked by this specific peptide bond. The substrate 

binding site of C1r may be represented by the extended 

subsite model according to Schechter and Berger (1967). 

Figure 6. If each subsite of the C1r active site accommodates 

one specific amino acid residue of the C1s substrate and 

assuming the simplest case of C1s activation involving only 

one proteolytic event then P1'-P2'-P3'-P4'-P5'-etc. will 

represent Ile-Ile-Gly-Gly-Ser-etc., the N-terminal amino acid 

sequence of the b chain; while P1 will represent the postulated 

C-terminal arginine or lysine residue of the a chain. On the 

basis of Kinetic studies with model substrates P2 is predicted 

to be a small amino acid as the preferred substrates for C1r . 
~re acetyl arginine and acetylglycyl lysine methyl esters. 

The more bulky benzoyl, carbobenzyloxy or tosyl derivatives 

are not hydrolysed by C1r. Exactly how many subsites are 

involved in C1s binding is unknown however an enzyme of the 

size of C1r should be able to 'recognize' quite a large 

portion of a polypeptide substrate. 

The reactivity of a specific peptide bond of ·a protein 

substrate depends not only on the two residues P1 and P1' 

forming this bond but also on the nature of residues occupying 

nearby subsites. Although P1 dominates substrate specificity 

in some cases, it does not dictate it as additional residues 

of the substrate act to modulate specificity also. With the 

exception of thermolysin and pepsin' to some extent, all known 

proteases cleave the peptide bond on the C-terminal side of 

a specific amino acid residue or c_lass of amino acids (represented 

by P1 in Figure 6). This may suggest that amino acid residues 

on the· N-terminal side of the substrate cleavage site (P1 P2 P3 

etc.) commonly have a greater influence in determining substrate 

specificity than those on the C-terminal side (P1' P2' P3' etc). 



SUBSTRATE C1s 

-W - X - Y- Z -A;,-Ile -Ile -Gly- Gly-Ser-

etc s5 s4 s3 s2 S 1 s1 s2 S:3 s4 s5 etc 

C 

PROTEASE C1r 

FIGURE 6 Extended Subsite Mo del Rep re sentation of C1s 

Activation by C1r 

The active site of an enzyme performs both the functions of 

binding the substrate and catalysing the reaction. The active site 

of c'fr is divided into 'subsites',each accommodating one amino 

acid residue of the polypeptide substrate,Cls. The subsites (S) 

are located on both sides of the catalytic site (C). The positions 

(P) on the substrate are counted f rom the point of cleavage (arrow) 

and thus have the same numbering as the subsites they occupy. From 

Schechter and Berger, ( 1967). The symbol ' indicates positions on 

the substrate which are on the C - terminal side of the point of 

cleavage and subsites which specifically bind these residues. 
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Because the Ile-Ile-Gly-Gly amino acid sequence (P1' P2' P3' P4') 
is conserved in many serine proteases, including err and C,s 

(Figure 3), it is unlikely that this sequence confers on C1s 

the remarkably specific enzyme - substrate relationship of C1r 

and C1s. 

A knowledge of the precise sequence of amino acids at the 
C-terminus Qf the C1s a chain will give more definite information 

regarding the substrate specificity of C1r. The determination 
.of this amino acid sequence will provide information necessary 

for the design of a highly re active specific peptide substrate 
for c1r. 
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Determ ina tion of the Carboxyl-Term i na l Am ino Acid 

Sequence of Proteins 

The v arious methods av a ilable for determi ning the 

carboxyl-t er mina l amino acid s equence of proteins cah be 

conveniently grouped into e ither of t wo strateg ic a pproaches 

(Reviewed by Needlem an, 1975): 

A. Direct am ino acid sequ encing f rom the C-terminus 

of the polypeptide cha in. 

B. Isolation of the C-termibal peptide which is then 

sequenced in the usua l manne r from the N-terminus. 

Direct sequen cing from the C-terminus of a polypeptide 

obviates the need for f urther complex mani~ulation of the 

protein once it h a s been purified to homogeneity. The 

purified polypeptide chain then directly becomes the substrate 

for a repetitive amino acid sequ encing method or for enzymatic 

digestion. This procedure is in contrast to C-terminal 

peptide isolation re quiring many steps to cleave the poly­

peptide chain to g ive a labelled C-termina l peptide which 

must then be chromatographically separated from the bulk 

peptides. Once the sing le C-terminal peptide of suitable 

size has been isolated the much superior N-termina l amino 

acid sequencing methods can be employed to give the 

complete amino acid sequence of the peptide. 

A. Direct Carboxyl Termina l Amino Acid Seauencing Methods 

1. Carboxyl Reduction 

Limited information can be obtained by carboxyl 

reduction end group determination which involves reduction 

of the polypeptide's C-terminal carboxyl group by lithium 
I 

borohydride. The acid hydrolysate of the modified polypeptide 

will contain one o(-amino primary alcohol corresponding to the 

C-terminal amino acid residue which can be separated from the 

remaining free amino acids and identified chromatographically. 

Figure 7a. Bailey (1955) proposed a procedure for the 

sequential removal of C-term i nal amino acid residues as 

amino alcohols based on the carboxyl reduction reaction 



PROTEIN-C O -NH -CH -CO OH 
I 

R1 

LiBH4 __ _,.> PR OTEIN-CO-NH-CH - CHpH 
I 

R1 

/ ~:~~olysis \ 

+ 

FIGURE 7a Carboxyl Red uct ion End Group Dtc>terminati on 

PROTEIN-CO-NH-CH- CO OH 
I 

R 
( i) 1 

(ii) 

C 
(i11) 

PROTEIN-CH
2

0H 

8-0H Amide 
+ 

HOCH2-CH ~-NH 2 

C - terminal Amino Alcohol 

_ c_~?-+o_H _ _ )· PRO TEIN-C O-NH- CIH - COO CH3 

R1 
( ii) 

Protein ester 

Li BH4 ___ _,,,) P ROTEIN-CO-NH-C
1

H -CH
2

0H 

(iii) R1 

B - OH Amide 

PO Cl3 ----)r1 PR OTEIN-CO- OC H2-C
1
H -NH 2 

(iv) 
R1 

8 - NH
2 

Ester 

FIGURE 7b The Sequential Curboxyl Reduction Method of Bailey 
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coupled with an N,0-acyl shift. Fi~re ?b. The peptide 

(i) is fi!'st converted to an ester (ii) ·1vhich is split 

reductively with lithium borohydride before i~ducing an 

N-+o acyl shift using phosphorous oxychloride to g ive the 

fl amino ester (iv). The fl amino ester is then 

reductively cleaved to produce a new / hydroxy amide 

(iii) on which the d e gradat ion cycle is repeated. The 

free a.'Ilino alcohol is i d e n tified chromatographic ally. 

The application of this method on proteins or otherthan 

model peptides has proven unsatisfactory due to the 

undesirable side reactions of reductive cleavage of peptide 

bonds (at threonine and serine esJ ecially) and also 

reduction of pe~tide carbonyl groups to methylene groups. 

2. Hydrazinolysis 

Hydrazinolysis has found wide ap~lication solely as 

a C-ter:ninal e nd group determination J1ethod ;:_md s o offers 

only limited information on amino acid sequences. Tre at­

ment of a protein with anhydrous hydrazine at 100°c 

liberates amino acid hydrazi j es derived from amino acid 

residues which :;:,assessed carb oxyl groups formerly involved 

in peptide bond form a tion (PJ<:abori et al, 1952). Thus 

only the C-terminal amino a cid residue is released as the 

free a'Ilino acid. Figure 8. Separation of the free C­

terminal d erived a:nino acid from the b ;1lk amino a cid 

hydrazides can be achieved by ion exchange column 

chromatography or alternatively by dinitrophenylation 

or treatJ1ent with benzaldehyde to leave only the free 

amino acid in the aqueous phase. 

Noncarboxyl-te~minal arginine and cysteine are both 

decomposed to degradative products while asparagine and 

glut amine are able to form the 'rorres:ponding I and r hydrazides 

even if C-terminal as well as dihydrazides if non C-terminal. 

Other side reactions are caused by the instability of amino 

acid hydrazides, especially labile g lycine, serine and 

alanine hydrazides and the dihydrazides of the acidic amino 

acids which underg o decomposition to the free amino acid. 

Free amino acids with small sidechain groups are also able 
to undergo partial conversion to their corresponding 



NH2NH2 
PROTE1N-NH-CH-CO-NH-CH-C O OH----->➔ NH2-CH-CO-NHNH2 

I I 1000C I 
R R

1 
R1 

FIGURE 8 Hydrazinolysis 
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hydrazides. The acidic monohydr azides have also been 

postulated to convert to their corresponding dihydr a zides. 

Thus conditions must be optimized to minimize conversion 

of C-terminal amino acids to their hydrazides and the 

reverse re generation of the free am ino acids as well as 

maximize hydrazinolytic cle avage of the C-ter~ inal 

residue. 

3. Tritium Labelling 

Tritium labelling is a fu r ther end grou~ determination 

method having little scope for develop~ent into a 

repetitive sequence deter:nination method. It is however 

very useful as a method for specifically r adioactively­

l abelling the C-terminal amino acid or C-terminal peptide 

of a protein ( Matsuo et al, 1966). Selective tritiation 

is brought about through racemization via the oxazolone 

intermediate by the action of acetic anhydride in a 

medj_um cont aining 3H20 and pyridine. The tritium-

labelled C-terminal amino acid can be ide ntified 

chromatographically after acid hydrolysis of the tritiated 

protein. Alternatively carboxypeptidases have been used 

to enzymically cleave the C-terminal tritiated amino acid 

from the protein. 

The tritium-labelling reaction :nechanism is represented 

by three different reactions which take place in one step. 

See Figure 9. The overall rate of racemization and thus 

tritium incorporation is controlled by the substituents R1 

and to some extent R2• (See Figure 9). Carboxyl terminal 

serine and threonine incorporate radioactivity poorly, 

possibly due to unfavourable sidechain dehyd~ation catalysed 

by acetic anhydride while C-terminal pro line, which ca"'lilot 

form the corres,onding oxazolone intermediate, does not 

incorporate tritium at all. Carboxyl terminal penulti~ate 

glycine (R2 in Figure 9) has the effect of decreasing 

tritium incorporation into the C-terminal residue. A 

further problem of tritium incorporation is that of 

"interior labelling" of noncarboxyl terminal aspartic and 

glutamic acids . Such levels of incorporation vary from 



PEPTIDE-CO- NH-C,H-CO-NH-CH - C OOH 
I I 

R2 R1 

lCHf 0)20 

N-CH-R1 

REA C TI()--j 1 

II I 

PEPT1DE-C0-t'-fi-CH-C c~o 
I \ / . 

R 0 Oxazolone 
2 In termedia te 

N-C-R 1 
11 I 

PEPTIDE-co-NH- CH-C C 
I \ / ~0 
R2 0 

PEPTIDE-CO-NH-CH - CO-NH-C~- C OO H 
I I 

R2 ~ 

N - C-R1 
11 I 

-C C 
\ I ~0-
0 

FIGURE 9 Tritium Labelling Method of Matsuo 

REACTION 2 

REACTION 3 

The tritium-labelling reaction mechanism is represented by three 

different reactions which take place in one step. 

Reaction 1. C - tenninal oxazolone formation by the action o f a ce t ic 

anhydride. 

Reaction 2. Base - catalysed racemization at the C4 position of the 

oxazolone in the presence of pyridine. 

Reaction 3. Ring opening of oxazolone to regenerate the C - t e rmi nal 

amino acid which incorporates tritium at its-c atom. Acid hydrolysis 

of the protein gives the tritiated C - terminal amino acid residue . 



/ 

less than 1% to more than 25% of C-terminal amino acid 

labelling l eve l s . Cauti on must therefore be exercised 

when aspartic aci d or glutam~c acid is radioactively 

labelled. 

4. Thi ohyd antoin C8r b oxyl Te rminal Sequencing 

17. 

Peptides substi t u ted at the terminal amino group are 

converted to a peptidyl thiohydant o in derivative by heating 

with Bmmonium thi6cyanate in ac et ic anhydride. (Schluck 

and Kumpf, 1926). Figu:;:,e 10. The thiohydantoin derivative 

corresp onding to the C-t erminal residue is released by mild 

alkali treatment t o hydrolyse the pept ide ncyl group XCO, 

on which the procedure is repeated. The released 

thiohyd antoin i s extracted with o r g ani c solvents and the 

parent amino acid is regenerated with HBr or alternatively 

the thiohydant oin derivative of the ~nino ac id can be 

characteri zed directly by paper chromatography. 

As praline is unable t o form a 1-acyl-2-thiohydantoin 

derivative C-termi nal praline c anno t be determined. 

Arginine, aspart~c acid, glutamic a cid, serine and 

threonine are also unable to be determined. Success 

with this method has been achieved with model oli g opeptides 

only. A notable extension by St ark (1968 ) used ~ ilder 

conditions to form t he acyl isothiocyanate derivative and 

for the deacylation s te9 to s e qu ence all except aspartic 

acid and praline. Attempts to obtain improved yields 

and ease of application by coupling the peptide through 

its amino terminus to an insoluble g lass bead support 

have been made. 

5. Carbodiimide-Catalysed Sequ ential Removal ot 
Carboxyl-Termina l Amino Acj_ds 

Khorana (1952) has suggested the use of carbodiimides 

for the selective removal of C-terminal am ino acid residues. 

The acyl peptide is first r eacted with di-(p-tolyl)~ 

carbodiimide to f orm the corres ponding acyl peptidyl urea 

(i). Figure 11. On treatment with dilute alkali in 

I • 
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aqueous ethanol the C-terminal amino acid is split off 

as nn N-p-tolyl-carbamyl toluide derivative (ii). The 

product derived from the C-terminal residue can be 

converted into the parent amino acid (iii) by acid or 

alkali hydrolysis. Unfortunately the acyl urea 

18. 

derivative (i ) is hydrolysed in a significantly quantita­

tive side reaction to reform the ori g inal peptide (iv). 

As this will interfere with subsequent carbodiimide 

cou~ling cycles this method has found little application 
• in the carboxyl terminal amino acid sequence determination 

of proteins. 

6. Curtius Rearrangement 

A sequential degradative procedure beginning at the 

C-terminus of a polypeptide was proposed by Bergmann and 

Zervas (1936) using the Curtius rearrangement. The 

reactions involved were difficult to perform when ap-plied 

to proteins and occurred in only moderate yields. The 

re actions were conversion of the benzoyl peptide ester 

into the corresponding hydrazide, then into the peptide 

amide using nitrous acid, then into the benzoyl urethane 

derivative using benzoyl alcohol. Catalytic reduction 

yields the benzoyl peptide amide ~ith one residue less 

than the parent peptide plus an aldehyde derivative of 

the C-terminal residue. 

An extension of this method has been developed by 

Parham and Loudon (1978) for residue-by-residue 

sequential degradation from the C-terminus of peptide 

amides using solid sup~orts and new reagents to produce 

the azide .derivative in high yields. Figure 12. The 

peptide was coupled to glass beads through their amino 

terminus (i) and the carboxyl groups of the coupled 

peptide were c onverted to the acyl azide derivatives 

(ii) in a one step reaction using di-p-nitrophenyl 

phosphoryl azide. Figure 12. I, I-bis (trifluoroacetoxy) 

iodobenzene brings about the conversion of the peptide 



di-p- ni trophen y l 
phosphoryl oz i de 

}PEPTIDE-CO-NH-C
1
H-COOH-- ---- tPEPTIDE- C 0-NH- CH- CO - N 3 

I 

(i) 
R1 

(ii) R1 

(ii) }PE PTIDE-CO-NH-C
1
H-N= C= 0 

(iii) 
R1 

-co 2 
+ 

(iii) ¼PE PTI DE-CO-NH-~H- NH3 
+H 20 

(iv) R1 

(iv) 
+H2o 

~ } PE PTI DE- CO- NH 2 + R1-CH O + NH
3 1 ao·c 

(v) 

. 1,1-bis(tr i fluoro-
aceto xy) iod obenzene 

¼PEPTIDE-C0 - NH-CH-C0- NH2 - - --~ ~PEPTI DE- CO-NH-CH -NH ; 
I -CO2 I 

R 2 R2 

♦ 

}PEPTIDE-CO-NH-:- ~H-NH 3 

R2 + 

FIGURE 12 The Sequential Method of Parham and Loudon 
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amide (iv) to the isocyanate derivative (iii), the 

hydrolysis of whi ch occurs unde r a cidic conditions. The 

main problem with this method is that no satisfactory 

means of identification of the a ldehyde derivative (v) 

is available therefore subtractive amino a cid analysis 

of the peptide was performed by Parham a nd Loudon (1978). 

Taki ng s uit able prec aut ions f o~ the more l abi le and 

reactive side chain amino acid s greater than 80-% yield 

was a chieved at each c ycle in the sequen cing of mode l 

peptides . 

7. Carboxypentid ase Digestion 

It is apparent from methods 1 to 6 that no satisfactory 

· chemic a l amino a cid sequencing method from the c arb oxyl 

terminus of po lypeptides is available 1ivhich is f'ree f'rom 

unde s irable side-reactions and g ives an easily i dentif' i able 

end product in suf'f'ici ent yield s . It i s theref'ore 

currently pref'erable t o use e nzyin atic methods to 

sequentially cleave a:nino a cid s f'rom the C-te rm inus of' 

polypeptides. Although attractive because of technical 

simplicity compared to chemical methods the s cope of' this 

approach is limited. In chemical methods a ll peptide 

molecules should ideally undergo each degradation cycle 

bef'ore a new cycle i s started. This is not the c ase for 

enzymatic de gradation wh ere e a ch peptid e or protein 

molecule, whether minus one or more C-terminal residues, 

has an equal op port unity to become a carboxypeptida se 

substrate. Thus the sequence of' amino acid residues 

is not determined in a ste 9wise manner but instead from 

the rate of release of amino acids from t he polypeptide. 

The a-terminal residue will be released at the hi ghest 

rate with the C-terminal penultimate residue next and so 

on. Unfort unately the difference in rates of release of 

amino acid residues becomes smaller as degradation 

proceeds beyond a few residues thus making the results 

ambiguous. 

The s pecificity of' the exop eptidase can be a further 

limitation of enzymatic degradation of proteins. 

Diff'erent a-terminal amino acids have varying susce?tibilities 
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to release by a particular carboxypept idase. Thus while 

some C-terminal amino acids are removed rap idly others 

are not removed at all therefore con s tituting a blockage. 

If a slowly-released amino a c id p recedes a rapidly­

released a11ino acid in the sequence from the C-termin:-1s 

then the t wo residues will appear in the digest at 

similar rates. Bovine pancreatic carboxypeptidase A 

rapidly removes C-terminal aromatic and ali phatic amino 

acids having long sidechains ~hile g lycine and acidic 

residues are removed only slowly and lysine, arginine, 

proline and histidine block carboxyp eptidase A action 

completely ( A~b ler, 1972). Porcine pancreatic carboxy­

peptidase B h a s a reitricted s p eci f icity an d rapidly 

releases only l ysine and arg inine. Carboxypeptidase C 

fro~ citrus fruit removes all C-terminal amino a cids 

including basic and acidic residu es and praline. 

Carboxypeptidase Y from ye ast also possesses a broad 

specificity including proline release (Potts, 1967) 

(Ambler, 1972) (Folk, 1970). 

A serious practical dif~ iculty is contamination of 

the enzyme preparation with othe r proteases, espe cially 

endopeptidases which produce new carboxyl terminals for 

the carboxypeptidase. Using suitable inhibitors this 

contaminant proteolytic activity can be removed. Short 

peptide substrates are less likely to be affected by 

endopep t ida se contamination com~ared to larger proteins as 

there is less likelihood of their containing a susceptible 

peptide bond. This probability increases greatly with 

increasing substrate size. 

B. Methods of Carboxyl-Terminal Pentide Isolation 

1. ComDlete A11ino Acid Sequen ce Determination of the 

Protein and Alip:nment of Feutides 

~~en a protein is being fully sequenced the complex 

mixtures of peptides obtained by various proteolytic 

digestions are repeatedly chro~atographed until each 
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peptide is obtained in a homogeneous state. On ce the 

amino acid sequence of these peptid es is determined they 

can be ali gned in order using overlGpping amino acid 

sequences from differe nt proteolytic digestions or 

cher.iical cleavages to g ive the comp lete protein amino 

acid sequence. A carb oxypeptidase digestion or end 6 roup 

determination method on the entire protein will indica te 

which peptide is derived fror.t t he carbox~rl terminal end 

· of the protein. Remembering the specificity of protea ses 

used to cleave the intact protein into manag e able peptides, 

the carboxyl terminal peptide can be deduced from the 

nature of the C-terminal amino acid of each peptide. If 

the protein is cleaved by chymotrypsin all except the 

C-terminal peptide will have tyrosine, phenylalanine and 

isoleucine as the predominant C-terminal residue of each 

peptide (unless the C-terminal peptide also terminates in 

one of these residues). If the protein should have an 

arginine or lysine C-termi~al residue; as human C1s a chain 

probably does, then a chymotryptic di gestion 'Ni 11 produce 

only one arginine - or lysine - ending peptide, this 

having been derived from the C-terminus of the polypeptide. 

Treatment of a protein with cyanogen bromide will 

specifically fragment the protein on the carboxyl side 

of methionine residues. Therefore only the C-terminal 

peptide will not have the cyanogen bromide-derived 

homoserine lactone as its C-terminal residue (unless the 

protein contains methionine as its C-terminal residue). 

These methods are obviously not applicable in situations 

where only limited information is known about the protein or 

where the protein cannot be completely sequenced. In these 

situations the carboxyl terminal residue of the protein must 

be chemically altered or labelled in some way to allow 

differentiation and hence separation from the remaining 

bulk peptides derived from an enzymatic or chemical cleavage 

of' the protein. This means that only the C-terminal derived 

peptide needs to be purified for sequence determination. 

2. Tritium Labelling 

A suitable methodfbr general application .to C-terminal 
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peptide labelling is tritium incorporation into the C­

termi~al residue of the protein. (See Section 1.3, Part A, 

Number 3). Subsequent enzymatic cleavage of the protein 

will g ive one radioactive peptide Which can be 

conveniently followed as it is separated from the bulk 

peptides. Once obt a ined in a homog eneous form the amino 

acid sequen ce can be determined by well-established 

N-termi na l s equencing methods. The radioactive C-terminal 

amino acid residue c an also be determined v;i th certainty 

upon acid hydrolysis of the peptide. 

3. Chemic a l Modif ic a tion of Protein Carboxyl Groups 

A variation of such radioactive l abelling method s was 

. used by Carraway and Koshl8nd ( 1972) ( Carraway et al, 1969) 

who follov,ed t~e proteolytic a ctivation of chymotrypsinogen 

by firstly che~ically blocking all sidechain and C-t erminal 

carboxyl groups before activa ting the zymogen to generate 

a new c arboxy l group at the peptide b ond cleavage site. 

The c arboxyl group of the n e wly-found polypeptide chain is 

radioactively labelled to permit identification and hence 

easier isolation 9f the C-ter~ inal-derived peptide. This 

method is of course only applicable to situations where 

a new polypeptide chain is generated as a result of zymogen 

activation by limited proteolysis as in C1s activation. 

4. Peptide Manping 

Two dimensional peptide mapping has been employed to 

isolate the C-terminal peptide of proteins. (Canfield, 1963) 

(Carlton and Yanofsky, 1963). One-half of the protein is 

subjected to a short carb oxypeptidase digestion while the 

remaining half is left undigested. After removal of free 

amino acids both protein samples are proteolytically 

digested in parallel and subjected to a two-dimensional 

combination of electrophoresis and paper chromatography. 

The peptide maps of the sample not pi-•eviously digested with 

carboxypeptidase will contain all the peptides constituting 

the protein. The maps of carboxypeptidase-di gested protein 

will contain the same peptides in the same positions except 

for one peptide, which due to removal of some C-terminal 
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amino acid residues will be missing completely or have 

different electrophoretic an d chromatographic mobilities. 

This method is only applicable to smalle r molecul a r 

weight proteins so that after proteolytic digestion a 

reasonable numb e r of peptides can be identified othervY iSe 

the peptide maps or 'fingerprints' tend to be extremely 

difficult to interpret with any c onfidence. Very specific 

proteolysis is required to reduce the number of partial or 

nonspeci f ic cle avag e peptides. Specific cleavage is aided 

if the protein contains a c arboxyl terminal a r g inine or 

lysine residue thus permitting the us e of carboxypeptidase 

B to remove only the C-t erminal residue. Such a remov al 

of one positively-charged residue would be expected to 

greatly alter the mobility of this peptide. Once the 

corresponding peptides having different mobilities have 

been identified the in~act C-terminal derived peptide c a n 

be eluted from the noncarb oxype p t ida se treated map and 

subjected to amino a cid analysis and sequence determin a tion. 

5. Af'fini t;v Chroma to ;:-::>:anhic I s o lat ion of Arginine­

ending Peutides 

An interesting applic s tion of a f finity chromatogr aphy 

has been used by Yokosawa and Ishii (1976, 1979) to 

purify biolog ically-active peptides. These workers used 

anhydrotrypsin, an enzymically inert derivative of tryp sin, 

which is still able to s toichiometrically bind trypsin 

inhibitors. Anhydrotrypsin is prepared by base elimina~ion 

of PMS from PMSF-treated trypsin and results in the 

dehydration of the active site serine-185 residue to 

dehydroalanine. It exhibits a much higher affinity for the 

product-type ligand containing an L-arginine residue having 

a free carboxyl g roup than for substrate-type ligands 

containing a substituted carboxyl group. 

Immobilization of anhydrotrypsin on agarose gels provides 

a means of specifically binding and isolating derivatives of 

L-arginine whose carboxyl group is free. As many biolog ical l y­
active arginine-ending peptides such as bradykinin, Kallidin~ 
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tuftsin and fibrinopeptide 8re products of trypsin-like 

enzymes, chromat ogr a ~hy on anhydr o t rypsin- Seph ar ose resulted 

in retension of these pept i d es. Carboxyp ep tidase B 

treatment of these :pep tides Gboli shed this binding ability 

indic2ting that the C-terminal arginine residue is essential 

for anhydrotrypsin bi nding . (Yokosav1a and Ishii, 1976). 
Similarly benzoyl p henyl a l anine , benzoyl L-ar g inine-amide, 

ben zoyl D-ar ~inine and free L- arg inine are not bound by 

anhydrotrypsin-Sepharose while benzoylglycyl lysine was 

sli ghtly bound and benzoyl L- s.r g inine wa s bound s till more. 

Only benzoylg lycyl arg inine was bound sufficiently strongly 

to the column to requ ire elution with 5 mM HCl. 

Benzoylglycyl arginine could be separated from a 10-fold 

excess of benzyloxyc arb onyl L-phenylal anine by applic2tion 

to anhydrotrypsin-Sepharose and elution 1,vi th 5 mM HCl. 

(Yokosawa and I s hii, 1976). This approach to the isolation 

of arginine-ending peptides has been applied to the 

fractionation of peptides f rom a tryptic digestion of 

erabutoxin (Yokosawa and I shii, 1979). As was the case 

using small model substrates, it was found that arginine­

ending peptides exhibited strong er affinity for anhydro­

trypsin than lysine-ending peptides. 

A chyrnotryptic digestion of a protein possessing a 

carboxyl terminal arginine residue would yield a single 

arginine-ending :peptide; this being the carboxyl terminal­

derived peptide. Anhydrotrypsin affinity chromat o graphy 

would provide a convenient means for the isolation of such 

a peptide. This rationale wa s applied to C1s in an attempt 

to isolate a peptide derived from the c arboxyl terminus of 

the C1s a chain which is thought to terminate in an arginine 

or lysine residue . Other methods which were also applied 

to C1 s a chain carboxyl terminal determination were the 

carboxyl-modification method of Koshland (Number B3) , the 

peptide mapping procedure (Number B4) and carboxypeptidase 

digestion (Number A7). 
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CHAPTER 2 

MATERIALS A:JD Mi::TH0DS 

MAT"SR IALS 

Sodium acetate, s odium bic arbonate, taurine, sodium 

dodecyl sulphate, salmine, aiarose, ammonia (ft21alar grade), 

sodium barbitone, N,N'-methylenebis acrylamide (recrystallized 

from acetone) and a crylamide ( recrystallized from chloroform) 

were obt a ined from British Drug Houses Limited. Univar grade 

trichloroacetic acid and .sodium hydroxide a nd Unilab gr ade 

ethanolamine and ethylene diamine tetra-acetic acid-disodium 

salt were obtained f'rom Aj ax Chemi c a ls Limited. Potassium 

hydroxide, ammonium bicarbonate, cadmium acet ate , sodium 

chloride, disodium hydrogen ~hosphate and p o tassium 

dihydrogen phos~hate were obtained from May and Baker. 

Tris (7-9 Buffer grade), glycine, dithiothreitol, cyanogen 

bromide, 1-dimethylam inonaphthalene-5-sulphonyl chloride, 

phenylmethanesulf'onylfluoride, bovine serum albQmin, 

Coomassie Brilliant Blue Rand G250, g lycine methyl e ster, 

L-Norleucine and 1-ethyl-3(3-dimet hyl-amino-propyl)­

carbodiimide-HCl ( EDC-HCl) were purchased from Si gma Chemical 

Company. Phos ~horus pentoxide, trisodium phosphate and 

calcium chloride were purchased from Riedel de Haen. 

N,N, N ' ,N'-tetramethyl ethylene diamine (TE~,lED ) and 

2-mercaptoethnnol were supplied by Fluka. Ninhydrin was 

supplied by Koch-Light Laboratories Limited. 

Urea (Koch-Li ght Laboratories Limited) was dissolved 
I 

in water, as a 10 molar solution and deionized before use 

by passage through a column of' Amberlite MB-3 resin. 

Guanidine HCl (Fisher Scientif'ic Company) was further 

purified as described by Nozaki (1972). Guanidine HCl (250g) 

was dissolved in 1 litre hot absolute ethanol, decolourized 

with activated charcoal and filtered. To the hot ethanol 

solution 500 ml benzene was slowly added and crystals which 
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were f'ormed on standing at 4 °c overnight i,•;ere ·washed with 

cold absolute ethanol-benzene mixture then with acetone 

bef'ore dessicating. Iodoacetic acid, obtained from 

Riedel de HHen, was recrystallized from cyclohexane. 

Enzymes bovine pancreat ic ribonuclease A (TyQe II-A), 

bovine pancreatic trypsin (DPCC-treated Type XI for 

proteolytic di ge stions ; 2 x cryst allized Type III for 

anhydrotrypsin preparation), soybean trypsin inhibitor 

(Type II-S), thermolysin (Type X) and amino acid subst r ates 

"- -N-Benzoyl-DL-Arginine .p-ni troanilide HCl (Bapna ), 

N- ~ -cbz-L-Lysine ~-nitrophe~yl HCl and hippuryl-L-arginine 

were supplied by Sigma Chemical Company. Staphylococcus 

aureus V8 protease was purchased from :Hles Laboratories 

· Limited, United Kingdom and ot. -chymotrypsin f'rom British 

Drug Houses Limited. Anti-C1s was obt a ined from 

Behringwerke AG, '.Vest Germany . Carboxype:ptidase Y was 

kindly donated by C.H. Moore and carboxypeptidase B by 

D.S. Colls. 

Chromatogra~hy gels Sephacryl 8200, Sepharose 4B, 

Sephadex G100-120, Sephadex G25, Se~hadex G150-40, SeJhadex 

G200-120, Sephadex A-50-120 and Amberlite MB-3 were obtained 

f'rom Si gma Chemical Comp any. D"S-52 and 'Nhatman No.1 

chromatography paper were obtained from 1:Vhatman . D-::: viscose 

was kindly donated by J. Ayers. Oxygen-free nitrogen was 

supplied by Industrial Gases, New Zealand Limited. Trans­

f'usion packs (200 ml) of human plasma conta ining anticoagulant 

were kindly donated by the Immunohaematology LRb oratory, 

Palmerston North Hos-;, ital. Phenyli sothiocyanate v;as obtained 

f'rom Koch-Light Laboratories Limited and was purif'ied by 

distillation at 55°c at 1 mm Hg pressure. Aliquots of 

distilled phenylisothiocyanate were sealed in vials and 

stored at -18°c. 

Trifluoroacetic acid was purified by ref'luxing over 

chromium oxide for three hours and then distilling. The 

fraction boiling at 72-73°C was collected, dried over 

calcium sulJhate and .then redistilled. Pyridine (Ajax 
Chemicals Limited) was ref'luxed over sodium hydroxide (1g 
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per 100 ml) for 2 hours and then distilled with the fraction 

boiling at 115-117°c being collected. This fraction was 

then refluxed over ninhydrin (0.5g per 100 ml) for 2 hours 

and then redistilled as before. Hydrochloric acid was 

supplied by British Drug Houses Limited and was purified in 

an all-glass distilla tion apparatus by diluting concentrated 

acid with an equal vol~1m e of water and collecting the 

constant boiling fraction (110°c) by distill ation. Acetic 

acid (British Drug House~ Limited) was distilled and the 

fraction boiling at 119°c was collected. This fraction was 

then refluxed over potassiu□ permanganate and redistilled 

as before. Formic acid, t oluene, ethanol, acetone and 

butanol were all drum grade and distilled before use. 

Sulphuric acid was supplied by Kemp thorne-Prosser, New 

Zealand and was distilled before use. British Drug Houses 

Limited supplied methanol, n-ethyl acetate and u-butyl 

acetate which were also distilled before use. 
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METHODS 

2.1 Protein Puri fi c 2tion Rnd Characterisation --=== ==z= ==== 

(i) Component C1s Pur ification 

Activated C1s was isola ted from human pl i:rnma essentially 

according t o the method of Lepow .et al (1963) as adapted by 

Sim et al (1977). Human plasma (4 li t res) was made 10 mM 

in calcium chloride and allo·vved to clot by st anding at 37°c 

for several hours. Afte r centrifugat ion the serum was 

dialysed 2t 4°c aga inst t wo or three chang es of 5 mM CaC12 

pH 7.4. The precipitate was then dissolved in approximately 

400 ml of 0.5M NaCl containing 10 mM EDTA by stirring 

continuously for at leas t two hours at 4°C to both 

solubi lize and dis s ociate c-1 into its subcomponents . 

Centrifug ation at 9,000 rpm, 4°c for 30 mins . yielded 

an opalescent supernatant, which after filtration through 

Mira cloth to remove lipid-like material, was used as the 

starting material for subsequent column chromatography. 

The filtrate was dialysed a c ainst 40 mM Phosphate starting 

buffer , :pH 7.4, containing 1 mt.1 ~DTA of' ionic strength 

I=0.1 (conductivity 2.6 mmho/cm). Following centrifugation 

to remove any precipitate formed during dialysis the 

resultant supernatant was applied to a DEAE~viscose anion 

exchange column (3.2cm x 25cm) previously equilibrated with 

phosphate starting buffer. The column was washed with 

starting buffer, I=0.1 until the ab s orbance at 280 run of 

the eluate was near zero. Stepwise elution was then . 

employed, first using starting buffer containing 0.1 M 

NaCl (I=0.2) to elute the Cir peak then starting buffer 

containing 0.3M NaCl (I=0.4) to elute the C1s peak. 

D~AE viscose chromatography was performed at room 

temperature to ensure full activation of C1s. The column 

eluant flow rate was approximately 50 ml/hour, collecting 

10 ml fractions. 

Active esterase fr .actions of the els peak were pooled, 

dialysed against phosphate starting buffer at 4°c and 
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applied to a DE cellulose column (1. 6cm x 15cm) pr eviously 

equilibrated with starting buffer. DE 52 column 
0 

chromatography was performed at 4 C. After application 

of dialysed C1s the c olumn was washed firstly wit h a small 

volume of' starting buffer then extensively with phos-;,hate 

starting buffer containing 0.1M NaCl (I=0.2) until the 

absorbance at 280 nm of the eluate wa s zero. C1 s elution 

was then performed wit h a linear salt gradient consisting 

of 400 ml of I=0.2 buffer and 400 ml of I=0.4 buffer. 

The column elution flow rate was 30-40 ml/hour, coll~cting 

6-8 ml fractions. 

(ii) C1s Assays 

C1s esterase a ctivity was measured by following the 

rate of hydrolysis of N- ~ -cbz-L-Lysine p-nitrophenyl 

ester. HCl (cbz-Lys-ONp ) at 348 nm using a . dual beam 

Perkin ~lmer 124 s~ectrophotometer e quipped with a pen 

recorder. Assays were performed at room temperature 

(19°c). The assay mixture consisted of 0.2 ml enzyme 

solution, 0.1 ml cbz-Lys-ONp solution and 2.7 ml of 0.08M 

phosphate buffer, pH 6.0 in a 3 ml quartz cuvette. The 

cbz-Lys-ONp solution was freshly prepared by dissolving 

6mg in 5.0 ml distilled water. The final Slilistr at e 

concentration in the assay mixture was 0.09 mM. Auto­

hydrolysis of the substrate was determined using a 

substrate blank containing 0.2 ml distilled water instead 

of enzyme solution. An extinction coeffici ent for 

1-nitrophenol of 5400 .i/mol/cm wa s used. (Boland and 

Hardman, 1972.) One unit of enzyme activity ( E .U.) is 

defined as that amount of enzyme able to cause the 

hydrolysis of 1 ,A.Uilole substrate/min at 20°c. 

(iii) Comnonent C1s Purific8tion 

The procedure used was the sa11e as that for C1 s 

purification except that proteolytic activation of C1s 

was prevented by the addition of yheny l11ethanesulfonylfluo­

ride (PMSF) . throughout the purification, which was rigidly 

performed at 4°c. Appropriate volumes of a 1M PMSF .stock 
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solution in isopro~anol were added at each of the initial 

stages of the C1s purifica tion procedure to g ive a final 

PMSF concentration of 5 mM.PMSF was added to serum before 

and after dialysis agains t 5 mM CaCl2 as well as the 

CaCl2 wash step and the NaCl solubilization step. Although 

PMSF was added for dialysis against starting buffer none 

was included in column chrom8togra~hy buffers. All glassware 

in contact with PMSF was immersed in 1M NaOH solution to 

ensure complete hydrolyiis of PMS?. 

(iv) Activation of C1s by C1r 

C1 s was assayed by incubating a 9pro-priate volumes of 

the C1s f raction (0.5 ml) at 37°c for 30 mins with 0.050-

0.100 ml of partially purified C1r. C1r was obtained from 

the I=0.2-eluted peak of the DEAE-viscose chromatography 

step of a previous C1s preparat ion. Resultant C1s activity 

was then assayed as described in " Hethods" section 2 .1 (ii). 

C1r a~d C1s controls were performed. 

(v) Protein Determination 

Protein determinations were performed by the Cooma ssie 

protein dye-binding method of Bradford (1976). The 

absorbance of samples at 595 nm was determined using an 

Hitachi 101 m2nual spectro0hotorneter. Bovine serum albumin 

( 1~ ) ( - - ) 
E1~m= 6.68 Tanford and Roberts, 1952 was used as a 

protein standard. The concentration of purified C1s was 

sometimes determined using E1
1
1 = 9.4. (Sim et 81 , 1977). 

~ cm - r 
TrY1)sin concentrations were determined using E~;m= 15.4 at 

280 run (Yokosawa and .Ishii, 1977) or by the Coomassie method 

as above using trypsin as the standard protein. 

(vi) Polyacryla~ide Gel ~lectro~horesis 

Disc gel electro~horesis was performed using the 7.5% 

polyacrylamide discontinuous gel system of Davis (1964) and 

Ornstein (1964). The gel solution for 7.5% polyacrylamide 

gels was prepared as required and consisted of: 7.5 ml of a 

stock solution of 30% acrylamide and 0.17% N,N'-methylenebis­

acrylamide, 3 ml of 1M tris HCl, pH 8.9 and distilled water 
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to a total volume of 29.4 ml. After de-aerating for several 

minutes 0.3 ml of 10% sodium dodecyl sulphate (SDS), 0.15 ml 

of 10% (v/v) TEMED in ethanol and 0.15 ml 10% ammonium 

persulphate was added in the order g iven. The gel so lution 

was :poured into 6mm x 10cm glass tubes and distilled vmt er 

was layered carefully onto the gel surface. .After 45 minutes 

the tubes containing the solidified gel were placed in an 

Ortec disc gel electro?horesis a9par atu s containing electrode 

buffer of 0.1M tris glycine, pH 8.3 and 0.11 SDS. SD~­

polyacrylamide gels and electrode buffer cont a ined 0.1 0 SDS 

(Weber and Osborn, 1969). Native gels were prepared in the 

same manner as for SDS-polyacrylamide gels except tha t SDS 

was omitted from both the gel and electrode buffer. 

The sample, 10-100 )lg protein in approximately 20 pl 

electrode buffer or distilled water was mixed with 10 pl 

glycerol containing bromop henol blue dye marker and applied 

to the gel. Reduction of protein sam~ les (50 µ1) was 

carried out by incubation 't: i th 10 µ1 2-mercaptoetha..'1ol and 

20 pl SDS for two minutes at 100°c. Electrophoresis was 

performed at 1 mA/gel and increased to 5 m-A/gel after the 

sample had entered the gel. Electrophoretic mobilities 

(Em's) of protein bands v,ere measured rel a tive to the 

position of the bromophenol b lue dye marker which was marked 

before the commencement of gel staining. Staining and 

destaining of gels Tias performed as described by Weber and 

Osborn ( 1969). Gels were stained for tvv0 hours in solution 

of 1.25g Coomassie Brilliant Blue R250 dissolved in 454 ml 

50% ethanol and 46 ml glacial acetic acid. Native gels were 

sometimes stained using the standard protein determin ation 

stain. Gel destaining was accomplished by repeated ch anges 

of a gel destain solution consisting of 75 ml acetic ncidi 

50 ml methanol and 875 ml distilled water. 

(vii) Immunodiffusion 

Immunodiffusion was performed essentially by the method 

of Ouchterlony (1953). Clean microscope slides were coated 

with 1 ml of ·hot 0.2% agarose in distilled water before 
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allowing to dry and layering with 2.5 ml hot 1% agarose in 

0.02M Na barbital-HCl buffer, pH 8.2, ionic strength, 

I =0. 025. After allowing the agarose gel to set the slides 

were stored at 4°c in a water saturated atmosphere for at 

least four hours prior t o well-punching. Immedi a tely 

befor e use t he we ll-plugs were rer:ioved and the inner well 

was filled with antibody to C1s while the outer wel ls were 

filled with suit ab le aliquots (0.050 - 0.200 ml) of the 

CG solution. Diffusion was allowed to proceed for one 

to three d ays at 4°c. After precip itation line s had f ormed 

the p l ates were washed ove r ni ght i n ~hosphate buffered 

saline (0.01M KT-I2P04/NaOH , pH 7 ■ 4 containing 0.15M NaCl) 

and sta ined f or 10 minutes with 0.1251 Coor.12.ss ie BB R250 

in ace tic a cid: methanol: water (1:9:10 v/v/v) before 

destaining in 7% acetic acid. 

(viii) Reduction and Carboxy~ethyl ation of C1s 

An a ppropri at e volum e of a 10 mo lar urea solution, 

previously deionized by passage through an .tvnberlite MB-3 

column, was added to a volume of 1M tris-HCl, pH 8.0 t6 

give a f ina l buffer concentration of 0 .1 M tris-HCl, pH 8.0 

containing BM urea. Solid EDTA-di s odium sn lt wa s added 

to g ive a f ina l concentration of 0.2%. Protein wa s 

dissolve d to a concentrat ion of about 0.5% and the reaction 

mixture was gassed wi th oxygen-free n i t rogen f or at least 

15 minutes at room temperature, with constant stirring . 

Reduction was initiated by the addition of solid DTT to 

give a :final c oncent ration of 50 mM and reduction wa s 

allowed to proceed overnight at room temperature. 

Carboxymethylation wa s performed by the addi t ion of 

iodoacetic acid, neutralized in a minimum volume of distilled 

water, to give a final concentration of 110 mM or an 

approximate two-fold molar excess over DTT. The re action 

was allowed to proceed at room temperature and in the dark 

for 40 minutes after which time the reaction wa s terminated 

by quenching with a minimum ten-fold mohir excess of 2-

mercaptoethanol over iodoacetic acid added. The reaction 

mixture was then either desalted . by extensive dialysis or. 

gel filtration using Sephadex G25 and freeze dried or 

alternatively diRlysed directly aga inst urea-containing 
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buffers in preparation for chain separation . 
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2.2 Ch8in Senaration 

Column chromatograp hy in the presence of den a turant 

was performe d at room temperature while in the absence of 

dena turant 4°c was used. Eluate f ractions were collected 

from the columns using an LKB 7000 Ultror ac fraction 

collector and were monitored for UV absorbance using an 

LKB 830011 Uvicord monitor. 

(i) Ge l Filtration Te chni cues 

Pharm a cia j a cketed precision bore chromat ogra-phi c tubes 

(1.6 cm x 7 0 cm or 2. 5 cm x 100 cm) were used :for gel 

filtration chromatogr aphy. Var i ous gel filtration media 

was used as described by Hirs (1977) for "Chain Separation" 

by gel filtration. Sephadex 01 0 0, G150, and G200 were 

used with and without denatu rants present. Se:ph acryl 8200 

was used in the absence of denaturant. Downward elution 

by gravity flow was carried out at a maximum flow rate of 

2 ml/hr/cm2. 

(ii) Ion Exchanve Chromatograuhy 

Ion exchange chromatography was performed in a glass 

column (1.5 cm x 10 cm) at a maximum flow rate of 20 ml/hr. 

The procedure employed ~as that of Campbell et al (1979) . 

for the separation of bovine reduced and carboxymethylated 

C1s a and b chains except that DEAS Sephadex A-50 was the 

ion exchang e resin used. The RCM-C1s sample was dialysed 

(with changes) against 40 mM phosphate starting buffer, 

pH 7.4 containing 5 rnM NaCl and 8M urea and then applied 

to the DEAE Sephadex A-50 column previously equilibrated 

in the same buf'fer. The column was then washed with a 

minimum o:f two column volumes of phosphate starting buffer 

before chromatographic development of' the column was 

commenced with a linear NaCl gradient consisting of' 100 ml 

o:f phosphate starting buffer and 100 ml of phosphate 

startini buffer containing 0.5M NaCl. 
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2.3 Enzyme ~ igestions 

The protein substrate was dissolved in a suitable buffer 

at a concentration of o.51o and digested at 37°c using an 

enzyme to substrate ratio of 1% (w/w), unless otherwise 

stated. 

(i) Exoneutid ase Digest i ons (Ambler, 1972) 

Carboxypeptidase Y wa s stored as an ammonium sulph a te 

suspension at 4°c and before use 0.1 ml of this suspension 

was diluted with 0.1 ml of 0.01 M pho sphate buffer, pH 7.0 

and dialysed for 2 hours a t 4°c against O.O H.1 phos:phate 

buffer, pH 7. 0 . Carbox~eptidase Y digestion s were 

performed in 0.1M pyridine acetate, pH 5.5. Frozen c arboxy­

peptidase B wa s thawed and added directly to the di ge st 

buffer of 50 mM N-ethyl morpholine, pH 8.0 at an enzyme to 

substrat e r ati o of 1:60 (w/w). Protein s ub strate and 

L-Norleu cine internal st and ard were bo t h di ssolved in s uch 

a volume of di g est buffer tha t a 0.2 ml aliquot cont ained 

50 nmoles of each. The 0.2 ml aliquot withdr awn at e a ch 

sampling time vrn s added directly to 1 ml of 15% TCA and 

centrifuged. The supe rna tant was removed and extracted 

three times with diethyl ether and the remaining aqueous 

phase Vias freeze dried ove r p hosphorus pent oxide and sodium 

hydroxide pellets in prepa~ation for subsequent amino acid 

analysis. The yields of . free amino acids obtained were 

corrected using the yield of L-Norleucine internal standard 

to g ive 100% recovery. Parallel enzyme blanks and protein 

substrate blanks containing the same amount of carboxyp eptidase 

and protein substrate present in the digest sample were also 

performed. 

A carboxypeptidase di gestion for pep.tide mapping 

consisted of a sin~le time digestion (4 hours) in the 

appropriate buffer and the digestion was halted by the 

addition of 15% TCA as for time course experiments. After 

centrifugation the supernatant was extracted with diethyl 

ether and the aqueous phase was freeze dried over phosphorus 
pentoxide and sodium hydroxide pellets for subsequent amino 
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acid analysis. The precipitate containing undigested 

protein substrate ·Has resuspended in 3M urea and dialysed 

overnight agBinst 0 .1M NaCl then exhaustively against 

distilled water before freeze drying over phosphorus 

pentoxide in preparat ion for f urther di gest ion by an 

endopeptidase . An enzyme blank and protein substrate 

blank were also subjected to the ab ove same procedure. 

(ii) Endonepti d a se Digestions 

Digesti ons using DFCC-treated trypsin and ol..-chymotry~sin 

were perf'ormed in 0.1 1,·'. Ammoniurn bicarbonate, pH 8 .0 at 37°c 
with an enzyme to subs~.r at e r ati o of' 1% (w/w) f'or 16 hours. 

Soybean trypsin inhibitor was added to chymotryptic digestions 

( on a 1: 1 molar basis with chyrnotrypsin) to inhibit any 

contaminant t rypsin activity present . S . VS protease 

digestions were performed in 50 mM Ammoni 11m bicarbonate, 

pH 7.8 using an enzyme to substrate ratio of 2% (.,v/w). 
Digestions were haJted by placing in a boiling water bath 

f'or 10 minutes and then freeze drying. Digestions of' 

peptide substrates were per.formed in 1% Ammonium bicarbonate, 

pH 8.0 for 16 hours at 37°c using an enzyme to substrate 

ratio of 2.5,~ (w/w) .for thermolysin and tryp sin and 30% (w/w) 

for S. V8 protease . 



2.4 Peotide Ma~ning 

(i) High Voltage P Pne r Electronhoresis 

(Shotton and Har tley , 1973) 
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High voltage paper electrophoresis was performed using 

a tank electrophoresis apparatus with q coolant. Slectro­

phoresis wa s carri e d out at pH 2.1 or pH 6.5. The pH 2.1 

buffer consi s ting of formic acid/gl a cial acetic acid/ 

distilled wa ter (1:4:45 v/v/v) was us ed for separating 

peptides which were b asic or acidic at pH 6.5 while the 

pH 6.5 buffer of pyridine/gl aci a l acetic acid/distilled 

water (25:1:225 v/v/v) was used for sep arating peptides 

which were basic or acidic at pH 6.5. The electropherograms 

were subjected to 50 volts p e r cm of Whatman No .1 chro~at o­

graphy paper (46cm x 57cm) for 40 minutes. To aid the 

compRrison and identific ation of peptides t wo 5 mM marker 

amino acid solutions in 101o isopropanol were used. 

R marker: Tyr, Phe, Me t, Leu, Val, Arg, Lys 

T marker: Asp, Glu , Thr, Ser, Ile, Ala, His, Gly 

DNS-Arg and DNS-OH were used as fluorescent markers for 

electrophoresis and chromatography. For electrophoresis 

at pH 6.5 mobilities of peptides were measured relative to 

aspartic acid and at pH 2 .1 and BA.V chromatography relat ive 

to DNS-Arg. Guide strips were cut from electropherograms 

for staining to locate the positions of peptid es where 

further purification of peptides by electrophoresis was 

required. 

(ii) P aper Chromatogranhy 

Descending chromatography on sheets of ·.vhatman No. 1 

chromatography paper was carried out using a solvent _system 

of butanol/g lacial acetic acid/distilled water (4:1:5 v/v/v). 
The upper phase was used as solvent. (Katz et al, 1959). 

Chromatography papers were equilibrated overni ght with the 

lower agueous phase. 
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(iii) Peutide Staining on Pauer 

After che cking for fluorescence under a lN light the 

elect ropherograo s and two dimensi onal peptide maps were 

stained with the nin~ydr in-c admium acetate reagent consisting 

of 3 parts of solution A (15g c admium acetate in 3 00 ml 

glacial acetic acid and 600 ml d istilled water) and 17 parts 

of solution B (1 1o ninhydrin in a cetone) and then air dried 

at room temperature. The papers were stored in a 

chromatography tank containing a small vessel of concentrated 

sulphuric acid to produce an ammonia-free 2tmosphere to 

reduce background colour development . 

(iv) Pentide ~lution from Pauer 

Following electropho~esis or chromatogra~hy the peptides 

located by either using the stained guide strips or by 

direct ninhydrin staining were eluted fr om the paper with 

0.02M ammonia. Peptides to be subjected t o acid hydrolysis 

for subsequent amino acid analysis were eluted using 6M 

HCl. Paper strips containing pept ides to be eluted were 

supported vertical ly b etween g lass slides in a perspex 

peptide elution apparatus. The peptides were eluted in a 

desce nding direction into acid-wa shed glass test tubes 

( 6cm x 1 cm) and 2 ml of eluate wa s collected. A bl ank 

consisting of a similar portion of the same chromatography 

paper which c ontained the pep tide was e l uted with 6M HCl 

when amino acid analysis of the eluted peptide was to be 

performed. 

(v) Amino Acid Analysis 

Determination of the amino acid composition of peptide 

and -;;>rotein samples was carri e d out by firstly lyophilizing 

the sample in thick walled acid washed pyrex test tubes 

(10mm x 75mm) follmved by addi t ion of 0.2 ml of 6M HCl 

(containing 0.11 (v/v) phenol for protein hydrolysis). The 

tubes were sealed under v acuum (0.5 mm Hg) and hydrolysed 

at 110°c overnight then freeze dried ove r sodium hydroxide 

pellets and applied to a Beckman 120C amino acid analyser. 
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(vi) Peptide Manping 

A one-half aliquot of the protein substrate was 

subjected to a carboxypept idase di gest ion while the 

undigested half was used as a substrate control. (See 

"Methods", 2.3 (i).) The trichloroacetic acid-precipitated 

protein of each sample wa s t h en resuspended and exhaustively 

dialysed before being di gested by an endopeptidase. (See 

"Methods", 2.3 (i) and (ii).) The lyophilized enzyme digests 

were then dissolved in 1% ammonium bicarbonate and applied to 

Whatman No.1 paper and subjected to pH 6.5 electrophoresis. 

The neutral band of the electropherogram of each digest 

sample wa s cut out and sewn onto a second sheet of 'Nhatman 

No.1 pa~er and rerun at pH 2.1. The acidic and basic peptides 

of the pH 6.5 electrop herogram and the neutral peptides rerun 

at pH 2.1 were cut out and each was sewn onto a second sheet 

of Whatman No.1 paper for BA',V chromatozraphy in the second 

dimension. The pH 2.1 and pH 6.5 electrophoresis and BA;;·/ 

chromatogra phy of the endopeptidase digests of carboxypeptidase 

and noncarboxypeptidase-treated protein substrates were e a ch 

performed at the saoe time to minimize differences in peptide 

mobility due to different experimental conditions. 
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2.5 Chemic a l Modification 

(i) Protein Carboxyl-blocking 

Chemical modificati8n was performed as described by 

Carraway and Koshland (1972). Protein (10 mg/ml) plus 

glycine methyl ester or taurine (1.0M) were dissolved in 

distilled water at pH 2 to 3. The pH was adjusted to pH 4.75 
prior to the reaction, which is initiated by adding solid 

EDC-HCl to a concentration of' 0.1 M , Identical quantities 

of EDC-HCl were added after 1 and 2 hours. After 3 hours 

at room temperature the reaction is quenched by the 

addition or excess 1.0M acetate (pH 4.75) and the pH is 

lowered to pH 3.0. Excess reagents were removed by 

exhaustive dialysis at 4°c. An appropriate amount of the 

modif'ied and unmodified protein was then freeze-dried and 

subjected to 6M HCl hydrolysis for subsequent amino acid 

analysis. A comparison of the amino acid com~ositions gave 

a measure of the extent ofcarboxyl-modification. 
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2.6 Aft'inity Chr8mRtogra~hi c I solation of a Canboxyl Terminal 

Pentide -=--===-

Anhydrotrypsin was prepar3d according to the method of 

Yokosawa and Ishii (1977) and purifi ed by affinity chrom8. to­

gr9phy using ST-3epharose l-1-B before being immobilized on 

Sepharose 4B. 

(i) prenaration of ST-Senharose 4B 

A tryptic digest of salmine ( protamine s ulphate) wa s 

coupled to Sepharose 4B, previously activated with cyanogen 

bromide, essentially according to the method of Yokosawa et 

al (1 976). Sal~ine (5g) was digested overni ght with 20 mg 

bovine trypsin (DPCC-treated) in 150 ml of 0.1M phosphate 

buffer, pH 8.0. The digesti on was halted by placing in 

a boiling water bath. Following centrifug9t i on to remove 

insoluble mater ial the r esulting supernatant was freeze 

dried and coupled directly to cyanogen bro□ide-activated 

Sepharose 4B. One h undred millilitres settled volume of 

previously washed Sepharose 4B was suspended in 200 ml 

distilled water and activat ed in a fumehood with 24g CHBr 

at pH 11, 10°c for 8 minu~es. The pH of the activation 

mixture was maintained at pH 11 by the addition of 5M NaOH. 

The activated gel was ra~ idly washed in an icecold sintered 

glass funnel with cold distilled water before being added 

to the freeze dried tryptic digest of salmine which ~as 

dissolved in 150 ml of o.·5M sodium bicarbonate, pH 9.0. 

Coupling was carried out at 4°c for 18 hours by slow end-to­

end rotation of the coupling vessel. 

The coupled Sepharose gel was then extensively v,ashed 

with distilled water, 10 mM HCl, 0.5M sodium bicarbonate, 

pH 9 and distilled water before t'reatment with 150 ml or 

2M ethanolamine, pH 9 .0 (adjusted with HCl) for 18 hours at 

4°c to block remaining activated groups on the agarose. 

The gel was then thoroughly washed with distilled water, 

0.5M NaCl, 10 mM HCl, 0.5M sodium bicarbonate buffer, pH 9.0, 

10 mM HCl and distilled water followed by a final washing 

with 0.05M sodium acetate buffer, pH 5.0 containing 0.02M 
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CaCl2• The ST-Sepharose gel was then packed into a glass 

column (2 cm x 30 cm) and after further equilibration with 

the sodium acetate buffer was used to purify anhydrotrypsin. 

The 8mount of immobilized ligand was deter~ined by the 

method of Kasai and Ishii (1975). A known settled volume 

of ST-Sepharose was washed with distilled water, solutions 

of increasing acetone content and finally acetone then 

freeze dried. The dried gel was subjected to acid hydrolysis 

and subsequent amino acid analysis. (See "Methods", Section 

2 .4 ( V) •) 

(ii) PrepaPation and Purification of Anhydrotrynsin 

Anhydrotrypsin was prepared by alkaline treatment of PMS­

trypsin by the method of Ako et al (1972) as adapted by Yokosawa 

and Ishii (1977) and was purified by affinity chromatography 

using ST-Sepharose (Yokosawa et al 1976). Bovine p ancreatic 

trypsin (500 mg) was treated with 200 mg P:f.SF (dissolved in 

a minimum volume of i sopropanol) in 190 ml of O .1 11 tri s-HCl 

buffer, pH 7.0 containing 0.02M CaCl2 at 25°c for 30 minutes. 

The pH was continually monitored and adjusted with alkali if' 

required. The reaction was halted by the addition of' HCl 

to give pH3. After centrifugation, the supernatant was 

dialysed overnight against 1 mM HCl at 4°c. 

The PMS-trypsin obtained was treated with 0.05M KOH (f'inal 

concentration) at o0 c for 10 minutes and the reaction was 

stopped by lowering the pH to pH 5. The anhydrotrypsin 

solution v;as made 0.05M in acetate, pH 5.0 and 0.02M in 

CaCl2 by the addition of appropriate amounts of 1 M sodi urn 

acetate buf'fer and 0.2 ,!. CaCl2• The solution ·Nas then applied 

to the ST-Sepharose column (2 cm x 30 cm) equilibrated with 

0.05M sodium acetate, pH 5.0 containing 0.02M CaCl2 and 

affinity chromatogra1hy was perf'ormed at 4°c. Af'ter 

thorough column washing with the above buffer bound 

anhydrotrypsin was eluted with 5 mM HCl. The f'low rate 

employed was 40 ml/hour and 10 ml f'ractions were collected. 
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Trypsin and anhydrotrypsin were assayed using 

d. -N-Benzoyl arginine p-nitroanilide (Bopna) as substrate 

according to the method of Erlanger et a l (1 961). The 

assay mixture consisted of 1 ml of 100 mg BApna in 108 ml 

distilled water, 1.8 ml of 0.1 M tris-HCl, pH 8.0 a nd 0.2 ml 

of trypsin so l ution . The absorbanc e at 405 nm was :followed 

for 5 minutes and a ctivity was calcula ted from 1 E .U. being 

equivalent to a change in absorbance a t 405 nm of 3.32 for 

a 3 ml assay mixture volume . (Erlanger et al , 1961). 

(iii) Prensration of Anhydrotryosin-Senharo s e 43 

Seph arose 4B (25 ml settled volume) was washed thoroughly 

with 0.1 M NaCl followed by distilled water before being 

· suspended in 50 :nl distilled water. Activation and coupling 

was performed as described by Cuatrecasas and coworkers 

(Parikh et al 1974). All steps involving the use of CNBr 

were conducted in a fumehood. The gel slurry was added to 

an equal volu!7le of 2M c arbonate buffer and the ge l sl1.1rry 
0 

was stirred vii th a magnetic stirrer. A temperature of 5-10 C 

was maintained by the addition of ice and the activation 

process was initiated by the dropwise addition of 5g C~l3r 

dissolved in 2.5 ml acetonitrile. After 2 minutes the gel 

was rapidly wa shed with 10-15 volumes of cold distilled 

water u sing an ice-cold sintered g l a ss funnel then rapidly 

with cold coupling buffer, 0.5~ sodium bicarbonate, pH 9.5. 

The gel was f iltered to a moist cake then suspended in 

coupling buffer to give a total volume of twice the gel 

settled volume. Solid anhydrotrypsin (120 mg) was added 

and coupling was carried out by slow end-to-end rotation 

of the reaction vessel for 24 hours at 4°c. The gel was 

then washed with cold distilled water and then treated with 

100 ml of 2M ethanolamine HCl, pH 9.5 and coupled as above 

to mask any reactive grou~s remaining on the agarose gel. 

The anhydrotrypsin-Seyharose 4B was washed with distilled 

water followed by alternate washes with 0.1M sodium 

bicarbondate, pH 9.5 and 10 mM HCl, both containing 0.5M 

NaCl, then with distilled water and finally with 0.05M 
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:pyridine acetate, pH 5.0 cont aining 0.02M CaCl2• The gel 

was then packed into a column (0.8 cm x 20 cm) and further 

equilibrated with the same pyridine Rcetate buffer re ady for 

use. 

(iv) PeDtide Isolation by Affinity Chrom a tography 

Anhydrotry-psin-Sepharose affinity chrom8.tozraphy wa s 
0 performed at 4 C. The s w;1p le was appl ied in a minimum volume 

(0.1 - 0.5 ml) of 0.05: .. r pyridine acetate, pH 5.0, containing 

0.02M CaCl2. The column was washed thoroughly wi t h a t least 

1 litre of the ab ove buffer before buffer re p l acement with 

5 mM HCl to elute column-bound mat~i a l. Elution was c arried 

out at a flow r a te of 5 ml/hour and 2 ml fractions were 

colle cted. The absorbance at 225 nm and 280 nm of each 

fracti on was determined using a Beclcman Acta III double beam . 
spectrop hotoweter to locate those fractions containing 

peptides. The fr actions c on t aining pept ides bound to 

anhydrotry p s in-Se -ph arose we re combined and freeze dried over 

phosphorus pentoxide and s odium hydroxiie pellets. Af'ter 

di s solving the freeze dried peptide in 200 ,ul distilled water 

an aliquot (10 - 20 ~1) was taken for N-terminal dansylation. 

If N-termina l end group analysis showed the presence of a 

single peptide only, the remaining material wa s used for 

amino acid sequence determination or a~ino acid analysis. 

(v) Dansyl-Edman Pro cedure for Peotide Seouencing 

(Hartley, 1970) 

Edma~ Cycle Procedure for Peptide Sequencing . 

The peptide sample (1 00-200 nmol) was transferred to an 

acid-washed screw-ca9 ped pyrex test tube (1 cm x 4.5 cm) and 
I 

dried down under vacuum ready for Edman degradation. Distilled 

water (150 .ul) and 150 ,ul of 5% (v/v) phenylisothiocyanate 

in pyridine were added and the tube was gassed with oxygen­

free nitrogen before being sealed. The tube was incubated 

at 45°C for 90 minutes. The tube contents were then dried 

over phosphorus pentoxide and sodium hydroxide pellets under 

high vacuum at 60°c for 20 minutes then at room temperature 

. . 
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for 10 minutes. Trifluoroacetic acid (250 J1l) was added 

and the tube was ga ssed 1.v i th oxygen-free nitrogen before 

being sealed. The t ube was incub at ed at 45°c for 30 

minutes to cl eave the N'-terminal phenylthiocarbamyl amino 

acid from the peptide. The TFA was removed under vacuum 

over s odium hydroxide pellets. To r e~ove byproducts the 

material in the tube was suspended in 0.2 - 0 .5 ml distilled 

water and extracted three times with 2 ml !}_-butyl acetate. 

The top !2_-butyl acetate layer wa s discarded and the peptide 
• 

in the aqueous phase v...as dried down. The peptide sample, 

now one residue shorter, was dissolved in 100-150µ1 distilled 

water, from Yihi ch a 10 - 15 µl sample wa s t aken for N-terminal 

analysis by dansylation. The remaining material was 

subjected to another cycle of the Edman degradation. 

Dansyl Procedure for N-terminal Determination of Peptides 

( Gr ay, 1 9 7 2 ) 

Five to ten nmol ( 10 )11) or pep tide was dried down in a 

5 mm x 30 mm glass tube and 1 O )11 of O. 2M sodium bicarbonate 

and 10pl 1-dimethylaminonaphthalene-5-sulphonyl chloride 

(2.5 mg DNSCl/ml acet one) were added to give rinal c on~en­

trations of about 5 rnM F-rnc1, 1 mM peptide and 5 Wo acetone 

at about pH 9. 8. The solution in the tube ·?las mixed and 

incubated for 30 minutes a t 45°c. The re 8ction mixture was 
evaporated and the peptide hydroly~ed under vacuum in 6M HCl 

for 16 hours at 110°c. The tube was onened and the contents 

evaporated over sodium hydroxide pellets. The DNS-amino 

acid was dissoived in 95% ethanol (15 .,ul) and equal amounts 

were spotted on each side of a p olyamide sheet (7.5 cm x 7.5 cm) 

:for two dimen s iona l chromatography. One-half µl or a DNS-

a~ino acid marker solution (containing 0.1 mg/ml D~S-Gly, 

DNS-Glu, DNS-Ile, DNS-Phe, DNS-Pro, DNS-Se_r and DNS-Arg ) 

was applied to one side of the plate. 

Chromatography solvents: 

Solvent 1. 

Solvent 2. 
Solvent 3. 

Solvent 4. 

1.5% (v/~ formic acid in distilled water 

Toluene/glacial acetic acid (9:1V/v) 
Ethyl acetate/meth8nol/glacial ·acetic 
acid (20:1:1 v/v/v) . _ · 

1 M ammonia/Ethanol ( 1 : 1 v /v) 
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The plates were run in Solvent 1 in one dimension for 10 

minutes, dried 15 minutes, then run in Solvent 2 in the 

second dimension for 15 minutes, dried and examined under 

366 nm wavelength UV li ght for the separation of DNS-Leu 

and DNS-Ile. Solvent 3 wa s then r u n in the same dimension 

as Solvent 2 for 1 0 minutes, dried and exa~ined under UV 

light for s eparat ion of DNS-Thr and DNS-Ser, DNS-Glu and 

DNS-Asp and DNS-C:/Cys and DNS-OH. Solvent 4 was run in the 

s a~e dimension as Solvent 2 for 45 minutes to separate 

D~S -Hi s , E.-D11.JS-Lys ·and Di'JS -Arg. Prior to Solvent 4 
chr om at ogr aphy an €. -DNS -Ly s and DNS-Arg marl::er was applied 

· next t o the s am ple d ansyl spot. 
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CHAPT~R 3 

EXP~ RI MENT.AJ., R"S:S TJLTS NTD :9ISCUS SION 

3.1 Protein Puri f icat i on and Ch 2racte r i sation 

(i) SubcoDpon ent C1s Pur if i cation 

Historically the first method used to isolate human C1s 

consisted of eug lobulin precipit ation followed by C1 

solubilization nnd dis s oci a tion using 0.5M sodium chloride 

and 1 mM EDTA. (Lepow e t al, 1963). A single DE-cellulose 

ion exchange chromatogr aphy step using :p1os "1hate buffer, 

pH 7.4 containing 1 mM EDTA a r.d s a lt gradient elution 

( 0 - o. 5M) was then employed to sep arate the C1 subcomponents. 

The subcomponents thus obtained were described ss impure and 

contained up to ei ght other protein bands b y polyacrylamide· 

gel electro~horesis. (Lep ow et al, 1963). This orig inal 

method was adapted by Gi gli and coworkers who performed 

Sepharose 6B gel filtration of the resuspended euglobulin 

fraction in the presence of calcium to obt a in a more pure 

C1-containing starting material for subsequent DZ-cellulose 

ion exchang e chromatography in the presence of ~DTA. (Gi gli 

et al, 1976). Elution wa s performed as described above to 

give homogeneous C1s as determined b y polyacrylamide gel 

electrophoresis. 

The method utilized in these studies was essenti a lly 

that of Lepow et al (1963) and included an additional ion 

exchange chromatography step (DE-viscose) instead of' the 

gel filtration step used by Gigli et al (1976). The results 

of a typical Cis purification are shown in Table 1. The 
I 

elution profiles obtained for the DE viscose and D~ cellulose 

ion exchange chromatography steps are shown in Figures 13 and 

14 respectively. 

Human serum contains a large excess of C1 inhibitor 

(100g/litre of serum) (Fothergill· and Anderson, 1976) and 

so prevents the determination of serum C1s esterase 



Table 1. Purificat i on of Human Subcomponent C1s 

Step fraction Volume Protein - Total ·Total Specific Yield 
Cone . Protein Activi~1 Activity (%) (ml) (mq/mil (mg) (units (un it~g) 

serum 4, ~.oo 70 315, 000 11J • D. a r. D. ;J 

1 NaCl/ 452 8.5 3,842 306 .33 0 . 0901 100 EDTA 
2 dialysed 507 5.8 2,941 215.47 0 . 0733 70 . 3 

3 DE- 300 o.64 192 156 .67 0 . 8160 50 . 9 
viscose 

4 DE-52 111 0.36 40 74.00 1. 8530 24 .1 

Note a. Esterase activity of serum could not be de termined 

because of the presence of nat ural prot e inase i nhibitor s . 

b. The 8Ctivity pre se nt at the T8Cl/~DTA so l ubi li zation 

step (Step 1) is assi gned to be 100~ . 

A yield of 40 mg C1s from 4.5 litres human serum re 9re sents 

an 8% recovery (9 mg per li t re serum) using a C1s serum 

concentration of 110 mg ~er li t re (lfBller-~berhard, 1975) . 
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activity. C1 inhibitor r ema ins in the pseudoglobulin 

fraction (Davie et al, 1976 ) and so allows the first e sterase 

assays to be performed on the resuspended euglobulin 

precipitate (Step 2, Table 1). A yield of 50 - 80% has been 

obt ained for the recovery of C1 in the euglobulin precipitate 

using haemolytic assay procedures (Gi g li et a l, 1976). The 

C1s recovery at this st c_ige was unable to be determined using 

esterase assays an d so the amount obtained was arbitrarily 

set at 100%. The pr ecipitate which formed on prolonged 

overnight dialysis prior to DE visco se chromat og raphy 

appeared to cont ain C1s as indic a ted by a slight decre ase 

in specific activity (Step~ Tab le 1). 

A 73% recovery of esterase activity accom-panied by an 

eleven-fold incre a se in s pe cific activity wa s obtained for 

DE viscose ion exchange chromatogra~hy. Gre a ter than 50% 

lo~ses of esterase activity were c ons istently exp ~rienced 

with a two-fold incre ase in specific activity for D~ 52 

chroma tography ( Step 4, Table 1). The removal of a 

contaminant esterase also p ossessing cbz-Lys-ONp esterase 

activity cannot be discounted. C1s was the l a st protein 

peak to be eluted from DE 52 using the 0 .2 - 0.4M sodium 

chloride gradient, but ho ·.vever a small protein peak 

containing no cbz-Lys-ONp esterase activity was eluted using 

a 1M sodium chloride column wash . In both ion exchan ~:Z_'e 

chromatographic p r ocedures no~her esterase-active peaks 

were obtained except for the single C1s - containing peak . 

C1s was eluted at I=0.25 (8-9 mmho/cm) on the salt gradient . 

A final yield of 9 mg .C1s per litre of serum was ob ta ined. 

This compares favourably with C1s yields of 5-10 mg/litre of 

serum obtained by workers using variations of the euglobulin 

precipitation - ion exchange isolation procedure (Sim et al, 

1977) (Gigli et al, 1976) (Barkas et al , 1973). The s~ecific 

activity of purified C1s was 1.85p.moles/~in/mg. A value 

of 2.7 - 3.1 ))JYloles/min/mg was obtained by Sim and coworkers 

for Cis usin_g the same substrate but under different assay . 

conditions (Sim et al, 1977). Sim and coworkers performed 

their C1 s assays at pH 6. 0 ,,,Ji th a cbz-Lys-ONp c oncentration 

of' 0.14 m~ at 25°c to obtain a Km for this substrate of 0.8 mM 
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(Sim et al, 1977). The C1s assays were performed in this 

project at pH 6.0 but at only 0.09 mM substrate concentration 

and at 19 - 20°c. Both of these factors~ but mainly temperature, 

may account for any sli ght discrepancy in specific activity of 

C1s. 

The C1s obtained was homogeneous as determined by SDS-

7. 5% polyacrylamide gel electro-phoresi s (PAGE) (plate 2C) 

which showed a single protein-staining band having electro­

phoretic mobility with respect to that of bromophenol blue 

dye marker of 0.40. Ouchterlony immunodiffusion using 

anti-C1s against purified C1s produced a single precipitation 

line indicating that only one immunological reaction has 

taken place. (Plate 1 ) • 

(ii) SubcomDonent C1s Purification 

A preparation of unactivated C1s from 2 litres h~~an 

serum yielded C1s inactive in the cbz-Lys-ONp esterase assay. 

The entire protein peak eluted from DS viscose with a.3M 

sodium chloride (I=0.4)Vvas pooled, dialysed ag ainst starting 

buffer and a~plied to the equilibrated DS 52 column to give 

a protein elution p~ofile similar to that as for C1s 

purification (See Figure 14). When the peak height fraction 

eluted from DE 52 with the salt gradient was assayed using 

cbz-Lys-ONp an hydrolysis rate of 0.0015 Units/ml was 

obtained. Incubation of this fraction for four hours with 

crude C1r before assaying resulted in a cbz-Lys-ONp hydrolysis 

rate of 0.4960 Units/ml. Assu:ning complete activation to 

018 .the original C1s is :therefore 0.3%. activated prior to 

incubation with C1 r. SDS-7. 5·i PAGE of C1 s ·gave · essentially 

. a single protein-staining band. 

Unactivated C1s has previously been successfully isolated 

by the repeated addition of the serine protease and esterase 

inhibitor, diisopropylfluorophosphate (dip-F) throughout the 

isolation procedure. (Gigli et al, 1976) (Arlaud et al, 

1977a). As the use of this highly toxic inhibitor is 

actively discouraged for safety reasons the less harmful 

serine protease inhibitor phenylmethanesulfonylfluoride · 



PLATE 1 

Innnunodiffusion of Purified Cls 
Inner well ;: anti- C1s 

Outer wells = C1s 
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PLATE 2. SDS-Polyacrylamide Gel Electrophoresis of: Reduced and 

carboxymethylated Cls (2A),Reduced Cls (2B),Cls (2C) 
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(PMSF) was used to similarly prevent spontaneous activation 

of C1s by contaminant proteases during isolation. PMSF was 

equally as effective as dip-Fin preventing C1s activation 

The dip-F final concentration used 1M3. s 5 rnM (Gigli et al , 

1976; Arlaud et al, 1977a) and although PMSF at a final 

concentration of 5 mM was successful in preventing C1s 

activation, concentrations of 2.5 mM and 1.25 mM were 

equally as effective. A more specific trypsin-like inhibitor, 

benzamidine, has also been used successfully. (Campbell et 
0 ' 

al, 1979). At 4 C and pH 7.4, the temperature and pH used 

for C1s isolation, the lifetime of PMSF inhibiting ability 

has been sho11m to exceed 30 hours. (Jarnes, 1978). A 

single addition of PMSF at a final concentration of 1.25 mM 

at the C1 solubilization and dissociation step is therefore 

likely to be able to prevent C1s activati on during and after 

this stage. C1 inhibitor remaining in the pseudoglobulin 

would be expected to cause inactivation of C1s-activating 

proteases during euglobulin preci ~itation. Strictly 

performing each stag e of the C1s ~urification procedure at 

low temperature has been routinely applied (Arl s ud et al , 

1977a) ( Gi g li et . al , 1976) and would be exrie cted to 

contribute to 2ymogen stability. 

The specific activity of C1s, activated by incubation 

with C1r, was consistent ly lower than that of C1s purified 

in the absence of PMSF even t hough both preparations were 

essentially homogeneous as determined by SDS- polyacrylamide 

gel electrophoresis. (The Em for C1s was 0.389.) This 

phenomenon has been described ~hen using dip -Fas inhibitor. 

(Gi g li et al, 1976). The reaction of' zymogens ,;vith 

irreversible inhibitors (dip-For PMSF) affects the zymogerls 

ability to function following activation (Kerr et al , 1978). 

This is thought to be due to in~ibitor reaction with the 

active site serine of the zymogen thus producing inactive 

protease or esterase even after normal a ctivation. (Andrews 

and Baillie, 1979). 

(iii) Activation of C1s bv C1r 

C1s (0.67 mg/ml) having esterase activity of 0.004 U/ml 

was incubated with a crude preparation of C1r and the esterase 
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activity generated after 10 minutes and 20 minutes was 

determined. (T ab le 2). Correction has been made for 

autohydrolysi s of the ester substrate. Appr opri ate 

controls of C1 s - and c-1r - alone showed little esterase 

activity was produced. Cir incubated alone did not yield 

esterase activity while C1s alone generated only 21 of the 

ester a se activity of C1 s incubated 'N i th Cir. As C1 s does 

not self-activate (Gi gli et al, 1976), troce contaminat ion 

by Cir would explain the slow generation of esterase 

activity when c~, s - alone was incubated at 37°c. Dodds et 

21 (1978) a lso found a gradual increa se in C1s activity on 

incubat ion of C1s alone. Up to i % cros s -contaminat ion of 

C1 s by C1r has been shovm to occur in a preparation of C1 s 

isolated using a similar proc edure t o that used in these 

studies. (Arlaud et al, ~1977b). Affinity chromatography 

of Cis using an anti-Cir i mmunoglobulin-Sepharo se column 

was required to completely remove C1r to gi ve stable non­

selfac ti V8ting Ci s preparat ions . '.'/hen Ci s alone ·.ms 

incubated at 37°c for several hours 0.1635 U/ml esterase 

activity could be generated. However the addition of Cir 

greatly accelerated the rate of generation of C1s activity. 

C1s purified in the presence of PMSF therefore yields Cis 

which is able to undergo Cir-catalysed activation to the 

active form, C1s. 

(iv) Reduction and Carboxymethylation of C1s 

SDS-7.5% PAGE of desalted reduced and carboxymethylated 

C1s (RCM Cis) gave two :protein-staining bands of mobility 

with respect to bromophenol blue of 0.528 and 0.859 • 

(Plate 2A). Reduction of C1s with 2-mercaptoethanol prior 

to SDS-7.5% PAGE resulted in two protein bands of mobility 

0.525 and 0.842 (Plate 2B). A pomparison of polyacrylamide 

gels following SDS-PAGE of reduced C1s and RCM C1s wa s used 

to determine the extent of disulphide bond reduction before 

attempts at chain separation were performed (comp are Plate 

2B with Plate 2A). '..'/hen complete reduction was achieved the 

conversion of the single-chain C~ protein (Em=0.400) to the 

constituent a (Em=0.528) and b (:s·m=0.859) chains could be 
seen (compare Plate 2C with Plate 2B). 



Table 2. Activation of C1s by Incubation with C1r 

C1s activity C1s activity C1s activity 
Sample 

after 10 min .(U/mll after 20 min (U,ml) generated /min . 

C1s + buffer 0.0306 0 . 0324 0.0002 -buffer+ C1r 0.0018 0 . 0072 0 . 0005 -C1s + C1r 0.0720 O .1494 0.0077 
C1s + C1r2 0.0684 0 .1422 0 . 0074 

C1s or buffer ( 0 .5 ml ) was incuba ted 8t 37°c wi t h 

0.1 ml of C1r or buffer for 10 min. r> t which time 0 . 2 :nl 

was assayed for cbz-Lys-ONp e s ter a:s e r, c ti vi ty then 

incubated for a further 1 ~ min . and the esterase activity 

of a 0.2 ml aliquot was a g Rin determined. An activity of 

1 U/ml is e qui valent to 1 ~mole substrRte hydrolysed/min/ml 
enzyme. 

"Buffer" refers to r ho :sph::i.te star tine buffer; 4 0 mM 

phosphate buffer, pH 7.4 contRinins 1 mM ~DTA . C1s and C1r 

were each dissolved in the above buffer. 

C1r and C1r2 refer to two different Qre pArat ions of the 

Cir-containing peRk eluted from DE viscose. 
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Initial problems of incomplete reduction of C1s were 

due to the small two-fold molar excess of DTT over protein 

disulphide bonds used to bring about disulphide bond 

reduction. The 50 mM DTT concentration finally employed 

in these studies represents a 70-fold molar excess of DTT 

over protein disulphide bonds using a value of 20 moles 

cysteine per mole C1s (Sim et a l, 1977) and a protein 

concentration of' o.5'7s . This hi gher DTT concentration is 

similar to that used by Sim and coworkers to reduce human 

C1s disulphide bonds (Sim et al , 1977) while an even greater 

100 mM DTT concentration with only 0.02% protein concentration 

was used to reduce factor D of' the alternative comp lement 

pathway. (Volanaki s et al , 1977). Similar harsh reduction 

methods have been used previously (Gall et al, 1968). Thorough 

protein denaturation, sometimes even requiring heating, a ppears 

to be essential to allow access of reducing agent to effect 

disulphide bond reduction. The variation in susceptibility 

of protein disulphide bond r eduction is well illustrated in 

the selective reduction of immunoglobu lin interchain disulphides 

in the absence of den aturant leaving intrachain bonds intact. 

Harsher reduction methods result in complete reduction; 

(Konigsber g , 1972-). 
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3.2 Chai n Senaration 

(i) Gel Filtr a tion 

All a t temp ts to r outinely separat e t he RCM C1 s a a nd 

b ch ains u s ing gel filtration t echni ques were unsuccessfu l. 

Gel filtr at ion of RCM C1s in t he absence of d e naturant 

produced a s ing le protein p e ak , which, when subj e cted to 

SDS-7-5% P AGS cont a ined a mixture of a and b chains . This 

oc curred u sing Seph adex G100, Se ph ade x G150 and Sephacryl 

S200. Gel filtr ation in the p r e sence of denatu rant using 

Sephadex G100 and Se phadex G200 resulted in partial 

separation of the a a nd b chains which were elut ed in the 

expected order but were eluted very close together. SDS-7.5% 

PAGE of indi v idual fraction s showed th at that cro s s-cont aminat ion 

of each c hain had occurred and unless many fract i ons were 

discarded would not g ive homogeneous a a nd b cha ins. 

The elution of the a and b ch ains as a sing le peak using 

gel filtration can be due t o three f actors: 

1. Incomplete Reduction of C1s will re sult in the a 

and b cha ins still being cova lently linked by disulphide 

bonds. This problem c an be ove rcome by using the harsher 

reduction and carboxyme thy lation procedures described a s well 

as by detern ining the extent of reduction by performing SDS­

PAGE on RCMC1s before chain separation is commenced. 

2. Noncovalent interactions may cau se the a a nd b cha ins 

to adhere. These interactions can be decre a sed by including 

a denaturant in the separation buffer. Guanidine hydro­

chloride ( 6M ) has been used for chain sep aration by gel 

filtration on Sephadex G200 (Sim ,and Porter, 1976; Sim et 

al, 1977). Chain sep 8ration by gel filtration using urea or 

guanidine hydrochloride was however found to be unsuccessful 

as a routine chain separation technique. Other groups have 

also found this and some have resorted to preparative gel 

electrophoresis to sep arate the a and b chains (Personal 

Communications). Takahashi et al (1975a) used analytical 

scale PAGE in the presen<?e of 1% SDS to obtain . homogeneous 
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a and b chains for N-terminal sequence determination of each 

chain. Other functionally related serum serine proteases 

also require denaturants to bring ab out chain sep aration. 

The two chains of bovine activated Hageman factor (Factor 

XIIa) of the blood co8gulat ion system c an be separated 

using Sephadex G100 b ut requ ire s a buffer system of 7% formic 

acid containing 3M urea (Fujikawa et al, 1977). 

3. The selection of a fi ltr a tion gel having a distri­

bution coefficient incompatible with the proteins to be 

separated will result in poor separation. The selection of 

the most sui tab le gel for a given p rot ei n separation is based 

on the linear distribu tion coeffic ient rang e of th at gel . 

At either end of thi s rang e poor separation will be achieved 

if both proteins are of similar molecular size . As the 

larger of the two chains of RCM C1s is required in a homo­

geneous state it is und esirab le to have this chain eluted 

in the column void volume as c ontaminat ion b y othe r larger 

proteins such as unreduced C1s will resu lt. 

(ii) Ion ~xchenpe Chromatogranhy 

As chain separation by gel filtration was unsuccessful 

a recent rep ort by Campbell et al (1979) who separated bovine 

RCM C1s a and b chains using DEAE-Sepharose CL-6B in the 

presence of BM urea was studied with great in t erest. This 

method, with a modific a tion of the ion exch an ? e resin to 

DEAE-Sephadex A-50, 'Sas routinely applied to the separation 

of human RCM cTs a and b chains. The elution profile obtained 

was the sa:ne as for bovine RCM C1s chrom atograJhy on D~AE­

Sepharose CL-6B; the b chain was not bound while the a chain 

was eluted with approximately O. 25M NaCl, ( Campbell et al, 

1979). The protein eluted in the unbound peak using DBAE­

Sephadex A-50 had an electrophor~tic mobility on SDS-7.5% 

PAGE of 0 .830 (Plate 3A) and the bound protein eluted with 

0.2M NaCl had an el·ectrophoretic mobility of 0.55 (Plate 3B). 

These mobilities compare favourRbly with those fo Lind for 

RCM C1s band a chains of 0.859 and 0.528 resyectively and 

ror 2-mercaptoe thano l reduced C1s• of o.842 and 0.525 

respectively for the band a chains. Fourteen mg (250 nmoles) 
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PLATE 3. SDS-Polyacrylamide Gel Electrophoresis of: Reduced and 

carboxymethylated Cls (3C), a chain (3B), b chain (3A) 



55. 

/ 

lyophilized and salt-free RCM C1s a chain W8.S obtained from 

40 mg C1s representing a 52% yield for the reduction and 

carboxy7ethylation , ion exchange chain separation and 

desalting steps. This compares with a bovine RCM C1s a 

chain yield of 60- 80% for the ion exchange chain separation 

step alone ( Campbell et al, 1979). Fractions 53-60 (Figure 

15) were individually subjected to SDS-7. 5'.'"s PAG~ as a 

protein contaminant ap?eared to be eluted sli2htly before 

RCM C1 s a chain. No c r:mta:ninant 'Nas evident in any of the 

SDS-7.5% polyacrylamide ge ls of these fractions. 

It is interesting to note that even for chain separation 

by ion exchange methods a denaturant appeared to be required 

and as well it was thought necess ary to introduce a sli ght 

charge effect by including 5 mM NaCl in the buffer medium . 
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3.3 ~nzyme Digestions 

(i) Carboxyneptidase B Digestion of RCY C1s 

RCM C1s (28 mg), tviice desalted and lyophilized, was 

di gested by carboxypeptidase Busing an enzyme t o substrate 

ratio of 1: 60 Cv/w). Five mg RCM C1 s wa s extracted from 

the di gest mixture 0,5,12 and 25 minutes af ter CPB addition. 

Each time course sample represents 60 nmoles of :le: .. ~ a and 

60 nmoles of RCM b chains. CPB acted very rapidly to release 

a quantitative amount of arg inine probably well before the 

first sampling time of 5 minutes as this sample contained 

54 nmoles Arginine and remained const ant at 57 nmoles for 

the 12 and 25 minute sa~~ling times (Fi gure 16). A 

substrate bl ank containing 5 mg RC M C1s alone wa s incubated 

for 25 minutes and resulted in no release of fre e amino 

acids. Both the O time sample and CPB- alone blank also 

contained very lo~ levels of free amino acids. 

Chymotryptic conta~ination and CPA-like activity would 

account for the very high yields of Tyr and Phe and lesser 

yields of Val and Leu. Such contamination by chymotry~tic 

and possible inherent or trace CPA activi ty has been known 

for some time (Folk , i 970; Potts, 1967). The gradual 

release of most amino acids, excluding Glu, Pro, Gly, 

CMCys, Asp, Ile, and His suggests both endo- a~d exo-pept idase 

activity contaminati on of this CPB preparation. Inhibitor­

treated C?B shows a very restrictive substrate specificity 

and releases both Arg and Lys from the C-terminus of 

proteins (Folk, 1970). 

The CPS protein substrate consisted of a mixture of 

RCM C1 s a and b chains in a 1:, ra t io. V'v'hile the a chain 

is predicted to terminate in an Arg or Lys residue on the 

basis of C1r ester substrate specificity (Takahashi et al, 

1975a) the C-terminal residue of each chain is unknown. 

Therefore because of the impure CPB and the pre s ence of two 

protein substrates in the re action mixture Px g is proposed 

as the likely C-terminal residue of the RCM cTs a chain and 
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no other residues can be even ten t atively placed. 

/ 
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(i) Pentirte ~nnning of Bovine Pancre a tic Ribonuclease A 

'.Vheh the endo:peptidase - deri ve d pe9tides of a particular 

protein are separated b y two dimensional e l e c t rop hores is and 

chromat o 2;raphy they for:n a pattern or "finger:,::ir int" 

character i s tic of that pr ot e in. Thus when a protein is 

modified in some ~ay at a single specific point, for example 

by carboxypeptidase digestion, a compari son of th e pept ide 

maps of the unr.10dified and modified protei n wi ll shoY: whi ch 

peptide has undergone modif i cation and hence has altered 

ele ctro? horetic and chroma toz raphic 8 obilities. ~lution of 

the original pept i de from the peptid e map of the unmodif ied 

protein will g ive tha t p 0 r t of the protein at which the single 

point mod ification has occurred; the C-termina l derived 

peptide in the case of c a r b oxyp epti da se digestion . 

Modi f ic ation by c arb oxypept idase diEest ion a lso a llows the 

ami n o acids cleaved from the C-terminu s of the protein to 

be analysed and t hese shou ld compar e with those present in 

the isolated c~termi r.al peptide . 

Before t h is t e chni gu ~ WA S applied to C1 s a prelimir_R-ry 

expe:!:·iment was c c,ndu cted us ing as substrate the much smalle r 

bovine pancreatic ribonucle ase A ( mo lecular weiz ht 14,700 

daltons). Reduced and car boxymethyla t ed RNase (8 mg) was 

di gested 'r:-y carb oxypeptidase Y for 6 hours a n d then sub jected 

to a chymotryptic digestion while an other 8 mg of RCH-Irnase 

was subjected to a chyrnotryp tic digest ion alone . Approxi­

mately 30 ninhydrin-staining spots were obtained on the 

chymotryptic map of each RNa se sample . 

The map of ·acidi c chymotrypti c peptides of unmod ified 

RNase contained an additional red-st a ining peptide when 

compared with the acidic chymotryptic peptides of carboxy­

peptidase-modified RNase . This peptide ~ad an electrophoretic 

mobility of 0.44 with respect to aspartic acid in the first 

dimension and a mobility of 0.51 with· respect to DN-S-Arg in 

the second chromatogr aphy dimension. Amino acid analysis of 

this peptide following elution from the man as well as · 
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identification of the free amino acids liberated by the 

6 hour CPY digestion are shown in Table 3. Th e amino acid 

analysis of the eluted peptide gave only three amino acids 

in approximately eq·:1ivalent yields of 15 nmoles; these 

being serine, alanine and valine. It therefore appears 

that a chymotryptic cleavage at Phe-120 of RC l1T-RNase has 

occurred. The low yield of Asp-121 would be due to ninhydrin 

staining of the pepti de and_ s ubsequent lo s s during acid 

hydrolysis. Ranking of amino acids r eleased by CPY in 
• 

decreasing yields give s the expected am ino acid sequence of 

RNase of NH2-Phe-Asp-Ala-Ser-Val-COOH ( S:11yth et al , 1963) 

which compares favourab ly with the comp osition of the 

isolated C-terminal pept ide of Val,Ser,Ala and (Asp). Table 

3. The rapid release of C-terminal aspartic acid by CPY at 

pH 5.5 and the presence of three valine residues near to the 

C-terminus of RNase (Val-124, Val-118, Val-116) contributed 

to the diff iculty in interpretation of the results obtained. 

This tetr apept ide, ( molecular we i ght 390 daltons) having a 

nega tive chArge of -1 and Sm -0.44 at pH 6.5 compares well 

with a required molecular weight by Offord mobility plot 

(Offord, 1977) of 440 daltons. This is evidence for the 

involvement of aspartic acid in an otherwise uncharged 

peptide at pH 6.5. 

Modificat ions to the Peptide Ma ~ping Technique as a 

result of Ribonuclease Peptide Mapping. 

From theresults of the RNase peptide mapping experiment 

it was decided to slightly modify the procedure to obtain 

more definitive maps for the much larger C1s. The use of 

only very specific enzymes, both the carboxypeptidase and 

endopeptidase, would result in more definitive "fingerprints" 

of proteins. The use of CPB to remove only the postulated 

basic residue from the C-terminus of the . C"fs a chain would 

give rise to a single specific modification of the C-terminal 

derived peptide. The loss of a positively-charged residue 

would be expected to significantly alter the mobility of 

such a peptide. DCC- or TPCK-treated trypsin or highly 

purified pre(:)arations of chymotrypsin in the presence of a 

tryptic inhibitor would also reduce the probability of 



Table 3. A Comparison of Residues Released by 

Carboxypeptidase Y and Co~po s ition of 

Ca rboxyl Termi n a l P ept ide ~i t h the 

Ribonuclease Se ~uence 

Ribonuclease 
a 

Residue Yield of Residues b Composition of C -
Sequence terminal Peptide c Released by CPY 

Val-124 Val 1 • 77 17 . 4 

Ser-123 Ser 0 . 8 5 15 . 2 

Ala-122 Ala 'J . 76 1 2 . 7 

Asp-1 21 Asp O. 71 1 • 2 

Phe - 120 Phe 0 . 63 o. o 
His-119 Pro 0 . 57 0 . 9 
Val-118 His 0 . 4 8 c.o 
Pro-117 Tyr 2 . 45 o.o 
Val-116 Th r 0 . 33 0 .1 

Tyr-115 Leu 0 . ?2 0 . 1 

Ile 0 .1 8 0 . 2 

Met 0 . 15 o. o 
Glu O . 14 0 . 6 

CVCys 0 . 13 o.o 
Gly 0 . 1 2 o.o 
Lys 0 . 04 o.o 
Are 0 . 04 o. o 

Note a. from Smyth et a l ( 19G3) V"l l-124 i s t he Cfirboxyl 

Te rminal residue of Rib onuclease 

b . moles amino acid rele a sed per mole Ribonuclease 

c. nmole s of 8mino acids in eluted p eptide, blank 

values h8ve been sub tr acted . 
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secondary fragmentation of peptides. Repeated staining of 

the peptide maps with very dilute ninhydrin solutions 

(0.025%) by spraying on one side of the paper only would 

minimize losses of the N-terminal residue of peptides 

(Bennett, 1967). 

(ii) Peptide Ma~n ing of C1s 

RCM C1 s a chain (3.6 mg/2 ml 0.1 M ammonium bicarbonate, 

pH 8.0) was digested by CPB for 16 hours while a second a 

chain sample was incubated alone as a substrate control. 

Determination of the amino acids released by CPB vrn.s 

inconclusive due to hi gh levels of f~ee amino acids in the 

a chain control and also to significant chymotryptic and 

CPA contamination of CPB. Very high levels of free Tyr and 

Phe and to a lesser extent of Leu and Val were gener2ted 

in the di gestion mixture indicative of chymotryptic cont am in­

ation of CPB. As welJ, r.mch Lys and P..rg was also produced 

suggesting that tryptic c leavag e of the a chain a lso took 

place. As CPB is thought to contain inherent or trace­

contaminant C?A activity (Folk, 1970) these amino acids 

would all be released following endo9eptidase cleavage of 

the C1s a chain. Presumably the prolonged 16 h our digestion 

by CPB caused these lesser side reactions of CPB contaminant s 

to become significant. Lys, Arg , Val, Leu, Tyr and Phe were 

all released at or greater than three times the theoretical 

yield expected while His, Asp, Thr, Ser, Ala and Met were 

released in quaDtitative mole/mole yields. Glu, Pro, Gly, 

CMCys and Ile were not released at ~11 

Following CPB digestion both samples of 01 s a chain 

were di gested with trypsin and a tryptic map of each sample 

was performed. Approximately 48 peptide~ were predicted to 

be obtained based on a value of 4.4 Lys and 4.2 Arg residues/ 

100 residues and Rn a chain molecular weight of 56,000 daltons 

(Sim et al, 1977). Only 22 tryptic geptides were identified 

on the map of unrnodified a chain while 17 peptides were 

identified on the map of CPB - modified a chain. Table 4. 
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Electrophoresis of the tryptic peptides of unmodified a chain 

appeared to be affected by the presence of salt with the 

result that peptide mobilities of modified and unmodified 

a chain in the f irst dimension do not compare well. The 

general patterns of the respective maps were however s imil ar. 

An additional acidic peptide having an Em-0.50 and chromato­

graphic mobility 0.36 was obtaine d in the map of unmodified 

a chain (indicated by* in Table 4). 

Less than half of the expected number of tryptic peptides 

were visualized in the maps of RC~ C1s a chain therefore 

although a p ossible a-terminal p eptid e had been isolated even 

if it had been eluted and sequenced its assi gnment as the 

C-terminal derived peptide of the a chain could not be proven. 

The general peptide mapping procedure is applicable to C­

terminal peptide isolation from substrates of reasonab le size 

only. Protein substrates of 14,000 daltons (Canfield, 1963) 

and 30,000 daltons (Carlton and Yanofsky, 1963) have been 

successfully used. The C1s a chain however is much larger 

with the result that peptide maps are very difficult to 

clearly interpret making this an unsuitable me~hod for C­

terminal peptide isolation from the C1s a chain. 



Table 4. Mobilities of Tryptic Peptides of C1 s a ch n in 

and CPB-modified C1s a chain 

CPB-modified a ch8in a chain 

Mobility (x,y)a colour b !fobili ty (x,y)O colou r b 
. 

Neutral 0.60, 0.83 p 0 . 48 , 0 .85 p 

Peptides 0.48, 0.76 T) 0.28, 0 .85 p 

0.63, 0 .61 fp 0.4 8 , 0 . 62 fp 

0.43, 0.54 fp 0.33, 0.55 fp 

0.72, 0.35 fp 0 . 62 , 0 . 30 p 

0.83 , 0.26 0 0.70, 0.22 0 

0.49, 0.31 fp -
0.53, 0 .24 p 0 . 48 , 0 . 22 p 

0.44, 0.24 fp 0 . 30 , 0 . 24 p 

- 0 . 38 , 0 . 4 0 f p 

- 0 . 85 , 0 . 14 f p 

Acidic 0. 65 , 0 .20 fp O . 42 , 0 . 30 f ri 

Peptides o.86 , 0.33 fp 0 . 85 , 0 . 30 fp 

0.93, 0.26 fT) o . 88 , o. ? 1 fp 

- * 0 . 50 , 0 . 36 o/':J 

- 0 . 40 , 0 . 29 fp 

- 0. ?7, 0.40 fp 

Basic o. 51 , 0.44 fp 0 . ?1 , 0 .44 f p 

Peptides - o. 24 , 0 . 54 fp 

0.50, 0 . 29 p 0.40, O .41 p 

0.72, 0.22 p 0 . 65 , o. 21 p 

0. 36 , 0.19 ;,) 0.40, 0 .1 5 o/p 

0. 90 , 0.17 o/p 0.80, 0 .1 6 o/p 

Note a. Mobilities are e xpressed as (x,y) where xi s the 

electrophoretic mobility (with re spect to Asp for 

acidic and b:=isic peptides; with res~ect to nrrn Arg 

for neutrRl peptides) in the fi rst dimension nn d y is 

the chromatogr Gph ic mobility ( with resp ect to D' ~S Ar g ) 

in the second dimension. Correspondi nt peptide s in the 

a chain and CPB-modified a ch8in peptide maQs 3 r e 



Table 4. 

placed next to e ach other. 

Note b. Colour of peptide s9ots is: 

p = p urple, f p = f 8intly staining pur ple, 

o = orange, o/p = ora~ge/red 

* indicates a possib le additional pept ide 

not present in the t r y~tic map of CP3-

modified C1s a ch8in. 
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3.5 Chemical ModificRt ion 

( i) Protein C9rboxyl-blocking 

The strategy for labelling a carboxyl group produced 

by polypeptide chain cleavag e wa s to involve two sequential 

carboxyl-blocking experiments; the first on zymogen C1s, 

and the second using a r adioa ctively-labelled block ing group 

on activated C1s. The radioactive label was to provide a 

convenient method for following the C-ter minal amino acid 

residue of the C1 s a ch a in dur·ing a cha in proteolytic 

digestion and subse quent C-terminal peptide isolRtion 

(Figure 17). A similar simplified procedure has been used 

previously (Carraway et al , 1968). 

Unactiva ted C1s (15 mg) was reacted with taurine to 

give 9.5 mg taurine-blocked C1s. A me asure of the ext ent 

of carboxyl-b lock ing was :nade b y deter·mining the am ino a cid 

composition of C1s after tau rine blocking . Seventy-seven 

moles taurine a nd 83 :noles aspartic a cid and 112 moles 

glutamic acid we.re obtained p er mole C1 s representi n g a 

39-5% carboxyl-blocking efficiency. As asparagine ond 

glutamine are degraded during acid hydrolysis to g ive the 

res p ective a cidic a:nino a cids Asp and '.}lu the value of 39 . 5'b 
carboxyl-blocking repre s ents a minimum val ue only. 

Incubation of taurine~blocked C1 s with partially 

purified C1r for several hours at 37°c resulted in no 

active taurine-blocked C1s as determined b y the cbz-Lys-ONp 

esterase assay. Therefore either taurine-blocked C1s is 

unable to undergo activation by C1r and/or the resultant 

taurine-blocked C1s is inactive in the cbz-Lys-OHp assay . 

To distinguish between these possibilities the carboxyl 

groups of active C1s were blocked us ing taurine as ab ove. 

Acid hydrolysis. and subse quent amino acid analysis of 

the taurine-blocked C1s showed th a t 108 moles taurine had 

been coupled per mole C1 s, repre .sen ting a minimu m of 54% 
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carboxyl-blocking. Cbz-Lys-ONp ass ays of C1s and taurine­

blocked C1s gave hydrolysis rates of 0.687 U/ml and 0.0 U/ml 

respectively for solutions of similar protein concentrations. 

The original taurine blocked C1s, after incubation with C1r 

may therefore be in the activated C1s state but it is 

inactive to the cbz-Lys-ONp assay. 

As ester hydrolysis 8ppeared to be unsuitab le for 

discriminating between the '1nacti vated taurine-C1 s ai'ld 

activated taurine-C1s states an altern~tive :nethod was 

employed. Carboxyl-blocked C1 s or C1 s was red1-1ced and 

subjected to SDS-PASE to give the single and double protein­

staining bands res ?ectively. SDS-PAGS of reduced taurine­

blocked C1s or C°'.fs gave only a single diffuse p rotein- s taining 

band situated at the origin of the polyacrylamide gel. This 

is suggestive of crosslinking between different taurine­

blocked C1s or C1s molecules. Native 7.5i PAGE of taurine­

blocked C1s or C1s also gave 8 single diffuse band at the 

gel origin. 

Since protein amino groups are protonated at pH 4.75 

and therefore not g ood nucleophiles c a rbodiimide-catalysed 

crosslinking reactions are performed at pH 8. This 

procedure h a s been used successfully to crosslink protein 

molecules or to couple proteins to cell surfaces or insoluble 

supports. (Carraway and lCoshland, 1972). Although C1 s and 

C1s carboxyl-blocking reactions were carried out at pH 4.75 

it appears th.at significant protein crosslinking has occurred. 

Because taurine is a seldom used blocking group a 

carboxyl-blocking experiment was performed u sing glycine 

methyl ester as the blocking group. cTs (7.1 mg) was 

reacted with glycine methyl ester to yield 6.7 mg glycine 

methyl ester-blocked C1s (94% yield) which like taurine­

blocked C1s, was inactive in the cbz-Lys-ONp assay (o.o U/ml). 

Acid hydrolysis and amino acid analysis of' glyc i ne methyl 

ester-Cts gave 175.5 moles glycine per mole C1s as well as 

83.1 moles aspartic acid and ,111.4 moles glutamic acid. 

The glycine content of unblocked C1s was determined as 
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71 moles glycine per mole C1s. Therefore 104.5 moles 

glycine methyl ester was coupled per mole C1s representing 

a minimum of 54% blocking of possible C1s carboxyl groups . 

Carboxyl-blocking of C1s using taurine gave a minimum 

of 39% blocking while c arb oxyl-blocking of Cis using taurine 

or glycine methyl ester both gave a minimum of 54~ blocking . 

Perhaps this difference reflects changes in C1s conformation 

on 3Ctivation to C1s. The amino a cid analyses were performed 

after a sing le 13 hour acid di gestion :=ind t ryptophan wa s not 

determined at all . It must be e mp hasised tha t such c a lcula­

tions RS expressed on a molar basis depend on ex t reme 

precision of analytical techniques and on an a ccurate 

molecular wei ght value for C1s and C1s. These percentages 

then are intended as an indication of the level of c arboxyl­

blocking only . In the ~resence of a de~aturant all ~r otein 

carboxyl g rou;:is c an be blocked while in the nbsence of' a 

denaturant on ly those "ex".J o s ed" c arb oxyl groups are blocked . 

The difference g i ves the nurnber of "bur ied" or inter na l 

carboxyl groups . (Carraway a nd Ko shland, 19 72). C1s and 

C1s blocking ex~eriments were performed wi thout denaturant 

so it is unlikely that 100% carboxyl blocking wa s a chieved. 

Unfortunately all efforts to produce a c-1 s species having 

all or most of its carboxyl g rou~ s bloc ked (except the a 

chain C-terminnl carboxyl group) a ppeared to be unsuccessful. 

This may have been due to t he cross-linking o f differ ent 

protein molecules through amino and carboxyl groups of 

different C1s molecules as well a s irreversible denaturation 

of C1s caused by carboxyl-blocking or crosslinking thus 

preventing C1r-catalysed activation and/or Cis catalysis. 

The failure to bring about the desired peptide bond cleavage 

of carb oxyl-blocked C1 s caused the abandonment of this ap:9roach 

to C-terminal peptide isolation. 
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3.6 Affinity Chrom8to ~r anhic Isolat ion of a C-termi ra l 

Pentide 

(i) Pren~ r 8ti on of ST-Senhnrose 4R 

A 1.0 ml settled vol~m e of ST-Se J harose 4B was hydrolysed 

with 6~.1 HCl and a suit able aliquot ( ~ 0 ) of the f reeze dried 

materi a l was sub jected to amino acid analysis to g ive a~prox­

imately 1.5 p moles argi~i n e-containi ng l igand pa r ml settled 

volume of gel. Table 5. ST-Sepharose ha s previously been 

prepared cont ai~ing 1-5 ,umoles ( Kasai and I shi i, 1975) and 

4-11 )lmole s (Yoko saw a et al , 1976) arginine -containing ligand 

p e r ml settled vol ume of gel. The 1. 5 pmoles arg i nine-contPi~ing 

li gand per ml settled volume ge l obt air,ed would rep resent a 

minimum value only as acid di ge st ion of the ge l appea red to be 

incomplete. A more suitable meth od i nste ad of i n v acu o 

hydrolysis would be r efl uxing enabl i ng hydr oly s is to be 

performed in a much large r volume of acid thereby minimiz i ng 

losses of gel on the tube walls. Signific8n t losses of the 

N-termin al residue of pep ti des, through whi ch the pep tide is 

at tached to the gel, c an occur on acid hydrolysis ( Gabel and 

Axen, 1976 ) . ? rotami ne su l phate ( Salm i ne) is a highly b asic 

protein from f ish sperm and cons ists of a mix t ure of several 

polype p tides, e a ch of about 30 mnino acids of' which approxi­

mately two-thirds are argi nine re s i dues . The products of 

tryptic di ge stion consist of many di- and tri-peptides 

containing only one r esidue of L- ar g inine at the c arboxyl 

terminus of e a ch p ept ide. ( Kasai and Ishii, 1975). 

(ii) Pren a ration ~md Purific a tion of Anhydrotry---J sin 

A summary of anhydrotrypsin preparation is shown in 

Table 6. The e lution p~ofile of, anhydrotrypsin purified by 

affinity chromatography on ST-Se pharose is g iven i n 5igure 

18. The column-bound anhydrotrypsin peak wa s eluted with 

5 mM HCl only after thorough washing of the ST-Se9harose 

column. The unbound pro t ein peak still contained anhydro­

trypsin as the specific activity of this protein peak wa s 



Table 5. Amino Acid Analysis of ~T-Se ~harose 4B 

Amino Acid nm oles 

I 
arginine 1460 
glycine 560 
praline -1q o 

histidine 170 
serine 150 
valine 140 
alanine 110 

nsp::irtic :=icid 100 
-

A 1.0 ml settled volume of ST-Se □harose wns 

subjected to ocid hydrolysi :, '7 11:J 'lD :: l iQuot t o n"1 ino 
acid an a lysis. 



Tab le 6. .Anhydrotrypsin Pr eparat ion 

Total BAPNA S . t I 
Volume Protein pec 1 ic % 

Prote in Act ivity Act ivity Tryps in 
(ml) [mg/mil (mg) l U / mil (U/ rnl ) Act i vity 

Tryps in 190 ? . 63 500 8 22 : . 25 1 • 175 1 :-Y' 

PMS-Trypsin 191 2 . 17 414 . 6 0 . 007 0 . 8 J 3 C . '.:-'5 

Alkaline- Tryps in 230 . 3 1. 79 41 1. 6 0 . 163 0 . 09 1 7 - 74 

.A tfin i ty Chromatograph) 
Si -Sepharose el uQte 1 10 6. 60 66 0 . 032 0 . 005 0 . 41 

ST-Sephorose eluate 2 47 1.15 54 0 . 008 0 . 007 0 . 59 

Poo led eluate 120 

12'.2a 

No te a . Pro t ein wRs deter'rnined by ~~;1e wei ::,ht or dry mo.ter•ial , 

ot her wise by the Coom assie dye binding ~ethod using 

t r yps in as the standard 9rot ei n . ST - Sepharose eluate 2 

refer s t o the 5 mM ESl eluted pe ak after rea9? lic ~tion 

of t he unbound material from the ST- Se~har ose eluate 1 

9assage. 
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much lower than that of tryp s in. As ex-pected the leading 

edge of this peak contained most of the trypsin because 

trypsin has a much lower af'f'ini ty f'or ST-Sepharose than 

anhydrotryp s in at pH 5.0. The entire unbound protein peak 

(see Figure 18) was pooled and af'ter dialysis was reai;:, p lied 

to the re-equilibrated ST-Sepharose column. The column­

bound anhydrotrypsin peak eluted by 5 mM HCl was pooled to 

give ST-Sepharose eluate 2 (s e e Table 6). 

The combined 5 mM HCl eluates cont a ined 120 mg anhydro­

trypsin h aving less than 1% of' the specific activity of 

trypsin representing a 24% yield (by wei~ht). A yield of 

24% compares f2vourably ':, i th a yield of a 9proximately 20% 

obtained by Yokosa~a and Ishii (1977). Their preparation 

was reported as containing less than 0.1 % of' the specific 

activity of trypsin. Recently anhydrotrypsin which was 

prepared in a 24"'G yield wos less than 0.5% active when 

tested by a proteolytic assay (S ayers and Barrett, 1980 ). 

Although the anhydrotrypsin Jrepared in these studies 

possessed a specific activity of approximately 0.5% of that 

of trypsin the errors involved in determining such a low 

activity and also determining protein concentrat ion would 

account for any slight differences. 

(iii) Prenaration of Anhydrotry~sin-Sen~arose 45 

The ligand-binding capacity of the anhydrotrypsin­

Sepharose column was determined by the application of 2.5mg 

benzoylglycyl arginine (7,350 nmoles) in 0.1 ml pyridine 

buffer, pH 5.0. The 28 0 nm-absorbing i;:,eak eluted by 5 mM 

HCl contained 905 nmoles benzoylglycyl arginine on the 

basis of g lycine and arginine content af'ter acid hydrolysis 

and amino acid analysis of' the anhydrotrypsin-bound material. 

The anhydrotrypsin-Sepharose collli~n could bind a theoretical 

maximum of 5,200 nmoles of benzoylglycyl arginine assuming 

complete coupling of all 120 mg anhydrotrypsin and saturated 

stoichiometric binding of ligand to immobilized anhydro­

trypsin. A final yield of 17.4% (20.9 mg) immobilized 

anhydrotrypsin capable of a binding ligand was achieved. 
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(iv) Peptide Isolation by Af'i'ini ty Chrom2to,:::;r 2"'.) hy 

Salt-free RC :~ C1 s ( 16 mg) was digested by 

chymotrypsin, applied to the equilibr a ted anhydro­

trypsin-Sepharose column and eluted with 5 m~ HCl. 

Figur e 19. Fractions 112-116 wer e combined (CT I) and 

N-terminal end group determination by dansylat ion 

indicated a Glu N-terminal residue. As asparagine and 

glutamine are converted to aspartic a cid and g l utamic 

acid respectively on acid hydrolysis the Glu N-termina l 

residue is more correctly r eferred to as Glx . Further 

purification of this peptide by pH 2.1 electrophoresis 

was then performed as slight contamin at ion by g lycine 

and aspartic acid was evident. Ag ain Glx was d e termined 

as the N-terminal residue and sli ght con taTi i n a tion by 

glycine wa s apparent . In both N-terminal d ansylations 

a noncarboxyl terminal£- DNSLys was a lso pY'oduced . 

The remainder of fraction CT I was subjected to a cid 

hydrolysis and amino acid analysis . Table ?A. 
Fractions 31-60, 100-111, 117-120 were ind i v i d u a lly 

lyophilised and subjected to pH 2.1 electrophore sis to 

ensure that no peptides had been eluted other than in 

the unbound column breakthrough ?eak (fr actions 25-35) 
or in the 5 mM HCl-eluted peak (fractions 11 2- 116) . 

No significant ninhydrin-p ositive SI) ots were ev iden t 

suggesting that specific absorption of a peptide has 

occurred. 

The absence of Ile, Tyr, 8nd Phe in the peptide 

amino acid comp osition suggests that a real C-terminal 

peptide has been isolated. Tryptophan was not deter ­

mined. Should the isolated peptide contain one of these 

residues it would be expected to be the c ar boxyl term­

inal resid~e as chymotrypsin only hydrolyses ~eptide 

bonds whose carbonyl group is contributed by the above 

amino acids. The elution profile of the anhydrotry~sin­

Sepharose column shows that the 5 mM HCl-eluted peak 
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Table 7. 

Amino Acid 

CMCys 
Asp 

Thr 

Ser 

Glu 

Pro 

Gly 

Ala 

Val 

Met 

Ile 
Leu 

Tyr 

Phe 

His 

Lys 

Arg 

Note a. 

b. 

Amino Acid Composition of' CT I and CT II 

Peptides 

Table 7A Table 7B 

CT I CT II 

molar 
a possible molar b possible 

composi-
nm oles equiv. compos i- nm oles equiv. tim . t ion . 

0 0 0 0 
7.6 1 .1 1 29.9 1.0 1 
5.4 o.8 1 40.1 1.3 1 

11.7 1.7 2 21.0 0 .7 1 
38.0 5.4 5 130.0 6.0 6 

0 0 31.5 1.1 1 
14.2 2.0 2 44.1 1.5 1 

6.9 1 • 0 1 24.5 0.8 1 
7.2 1 • 0 1 30.6 1.0 1 
0 0 0 0 

3.3 0.5 9.9 0.3 
4.0 0.6 20.6 0.7 1 
o.8 0 .1 5.2 0.2 
2.0 0.3 3.3 0 .1 
1 • 7 0.2 4.8 0.2 

17.0 2.4 2 58.5 2.0 2 

18.6 2.6 1-2 64.3 2 .1 2 

Molar equivalent is based on a level of 7 nmole s 
of' peptide. 

Molar equivalent i s based on a level of 30 nm ole s 
of' peptide. 
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absorbed only weakly at 280 run in agreement with the 

absence of any aromatic residues in the amino acid 

composition of the peptide . This is evidence that 

tryptophan is also absent. The peptide having an N­

terminal Glx was composed of: 2 Lys, 1 or 2 Arg , 

1 Asx, 1 Thr, 2 Ser, 5 Glx, 2 Gly, 1 Ala and 1 Val 

T8ble 7A. Becau se of t:-ie low levels of amino acids 

present it was difficult to differentiate between 

peptide and . background amino acids. No blank s pot of 

equal size and elec t rophoretic mobility to the peptide 

on the pH 2.1 electro~herogram was eluted and subjected 

to acid hydrolysis and amino acid analysis. Thus no 

allowance has been :nade for contaminr,t ion by low levels 

of free amino acids such as Gly, Ala , and Asp etc which 

are commonly foinc. . on electrophoresis paper . Unfortun­

ately ar ginine was eluted from the amino acid ana lyser 

column by the NaOH column wash as a sharp peak over­

lapping a peak of ninhydrin-positive ~aterial consist­

ently eluted at the end of e ach column run. The 

arginine content of CT I is therefore thought to .be 

either one or two residues . Electro?horesis at pH 2.1 

of CT I gave an Em 1. 05 with respect to ffT S Arg, which 

using a Offord plot (Offord, 1977) corresponds to a 

peptide molecular weight of 350 daltons for charge +2, 

760 daltons f or chGr ge +3, approximately 1600 daltons 

for charge +4 or a~p ~oxi mately 2300 daltons for charg e 

+5. An approximate molecular wei ght of CT I is 1800 

daltons from the amino acid composition which suggests 

that the peptide may have a charge of +4 at pH 2.1 

requiring the presence of 3 basic amino acids : most 

probably 2 Lys and 1 Arg residues. Off ord plots at 

pH 2.1 of such highly charged and large peptides give 

an indication only, as mobilities have been determined 

only for peptides :-iaving; charge of +1 to +3 (Offord, 

1977). An average slope of -0.62 (3ailey and Ramshaw, 

1973) was used to construct hypothetical mobility plots 

for charged peptides of +4 and +5. 
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CT II 

RCM-C1s (30 mg) was digested with chymo t ryp sin 

and applied to the anhydrotrypsin column as previou s ly 

for CT I purification . The 5 mM HCl-eluted peak 

contained a single 9epti de having an N-termin - 1 Glx 

residue in good ngreemen t with CT I. A one-third 

aliquot of CT II wa s then s ub jected to :::i ci d hydrolysis 

and amino acid a;1 8l ysi s . Tab le 7B. The 3mi no ::i cid 

composition of CT II is in c ood sgreerne nt with th :::i t 

obtained for CT I exce~t f or some s li~ht d i f feren ce s 

which may have been uue t o t he very low gmount of CT I 

peptide availab le fo r amino s cid analysis. 7 or t his 

reason the CT II ami n o 8ci d composi tion i s c onsidered 

to be more accurate than that of CT I. The conte n t of 

glycine and serine in CT II i s l e ss than in CT I while 

the content of threonine and e: lutamate h ns i n cre nsed 

slightly. Proline, wh i ch wa s not eviden t i n CT I , wa s 

present in CT II at a l e vel of i mole/mole of pe~t i d e . 

Arginine was :::iga i n e l uted by t he NaOH colm~n vr,s11 'l"ld 

so was eluted a s a s h nrv pe ak sup 9rimposed on the ~sun l 

column wash peak. As f or C~ I its e lut i o~ ~os i t i on ~~s 

displ nced si gnifican tly f r om its u s 1rn l p osi t ion ~o ·:,ever 

an arginine standard was also e luted in the snm e 

displaced posi t ion . For t~i s re a son a vept i de c ont ~i nin 

only one Arg resid 11e is thou ;__,h t to be the more l i k e ly 

case. Such a pept i de would h 8ve a ~o l ecul a r we i cih t of 

1944 dal tons and a ch ::i.r ge of +4 at -pH 2 . 1 • The -;:m ot 

pH 2.1 of CT II wa s 0·97 ( n l at e 48) a~d w □ s in excellent 

agreement with Em 1 . 0 5 f or CT I . At pH 6 . 5 the ~m o.o 
indicates that CT II is n eutral . (Plate 4A). This 

situation requi res e qual numh t::! rs of acidi c and b8 sic 

residues. The three busic residue s of CT I 8 ~ d CT I I 

requires t hRt three ot' the 6 Glx and 1 Asx Rr e in f~c t 

acidic residues with t ~e r emainder bein g anide s . 

The amino acid ~e quence of CT II was d et er mi ned 

as far as the Quantity of ~aterial wo uld a l lnw . 

Glx-Glx-Lys-Glx-Val ·h ;1 s the om i n o " c:_d s e quenc.e ob tA i '1ed . 



4A 4B 

PLATE 4. High Voltage Paper Electrophoresis of CT Peptide 

at pH 6.5 (4A) and pH 2.1 (4B) 
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GT III 

RCM cTs (14 mg) was digested with chyl'ilotry:psin 

and applied to the 8°1.hydrotr;'fpsin column as for 

CT I and II. The 5 m~11 HCl-eluted peak was freeze dried 

and used directly for amino 2cid se quence determination 

until all the material was consumed to g ive the follow­

ing amino acid seq·;.1ence : Glx-Glx-Lys-Glx-Val-Pro-Glx-Gly. 

Although the · peptide CT III c onta ined s ome slight 

impuritie s , a s evidenced by more than one dansyl-arnino 

acid after most cycles, the major DNS-amino acid from 

the cTs peptide was easily identifiable by the intensi ty 

of UV absorbance. e-DNS Lys was consistent ly iden tified 

after each Edrnan cycle. Praline was ~osi t ione d i':here a 

sharp reduction in i n tensity of UV absorbance occurred 

as a result of the 16 hour acid digestion of the dansyl­

ated peptide. (Gray, 1967). Before a!ld after this resi due 

the DNS -ami~o acid der ivatives were easily ident ified. 

Excellent agreeme:rit was f ound for the ar:1ino a cid 

sequences determined for CT II and CT III. ~hen the 

residues of the amino acid sequence of CT III are 

subtracted from the amino acid composition of CT II the 

follo wing residues are unplaced: As p , Thr, Ser, Glx, 

Glx, Ala, Leu, Lys , Arg and possibly a further Arg. 

CT IV 

Rm1-C1 s a chain ( 1 O mg) was isolated by D~AE­

Sephadex A50 before being thoroughly desalted by dialysis, 

freeze drying and Sephadex G25 gel filtration. The 

freeze dried protein was then digested by chymotrypsin 

apd a peptide having an N-terminal Glx residue was 

isolated by affinity chrom,atography as before. Approx­

imately 10 nmoles of peptide was digested se9arately 

using thermolysin, SV 8 protease, and trypsin at enzyme 

to substrate ratios of 2.5~ , 30% and 2.5{ w/w respect­

ively. After freeze drying a one-half aliquot of each 

digest wa s subjected to electrophoresis at pH 2.1 and 

pH 6.5 to determine the extent, if any, of cleavage of 
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the chymotrypt ic peptide into s maller fragments. Table 

8. 

Control s using undigested CT IV and each prote a se 

alone were also tested. The protease blank s resulted 

in no ninhydrin-staining spot s while the chymot r yJti c 

peptide bl ank produced 2 singl e neutr a l sp ot after 

pH 6.5 electr ophoresis. A mobility with respect to 

DNS Ar g of 1.025 was pr oduced on pH 2.1 elec~rophoresis 

however t wo v ery li gh tly staining spots having mob ility 

1 .356 (colou r purple) a·1d O. 7 63 (c olour ormge) we r e 

present in a ll pH 2.1 electropherogr ams involving the 

chy~o t rypt ic pepti ie . These con ta~i nants , possibly 

free Arg or Lys and g lycine respectively , were v ery 

diff icult to accurately locate due to their light 

staining. The chymotr .,rp tic peptide obtaine d from RCM­

C1s a ch ain possessed the same ~ -ter~in a l Glx residue 

as the -peptide isol gted :'rom RCM -CTs. Bo th pept i de s 

were neutr a l at pH 6 . 5 a~d had an electrophoretic 

mobility o f approxi ma tely 1. ~ with r es9e ct to D"'.'T S-_..\rg 

at pH 2.1. The prese nce of other chymotryptic peptiies 

from the C1s b chain should h ave no eff ect on peptide 

isolation if the Arg-ending peptide is s pecific a lly 

bound. 

Trypsin and possibly a l so ther~olysin appeared to 

cle ave the chymotrypt ic peptide ~h ile SV 8 protease had 

no effect on CT IV mob ility. Thermolytic cleavage of 

CT IV was very slight only as the majority of the 

peptide remnined intact. This may h ave been due to 

using a possibly inactive or partially 8ctive thermoly s in 

preparation. Thermolysin cleaves on the N-terminal 

side of Il~, Leu, Val, Phe, Ala, or Tyr however 

specifici ty is not restricted to these residu es alone 

(Heinrikson, 1977). The presence of praline in the P2' 

posi t ion prevents thermolytic cleavage and so should 

prevent cleavage of CT IV at valine if the sixth residue 

is in fact a praline. If Leu is present in the chymo­

tryptic peptide cleavag e would be expected to occur. 

The failure of SV 8 protease to cleave CT IV is 



Table 8. Cleavage o:f the Chymotry-p tic Peptide by 

Proteases 

. 

Protease pH 6 . 5 ~Jectroohoresis nH 2 .1 -i.:1e c tr0Dhore si:; 
EM Staini :ig Colour SM Staining Colour 

Intensity Inte n:,i ty 

Thermolysin o.o 5+ p 1 . 041 5+ p 

-0.267 + p 1 . 19 5 3+ p 

+0.504 + p 

Trypsin o.o 3+ r 0 . 948 5+ _p 

- 0 . J.i.47 3 + p 1 . 094 2+ 'l 

+0 . 485 2+ p 1 • 190 2+ D 

SV8 

Protease o.o 5+ p 1. 040 3+ p 

CT IV 
~ 

alone o.o 5+ p 1. 025 5+ p 

The chymotryptic peptide ·.rv ,1s digested by v ariou s prote 'l ses 

and the extent of cleav8ge was determined by electro:1horesis 

of the digest. Staining i~t ensity is b gsed on~ s ca le+ 

( lightly staini!lg) to 5+ (he·wily stai:r1ing) . Colo11 r of 

staining: p repr :' sents :rn r ple/v .Lolet st::iini'11! s"1ot , 
r r epresents red s t aining soot . 
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surprising consi de ring the 1~rge number of possible 

glutamic acid residues prese nt. Try,:)sin cleav ed the 

chymotryptic peptide into what app ears to be three 

fragments. On pH 6. 5 ele c t ro:7horesis these pertide s 

separated into one or more neutral pe9tides (Tn) plus 

one basic (Tb) and one acidic peptide (Ta) ; a s ituat i on 

that can only Rrise from f r Rgmentrition of n n e ut r --il 

peptide such as the chym otryptic peptide isol8t e d fro~ 

RCM C1s a chain. ~lectrophoresis at ?H 2 . 1 of ,h ese 

peptides produced three spots indicRting ~hnt onJy 8 

single peptide which was neutral at pB 6 . 5 (Tn) wRs 

produced. 

Tryptic peptides , Ta having pS 6. 5 electronhoretic 

mobility of - 0 .447 ~nd ~b +0.485 correspond t o molec ular 

wei ghts of 440 d8ltons (ch ar 5 e -1) or 107U dr,ltons 

(charg e -2) for Ta ond 1190 d r, ltons (ch:::i r ge +1) or 1120 

i □ ltons (charge +2) for pept i J e T b. The mo lec ; lar 

wei ght of the neutral trypti c peptide , Tn cannot o! 

course be det ermined 2~ 9H 6 . 5. The net chorge of 811 

tryptic peptides at pH 2 . 1 should be +2 assuming t ha t 

the C-terminal re s i due of the intact chymotryptic 

peptide is argini ne . Pept i de mo lecular wei ght 

determinations from pH 2 .1 elect rophoretic mobilit ies 

of 0.9458, 1.094, and 1. 190 , ( al l charge +2 ) , 

correspond to molec u l a r wei c hts of 500 , 400 ~nd 300 

daltons respectively. Of ~ord ~oints out that more 

caution is required when e stim :-otins molei;!ular weights 

using Offord Plots than whe n estimating n et cha r ge . 

(Offord, 1977). Si ngle ~easuremm ts, especinlly of 

peptides having char ge +4 or c reater , are theref ore 

intended as approximate only. The abs ence of histinine 

and c ysteine in the chymotryptic pep tide red ·1ces the 

possibili ty of pe ptide mob ility de9arting fr0m ideal 

behaviour because of p3r ti8l ch8rges (Offord , 1977) . 

The amino acid com position of these t r yotic ';)er:-irl~ .3 

c an be partially ded~c ed f rom their ~abilities ~t rE5 . 5 
assuming a charge of +2 f or e ach p e pt i de at [l ~I 2 . 1 • I'n 
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will contain one basic residue plus one acidic residue; 

Tb will c ontain one ba s ic re sidue only and no acidic 

residues while Ta will contain one basic residu e plus 

either two acidi c re:3idues to g ive n e t charg e -1 at 

pH 6.5 or three acidic residues to give a net ch Rr g e 

-2. 

CT V 

RCM C1s a cha in (14 mg) wa s a gain isolated by 

DE.l\E-Sephadex A-50 and thoroughly des a lted before 

digestion by chymotrypsin and isolation of a c hymotryptic 

peptide po s sessing an N-terminal Glx re s idu e. The 

peptide was then digested by trypsin (2. 51 w/w) and 

af'ter freeze drying and dissolving in 0 . 05 1-.1 pyr idine 

acetate, pH 5.0, containing 0 . 0 2M calcium chloride wa s 

reapplied to the equilibrated anhydrotrypsin column. 

The column elution prof'i le is shown in ::.' i gure 20 after 

first freeze drying column fractions and subjecting a 

suitable aliquot to pH 6.5 electrophoresis. The 

column-bound ma terial eluted in fractions 22 and 23 

contained t wo ninhydrin-positive spots: a li g ht­

staining neutral peptide(s) and a major peptide h aving 

Em-0.429. This agrees well wit h the mobility of Ta 

produced by tryptic cleavag e of CT IV (Em -0.447). 
Fractions 22 and 23 were pooled, lyophilised and 

subjected to Dansyl-~dman a~ino acid sequencing . The 

sequence determined was Glx-Glx-<Asx or Gl~-Arg . Two 

further ~d .rnan cycles produced no further Di-;8-amino a cids. 

As only a sing le Glycine is thought to be present in 

the intact chymotrypti c peptide the Asx residue is 

favoured to be the actual third residue of the 

anhydrotrypsin-bound peptide . The neutral retained 

peptide also present in fractions 22 and 23 (Fi g ure 20) 

is thought to- be undigested chymotryptic peptide CT V 

which would be expected to be also bound by anhydro­

trypsin. Three ninhydrin-staining peptides nppear to 

have passed unbound through the anhydrotrypsin column; 
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of these a neutral peptide(s) (Tn) and a b asic 

peptide (Tb) having Em +0.485 had been identified 

on tryptic digestion of CT IV. The Em ob t ained in · 

this case was +0.548. The other lighter-staining 

peptide had mobility +0.885. 

74. 
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3.7 Conclusion 

From the results obtained from five chymotryptic 

digestions of RC!A cTs or Rc r..~ C1s a chain a partial primary 

structure of the ch :.rmotryptic peptide bound by anhydrotry_psin 

is proposed. Figu::.'.'e 21. The neutral chy:notryptic peptide 

specific a lly bound by anhydrotrypsin was cleaved into 3 

fragments Ta , Tb and Tn by trypsin . (Table 9). The 

alignment of tryptic peptides Ta, Tb and Tn in their 

correct order in the anhydrotr;y:9sin-bound chymotryptic 

peptide arnino acid seque nee was made possible from 

electrophoretic mobilities Rnd sequence deter·minati on of' 

these peptides and the intact chymotrT9tic peptide. 

Overlaps in amino a cid seQuences obtained from CT II and 

CT III as wel l as a knowledge of the amino acid composition 

of the chymotryptic ~eptide en8bled the T1 and T2 structures 

to be elucidated . The Lysine residue preceding T3 is 

positioned kno~ing the specificity of trypsin Rnd the 

identif'ication of only three tryptic pep tides. T3 would 

be expected to bind to anhydrotrypsin as it is this Arg­

ending portion of the chymotryptic C-terminal peptide of' 

C1s a chain which is responsible f or anhydrotrypsin binding. 

Mere ly making the peptide sho~ter by proteolytic digestion 

should have no effect on anhydrotrypsin binding by this A~g­

ending portion. T3 is an acidic peptide of' mobility - 0 . 429 

to -0.447 and from the sequence data has a molecul8r weight 

of 546 daltons. Assigning a charge of -1 at pH 6 .5 this 

mobility corresl)onds to a molecular weight of' 530 d a l tons 

(by Offord plot : Offord, 1977) in excellent agreement . 

This requires that only two of the Glx-Glx-Asx residues are 

acidi c amino acids ,,,,hile one is an amide . T3 therefore 

corresponds to Ta the acidic try:pti c peptide ·while T1 aJ1d 

T2 correspond to the neutral and basi c peptides Tn and Tb. 

Both peptides contain 2 Glx residues and T1 contains 1 Lys 

residue while T2 sbould also terminate in a Lys residue, 

being the product of a tryptic digestion. As T1 c an only 

conta in one basic residue (~ee CT IV) the peptid e Tb of 

~m +0.485 to +0.548 at ~H 6.5 must have a charge of +1 and 

therefore molecular weight of 490 daltons (Se e CT IV). 



t T1 I T2 I 
U[N-GLN-LYS-GLX-VAL-PRO-GL X-GLY-[ THR, SER, ALA (LEU)]-LYS-

T3 

GLX-GLX-ASX-ARG 

FIGURE 21 Th@ A:lrh::11 Primary Structure of the C- terminal 

Chymotryptic Peptide Bound by Anhydrotrypsin 

[ ,] indicate amino acids present in the amino acid 

composition of the chymotryptic peptide but not encountered 

in the amino acid sequence analysis. 

( ) indicate amin o acids whose presence in the amino acid 

composition of the chymotryptic peptide is uncertain. 



Table 9. Alignment of Tr yptic Fragmen t s Ta , Tb 

and Tn in the CT Peptid e 

~ -, pH 6.5 Charge Acidi c Se ,Juence 

pH 6.5 Re sidues 

Tb +0.485 to +0.548 +1 0 Gln- lJ-ln- Lys 
Ta - 0 .429 t o - 0 . 44 7 A 2 Glx- Glx- Asx- Arg - 1 

Tn o.o 0 1 Glx-'!al - Pr o-Slx 

Gly-(Thr , '3er , 

Al::i , ( Le u)] - Lys 

The sequ ence of e ac:1 t r yJtic .fr agmen t was ded t1ced 

from its mobility at pH 6 . 5 (and pH 2.1 ) as Nell 8S the 

am i no acid sequences of -:-h e int8ct chymotryntlc ne-ptide 

and T3 whi ch were de termined . 

T1 
T3 

T2 
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Clearly this pep tide must be T1 having the arn ino acid 

sequence: Gln-Gln-Lys (molecu lar weight 410 daltons) . 

76. 

T2 must therefore be the large neutral :peptide, Tn and 

should contain 1 Lys and 1 Glu residue with the remaining 

Glx residues being pr e s ent 8S g lutamines. 

The various peptide molecular vveights and chnrges at 

pH 6.5 do not correl ate well wit h the mobilities of tryptic 

peptides at pH 2.1. Moleculsr weights of' the three 

peptides obtained (assuming a net ch a r g e at pH 2 .1 of' +2) 

were 300, 400 and 500 daltons. The smaller Ta and Tb 

peptides can be accounted for ~owever identification of the 

larger neutral peptide is not possible . 

It is interest ing to note that the same chymotryptic . 
peptide was isolated by af:fini ty chromatograp hy v1hether 

RCM C1 s or the RCM a chain was the substrate irdicnting that 

in both chains only a single C-termina l a r g inine residue is 

present . 

The presence of an Ar g inine residue at the C-terminus 

of the C1s a chain as determined by C-terminRl peptide 

sequencing wa s verified by the v ery rapid release of' arginine 

f'rom RCt1 C1 s by c arb oxypep tidase B . 

Although peptide ma~ping of RCM C1s a chain was 

unsuccessful, in part due to the low numbers of peptides 

identified, it is intere s ting in retrospect that the 

additionaJ. tryptic peptide isolated had an electrophoretic 

mobility of -0.500 at pH 6.5; similar to the mobility 

of' T3. 

A peptide very similar in amino acid composition to T3 
I -

has been isolated by J .C. McIntosh. Human RC;I C1 s a chain 

was isolated by the same methods as used in these studies 

and a chymotrypt ic . pe:ptide , having a Glx N-terminnl residue 

was isolated by affinity chromat ography on the anhydrotrypsin­

Sepharose c olumn used in this project. The chymotryptic 

peptide was further fragmented by trypsin and the digest ion 

mixture WRS subjected to pH .6.5 high voltage paper electro"."' 

phoresis and an acidic peptide wa s i solat ed by elut ion from 
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the paper. A sample of this peptide was subjected to 

acid hydrolysis and applied to an amino a cid analyser 

c apable of determining accurately 5 nmoles of amino a cids. 

Preliminary results suggest an amino aci d co~posit ion 

almost identical to that determined by sequence ana l ysis 

of T3. Two Glx, and one ench of Asx , Ser and Arg were 

thought t o be ~resent but what Tie r e postulated t o be 

b o.ckground levels of Gly, Ala , Leu and Val were a lso 

found. ( Personal Communication). 

Further investi gation into the primary struc ture of 

this C-t e rmi n al derived pept i de will be required , esl)ecially 

as r egsrds to amide assignment , before an ideal Cir model 

peptide substrate , mimicking the C1s structure at the 

scissile Arg-Ile bond can be synthesized. 
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