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SUMMARY

The thesÍs describes studíes on the chemistry of the proteins that

are intracellular products in the cells. of the medulla tissue of hairs

and in the cells of the inner root sheaths of hair follicles. These

proteins are characterized by their extraordinary insolubility in protein

solvents and their unique content of ci.Lrulline in peptide linkage. The

medulla and inner root sheath pro-teins are distinct from o-keratín which is

distinguished by its high content. of disr.llphide cross-linkages that are

absent in the citruLline-containing proteins. The investigations were aimed

at explaining this insolubitity and its possible relationship to the

presence of citrullÍne.

The presence of e- (y-g1utamyl) lysine as a cross-link in guínea pig hair

medulla protein has been demonstrated by a study of tryptic peptides, and

this isodipeptide has been isolated from enzlzme digests by lon-exchange

chromatography and characterized" Measurement of 'blocked' lysine residues

by a chemicat method using acrylonitrile indicated that all lysine

residues that are cross-linked are involved in the e-(Y-gtutamyl)lysine

linkage. The cross-link was localized in citrulline-containing protein by

isolation using ion-exchange and paper chromatography of peptides containing

both the cross-Iink and citrulline residues.. The cross-link occurs in hair

medulla cells f.rom a wide range of mammalian species. It is postulated

that this cross-link explains the insolubility of these proteins.

Transamidases capable of forming the e-(y-glutamyl) lysine cross-link

have been demonstrated in hair follicle homogenates. The follicle enzlzmes

have very similar properties to those of plasma transamidase, the enzyme

which insolubilizes fibrin by the formation of the same cross-link. However,

the follicle enzlzmes can be distinguished from plasma transamidase by their

enzymic and inmunological properties.
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GENERAL INTRODUCTION
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1.1 OCCURRENCE OF PROTEINS CONTAINING CITRULLINE

CitrutLine occurs as the free amino acid in many plant and animal- tissues

(Greenstein and Winitz, 196I). In mammals, it is an important intermediate in

urea bíosynthesís (Krebs, L964). It is not, however, commonly found as a

constituent of proteins although it has been detected in simple peptides

from the algae Chondrus crispus (Young and Smith, 1958). There have been

several- reports of its occurrence in proteins (V[ada, 1930; Fearon, 1939¡

Orekhovitch, 1955) but these have not been confirmed. Recently, the presence

of citrulline in a protein fraction isolated from normal human myelin has been

demonstrated (Finch et aI. , I97L) .

The finding of citrulline in the protein of inner root sheath cells of

hair follic]es (Rogers and Simmonds, 1958; Rogers, 1958a, 1959) and in the

medulta cells of hair and porcupine quill (Rogers, L962) therefore established

these proteins as unique. Bradbury and O'Shea (1969) have also demonstrated

the presence of citrulline in the medulla protein of hairs from a number of

species. Citrulline has been reported to be also present in the cuticle of

wool (Bradbury et a7. , 1966) and in the tissue of certain carcinomas which

derive from hair follicle tissue (Holmes , L968; Ho1mes et a7. , 1968) .

citrulline in hair proteins was originally identified by paper

chromatography (Rogers, 1958a) and later by ion-exchange chromatography

(Rogers, 1962, L964a). fts identity was unequivocally established by

isolation of the amino acid from acid hydrolysates of porcupine quill medulla

protein (Rogers, I964a) and from guinea pig inner root sheath protein

(Steinert et a7. , 1969). The initial indicatíons that the citrulline was

covalently bound in peptide linkage in the proteins (Rogers and Simmonds'

1958; R-ogers, 1958a, 1962) were confirmed by limited sequence analysis of
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peptídes derived from porcupine quilt medulla (H"vl"J. Harding, 1967; Steinert

et a7. , 1969\ .

In the present study the major citrultine-containing protein

investigated was the protein from medulla cefls of guinea pig hair, although

proteíns from inner root sheath cells of guinea pig hair follicles and from

medul-Ia cel-ls of hairs and quills from a number of mammalian species were

considered when appropriate. Rogers (L964a,b) has proposed that hair

proteins containing citrullíne be called 'citrulline-trichohyalin" and that

the arginine-rich material of trichohyalin droplets be called 'arginine-

trichohyalin'" However, this terminology has not come inùo general use.

Hair proteins containing citrulline can be distinguished from keratin

by several- criteria" They have a distínctive amino acid composition in that-

not only do they contain citrulline but also large amounts of glutamic acid

(Rogers, 1962, L964ai, Early studies showed that the cystine-cysteine

content was veïy low or nil- (Barritt and King, 1931; Bekker and King, 1931;

Jordan-Lloyd and Marriott, f933; Blackburn, 1948) and these have been

confirmed using more refined techniques (Rogers , L962; Steínert eX aJ ",

Lg6g). However, reports that hair medulla protein contained a large

amount of aromatic amino acids, especially tyrosine (Stoves' L943¡

Matoltsy, 1953) have proved incorrect (Rogers, 1962, I964a; Steinert et af"'

L96g). The citrulline-containing proteíns are readily digested by trypsin

but they are insolubl-e in the usual protein solvents (Stoves, 1943, L945¡

Rogers, Lg62, I964a) including those that dissolve keratin (Jordan-Lloyd and

Marriott, l-933; Matoltsy, 1953) " In addition, hair medull-a protein does not

react with antibodies prepared to hair keratin d.erivatives (t<emp and

Roqers, 1970) ,
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The extreme insolubility of the hair proteins that contain citrulline

has hindered study of them (Rogers, I964a) and has necessitated the use of

tryptic peptides as soluble material for most investigations (Rogers, L962,

I964a¡ Steinert et a7., 1969). The peptide mixture obtained when the

proteins are sol-ubilized by tryptic digestion is very compl-ex and thís has

precluded determination of the number and size of citrull-ine-containing

proteins present in hair tissue.

1.2 ORIGIN AND SIGNIFICANCE OF CITRULLINE IN PROTEINS

The presence of citrulline in proteins immediately raises two questions:

(1) how does the citrulline become incorporated into protein, and. (2) what

is the functíon of citrul-l"ine in protein?

The first question is particularly inÈeresting because no DNA triplet

code is known to exist for citrulline (Crick, L966; Jukes and Gatlín, I97L)

and it therefore appears unlikely that it is incorporated directly by the

usual protein synthesizing systems as described by Schweet and Heintz (1966).

Furthermore, there is evidence (Rogers, I964a) to suggest that citrul-line

cannot be activated for protein syntheÉis. It has therefore been suggested

that protein-bound citrul-Iine arises by conversion of another amino acid

already incorporated into protein . Desimination of arginine has been

proposed as the conversion mechanism because of the similarity in the chemical

structure of arginine and citrulline (Rogers and Simmonds, 1958; Rogers, 1958a,

L959, 1963, I964a). Rogers (1963, I964a) has proposed that the NH, released

by such desimination could be ínvolved in the amidation of glutamic acíd or

aspartic acid residues or both. These residues could be located in either

the trichohyalin protein or adjacent keratin" fn addition, histochemical

studies of hair follicle sections have indicated a precursor-product
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relationship between the arginine-rich trichohyalin proteins and the

citrulline-containing hardened protein into which it is transformed (Rogers,

1963) .

Tnitial Ín vivo studies of the origin of protein-bound citrulline
1¿.

used tU-t'clarginine. The interpretation of these experimenis was

complicated by the presence in follicles of an active urea cycle (Rogers,

L964a) which can convert free arginine to ornithine and then to citrulline

(Krebs and Henseleit, Ig32). Hov/ever, further studies with Iguanido-l4cjttginirr.

(All-en et aJ-., L964¡ Rogers , L964a¡ Clarke , 1967) have overcome this problem

since the urea cycle is not reversible i-n vivo (rrebs, L964) and have

indicated that protein-bound citrul-line indeed arises from protein-bound

arginine.

Clarke (Lg67) further showed that although [14c] ttginine can be

detected in inner root sheath protein in less than t hr after íntracardial

injection of guinea pigs with [14c]arginine, II4c].tttul-line was not

detectable until after about 2 lnr. fn addition, puromycin injected 95 min

after injection of the radioactive arginine largely stopped argínine

incorporation and general protein synthesis, but had no effect on the formation

of citrulline which still appeared al 2 hr after the original injection and

increased to the expected level-" The puromycin effect, together with the lag

period before the appearance of citrulline, strongly suggests that arginine

is fírst incorporated into polypeptides before it is converted to cÍtrul-line "

In this respect, the situation is analogous to the formation of

hydroxylysine and hydroxyproline in collagen (Peterkofsky and Udenfriend'

L963¡ Juva and. Prockop, 1964; Udenfriend., 1966) " In the biosynthesis of this

protein, Iysine and proline are first incorporated into polypeptides of

l-O,OO0 - 1OO,O0O molecular weight before they are enzymically hydroxylated
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(Bhatnagat et a7., L967¡ Rosenbloom et a7., L967¡ Bachra and van der Eb, L97Oi

Miller and udenfriend, L97o). The enzlzme responsible for the conversion of

proline, collagen proline hydroxylase, has been isol-ated from several sources

and characÈerized (Kivirikko and Prockop, 1967; Popenoê' et a7., L969¡

Rhoads and Udenfriend, L97O; Olsen et a7", 1970). However, it has not been

possible to demonstrate desiminase activity in hair fotticle tissue in vitro

(Rogers and Springe1l, L959¡ Allen et a7., L964¡ Campbell, 1965). Furthermore,

it is not known if protein-bound arginine residues can participate in such

reactions, since the desiminases that have been studied have utílized only free

L-arginíne (Petrak et al., 1957) .

The function of citrulline in proteins is not known. The histochemical

resulÈs of Rogers (1963) indicate that the formation of citrulline is

intímately involved with the fibrous transformation of trichohyalin proteins

(Rogers , Lg63, L964a,b). If desimination and amidation occurred within one

protein, there would be no net change in charge of the protein involved

(Rogers, Lg63). However, changes in conformation of the protein could be

expected because possibilities for hydrogen-bonding within the proÈein would

be increased (Rogers and Simmonds, 1958; Rogers, 1963).

I.3 DEVELOPMENT AND STRUCTURE OF HAIR MEDULLA AND INNER ROOT SHEATH

The tissues of particular interest in the present study of proteins

containing citrulline are hair medulla and the inner root sheath of hair

follicles. The relationship of these tissues to the hair fibre is shown

diagrammatically in Figure 1-1. The developmenÈ and structure of medulla and

inner root sheaÈh tissue is briefly described below.

a. Medu¡7a. The development of hair medulla cells is illustrated by

the series of electron micrographs in Figure 1-2. Medulla cells arise from

the undifferentiated matrix cells just above the papilla of the hair bulb



6

(Auber, 1950; Roth and Helwig I L964; Parakkal and Matoltsy, 1964) and become

the central core of cells of the hair shaft (Figure 1-1). The matrix cells

contain the usual cytoplasmic organelles such as mitochondria and Golgi

apparatus (Roth and Helwig, 1964¡ Parakkal and Matoltsy, 1964). At a level

about 3 - 4 cells above the papilla (level 2, Figure 1-I) the ascending matrix

cell-s begin obvious differentiation into medulla cells with the appearance

of characteristic electron-dense, amorphous granules as shown in Figures

l-2b and I-3a. These granules are of varying size and are not bound by

membrane (Roth and Helwig, 1964¡ Parakkal- and Matoltsy, 1964). They stain

strongly for arginine (Rogers, 1963) and are considered to be trichohyatin

droplets (Rogers, L964a) although they are not identical with those of inner

root sheath cells (Parakkal and Matoltsy, L964; Parakkal , L969) " Fil-aments arise

from desmosomes but are not necessarily associated wíth the granules (Roth and

Helwig, L964¡ Parakkal-, 1969) .

At later stages of deveLopment (Figure 1-1, level 3) the nr¡rùcer and size

of the granules increases (Figures I-2c and 1-3) and large amounts of glycogen

are sometimes seen in the cell-s (Roth and Helvüig, L964). The mitochondria

swell and vacuol-ate and vesicles appear in the cytoplasm (Figure 1-3).

The nuclei degenerate and the granules tend to become irregular and coalesce

(rigures 7-2ð.,e and l--3c) (Roth and Helwig, 1964¡ Parakkal and Matoltsy, L964i

Paral<kal , L969) "

In a sudden transformation, from one celt to the one above, the granules

fuse giving rise to electron-dense material showing a generally granular

substructure (Figure l-2f and 1-3d) (Auber, 1950; Roth and Helwig, L964¡

Parakkal and. Mato1tsy, L964) which stains for citrulline (Rogers, 1963). The

hardened protein in medulla cells is not overtly filamentous in contrast
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1

1t

ÏRS

level 3 t11

level 2

level I
]V

FIGURE 1-1: Diagrammatic representation of a hair follicle and

emergent haír indicaÈing the location of tJ:e ce1lular parts of the

structure that were used in the present study: (MED) medulla layer
of the hair (originates in the follícle itself), (IRS) inner root
sheath (present only in ttre follicle) " i, ii, iii, and iv respectíve1y

indicate the cortex of the hair, the epÍdermis of the skin, the follicle
outer root sheath and ttre follicle bulb" Levels 1 - 3 are positions
chosen in this laboratory to aid descrÍption of follicle developmenË"



FIGURE 1-2: Series of electron micrographs of longitudinal
sections of guinea pig hair follicle tissue illustrating the

development of the medulla" Hair growth is in an upwards direcÈion
(a - f). Note the appearance of granules (G) and large nuclei (N)

in the matrix cells (level 1;a). As develqpment proceeds (levels

2 and 3¡b¡c;d), the granules increase in size and number and

intracellular vesicles (IV) are seen. The granules coalesce (e)

with the formation of intercellular spaces (rc) and ate finally
transformed into amorphous material (AM) (f). Keratin fibrils (K)

can be spen in adjacent cortical cells. SÈained with uranyl acetate

and lead citrate.
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FIGURE I-3: (a) Electron micrograph shows guinea pig hair medulla

cells at an early stage of differentiation. Note the presence of

granules (G) of various sizes, the large nucleus (N) r mitochondria

(M) and ribosomes (R). Keratin fibrils (K) are present in

adjacent cortical cells (C). Stained with uranyl acetate and lead

citrate.

(b) Electron micrograph of medulla cells at a later

stage of devefopment than in (a). The granules (G) have coalesced

and intracellufar vesicles (fv) have formed in the cytoplasm. The

mitochondria (M) and nuclei (N) have begun to degenerate. Keratin

fibrils (K) are present in adjacent cortical cells- Stained with

uranyl acetate and lead citrate.

medulla
(c) are

well as

stained

(c) Electron micrograph shows a guinea pig hair

ceII in an advanced stage of differentiation. The granules

very large and intercellular spaces (IC) have appeared as

the intracellular vesicles (rV). Longitundal section'

with uranyl acetate and lead citrate.

(d) Electron micrograph of mature medulla ce1ls

showing hardened amorphous material (AIq). Note the cell membranes

(Ctf). Hardened keratin (K) can be seen in an adjoining cortical

ceII. Longtidunal section, stained with uranyl acetate and lead

citrate.
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to the mature inner root sheath protein (Roth and Helwig, L964¡ Parakkal and

Matoltsy, L964). on the other hand, it is not entirely amorphous since some

filaments are occasionally seen (Rogers , I964a). The protein generally

shows a ß-type x-ray diffraction pattern (Stoves, L945; Ruda11, l-955).

t'Ihen the granules fuse large intercellular spaces form (Figure t-3)

and in some instances the cell contents tend to concentrate at the ceII

periphery (Auber, 1950; Roth and He1wig, 1964¡ Parakkal and Matoltsy, L964).

Thus the medulla has an open, yet rigid structure, producing a firm fibre

whilst keeping its mass at a minimum (Auber, 1950; Mercer, I96L). Not all

hairs are medullated; even when this tissue is present, the ratio of

medulla to cortex is extremely variable (Auber, 1950).

V'Iildman (1955) has cl-assified medullae into two main types, viz.,

continuous, and broken. fn the broken type the medull-a may be broken

transversely at irregular intervals by cortical material (interrupted

medulTae) or may only be present irregularly in very small amounts

(fragmented meduTTae). Tn addition, medullae present in up to three separate

col-umns of cei-ls (multiple neduTTae) have been reported for wool fibres

(Jones, 1962; Doney and Smith, L962) and human hair (Chowdhuri and

Bhattacharyyàr 1965).

b. Inner Root Sheath. The i,nner root sheath of hair follíc1es

(Figure I-1) consists of three concentric cell layers. These layers are

termed, in periphero-axial order, HenTa's Jager, HuxLeg's Taget and

cuticfe of the inner root sheath (Auber, 1950).

As matrix cells differentiate, trichohyalin droplets appear in the

cytoplasm (Figure L-4a). The droplets are structureless and do not have a

retaining membrane (Birbeck and Mercer, L957) " They stain strongly for

arginine (Rogers, 1963). Filanents are al-so found in the cytoplasm at this



FIGURE 1-4: Cells from the inner root sheath of guinea pig hair

follicles.

(a) Electron micrograph shows an inner root sheath

cell aÈ an early stage of differentiation. Filaments (F) and

trichohyalin droplets (TD) are seen in close association.

Ribosomes (R) are also present. Longitudinal section, stained

with uranyl acetate and lead citrate.

(b) Electron micrograph of a longiÈudinal axial

section of irurer root sheath. A ceII from the Henle layer (bottom)

is already filled with mature, hardened fibrous protein (P). cells

from the Huxley layer and inner root sheath cuticle are iñ a late

stage of dífferentiation. The trichohyalin droplets (TD) are

enlarged and the filaments (F) are organized in the direction of

the hair axis (left to right). Note the mitochondria (M) and

ceII membranes (Cu¡. Stained with uranyl acetate and lead citrate'
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stage and appear to be associated with the trichohyalin droplets (Rogers,

1958b, I964a,b¡ Parakkal and Matoltsy, L964) "

As the cells develop and move up the fol-licle, the trichohyalin dropleÈs

increase in size and number and lose their spheroidal shape (Rogers, I964a) "

The nu¡nber of fil-aments increases and they become more organized (Figure

f-4b). The droplets aggregate and during the final stage of development

they dísappear and the cel-ls become filled with protein filaments oríented

paraIlel to the fibre axis (Figure 1-5a) (Birbeck and Mercer, 1957¡ Rogers,

1959, L964a,b; Parakkal and Matoltsy, 1964). The appearance of the final

filamentous producÈ (Figure l--5arb) is very rapid, occurring from one cell to

the next (Figure 1-5a), and. has been described as 'crystallization' of protein

chains from the amorphous trichohyalin (Birbeck and Mercer, 1957). The cel-ls

are seen to become birefringent (Auber, 1950; Rogers, L958a, 1959) and stain

for citrulline (Rogers, 1963) . The hardened fibrous protein gíves an a-type

x-ray diffraction pattern (Rogers, 1959, L964b). Recently, Steinert eÈ af"

(1971) have isolated protein filaments (Figure 1-5c) from the inner root sheaths

of guinea pig hair follicles by a brief tryptic digestion and shown that the

protein contains ciÈrul-l-ine.

ln Henl-e's layer, the transformation into hardened fibrous protein occurs

just below the level of the constriction of the bul-b (Ieve1 I, Figure 1-1),

forming a hardened cylinder which acts as a 'retaining mould' for the softer

tissue within (Birbeck and Mercer, 1957). The conversion to hardened material

is slower and occurs higher up the follicle (level 2, Figure I-1) in the other

cell layers (Birbeck and Mercer, 1957). During further maturation, the

filaments coalesce and harden further (Rogers, l-958b) and the cefls fuse,

nracanl- i n¡ r lramn o /Þì vl¡a¡Þ =n¡l Mar¡ar 'l Otr7. Þnnarcql,yvqrq¿¿vv \!¿!!ev , ¿J¿t, ¡\v>v¡s,

r9s8b) "



FTGURE 1-5: (a) Electron micrograph of portion of two adjacent

cellsfromtheHenlelayeroftheinnerrootsheathofaguinea
pig hair fotlicle showing the sudden transformation of the

trichohya,lin droplets (TD) and filaments (F) in the immature ceII

(Ieft) into hardened fibrous protein (P) in the mature cell

(right).Notetheceltmembrane(cM).Directionofhairgrowth
islefttoright.Stainedwithuranylacetateandleadcitrate.

(b) Electron micrograph of a cross-section through

a cell of the Henle layer showing the hollow tubul-ar structure

of the filaments. The filaments are approxímately eO I in

diameter. The inter-filamentous regions are of very low

electron density. Stained with potassium permanganate'

(c) Inner root sheath filaments prepared from

who]-eguineapigfollicletissuebydigestionwithDifcotrlpsin
for 15 min at 20o. The majority of filaments are about 80 I

in diameter and are more than 1 micron long' They show a dense

corethroughouttheirlength.Negativelystainedwith2zuranyl
acetate.

Figures I-6 (b) and

(re71).

(c) are by courtesy of Steinert et al-'
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Thus, the process of development is similar in medufla and ínner root

sheath cells, Jout differences betweeì't tfr" tissues are apparent, particularly in

the nature of the trichohyalin droplets (Parakkal and Matoltsy, 1964¡

parakkal, Lg6g) and in the morphologically distinct final products.

1.4 oCCURRENCE 0F THE e-(Y-GLUTAMYL)LYSINE CRoSS-LINK

This thesis reports the finding of e- (y-glutamyl) Iysine as a cross-link

in citrulline-containing proteíns from haj-r. The cross-link results from the

covalent linkage of the e-amino group of a lysine residue to the 1-carboxyamide

group of a glutamine residue by an isopeptide bond'

(cH2)4 - NH - CO - (Crt2)2

( lysine ) (glutamine)

The e-(y-glutamyl-)lysine cross-l-ink is widely distributed in nature" It

has been detected from such diverse sources as Escherichia coTi ' Phgsarum

¡n7gcepha7um, chíck embryo breast muscle (Loewy and Mataði-ê, L97O) and insoluble

fibrin from blood. plasma (Pisano et a7. ' L97O). Loewy and Mataðió (1970) also

noted that 'glycerol-extracted mechanochemically active systems and membranes'

were particutarly rich in these bonds. It has been postulated (f'oewy' 1968)

that the e-(Y-glutamyl)lysine bond is involved in muscle contraction' It has

al-so been suggested that this cross-linlc occurs in collagen (for reviews'

see Joseph and Bose, 1962¡ J"J. Harding, 1965) and some evidence for this

has recently been obtained (Bensusan, 1969) .

I

NH

I

CH

co
I

l

NH

I

CH

I

UU

I
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The status of the e- (y-glutamyt) lysine cross-link in fibrin has been

studied extensively because of its imporÈant medical implications- The

formation of this cross-l-ink in fibrin is the last step in the insolubilization

of blood clots (Pisano et a7-' L968, Lg69; Mataðió and Loewy, L968; Lorand

et a7., I968a) . A lucid account of the identification of this cross-link in

fibrin has recentty been given (r,oewy, 7970) .

The first direct demonstration of the e- (y-g1utamyl) Iysine cross-link in

fibrin r^ras reported by Pisano et a7. (1968, Lg6g) who measured the cross-link

directly by ion-exchange chromatography of complete enzyme digests of

insoluble fibrin. They confirmed their results using a chemical procedure

which detected lysines with blocked e-amino groups. A value oÍ 2 - 3 cross-

links/mole of human fibrin was determined. Sinilar values were obtained by

Mataðió and Loewy (1968) and Lorand et a-2. (1968a).

Further work demonstrated that only two kinds of fibrin chains were

involved in cross-linking , viz., y-chains linked to other y-chains, and y-chains

linked to a-chains (Chen and Doolittle, 1969; Lorand and Chenoweth, L969i

Lorand et a7", 1969a) " The y-y involvement has also been demonstrated by

Takagi and ïwanaga (1970, 197I). Lorand and Chenoweth (1969) further showed

that the 'N-terminal disulphide knot' region of fíbrin (Blomback et a7.,1968)

was not involved. The cr-chain does not participate in cross-linJcing at all'

Recently Chen and Doolitt1e (1970) have isolated and characÈerized

cross-Iinked peptides from bovine fibrin. It was found that in cross-linked

fibrin two isopeptide bonds linl< overlapping c-terminal segments of neighbour-

íng y-chains. The amino acid sequence of the region involved in cross-linking

was determined and it \^¡as shol¡In that the two residues in each chain which

participate in ihe cross-iii¡ks are Separated by.' onlir four residues"
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1"5 TRANSAMIDASES AND THE FORMATI0N 0F e-(v-G1-UTAMYL)LYSINE CR0SS-LINKS

Transamidases catalyze the replacement of the carboxyamide groups of

protein-bound glutamine or asparagine residues by a primary amine (donor) with

the concomitant release of ammonia (ueidle et a7"r 1958; Clarke et a7., L959,

Mycek et aJ., 1959¡ Folk and Cole, 1965) .

i.e.,

-Glu- +R-NH
->
<- -GIu-+NH

32

These enzymes are found in a variety of mammalian tissues (Sarkar et a7.,

L957 ¡ Neidle et aI ", 1958; Tyler and Laki, 1967) and in some micro-organisms

(Loewy et aJ", L966a) "

Transamidase activity was first detected in guinea pig liver homogenates

and the enzlzme from this source has been extensively studied" It has been shown

to react only with glutamine residues and has therefore been renamed

transglutaminase (Mycek et a7., 1959) . This enzyme can also catalyze

deamídation (hydrolysis) of glutamine (Mycek and !{aelsch, 1960; FoIk et aI",

1968) and. esterolysis of p-nitrophenol esters (Fo1k et a7.' L967a,b) "

Calcium is essential for any reaction involving guinea pig transglutaminase

(Folk et aL., I967c; Folk, 1969) as well as other tissue transamidases

(Neidle et al " , 1958) . There is evidence that transglutaminase functions as

a cal-cium-enzyme complex (Fo1k et a7", I967c) and that the presence of calcium

at both of the two calcium binding sites on the enzyme is essential for the

binding of glutamine substrate (Folk et a7", L967c,1968). Calcium produces

a conformational change in the enzyme protein such that the essential cysteine

sulphydryl group becomes available for reaction with substrate (FoIk et aI., L967c)

or inhíbitors (Folk and CoIe, I966a; Connel-Ian and Folk, 1969) . This

H

I

N-R
I

2
NH
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funetional cysteine has been identified and a limited surround.ing amino acid

sequence characterized (Folk and CoIe, L966b) "

Recently, as the result of kinetíc studies Folk (1969) has shown that

the mechanism of actíon of transglutaminase is of the ping-pong type" In such

a mechanism the enzlzme firstly binds to glutamine residues to form a binary

complex. Ammonia dissociates with the formation of an acyl enz]¡me intermediate.

Direct chemical evidence for such an intermediate involving the cysteine residue

that is essential for all the reactions catalyzed by transglutaminase has been

obtained for the esterase reaction (Folk et al- " , l-967b). The acyl group is

transferred from the enzlzme to an amine to form a y-glutamyl-amine product"

The amine only binds to the enz)rme in the presence of the glutamine substrate

(Folk, 1969) "

The enzyme in blood plasma which is invofved in the final step of the

blood-clotting process, i"e', the stabilization of fibrin clots, is a

transamidase (f,oewy et a7. / 1966b) " Plasma transamid.ase therefore has

consid.erable clinical importance since its inhibition or deficiency results in

severe haemorrhaging (Lewis et a7", L967; Lorand etal-.,l-968bi tr{ong et aJ., L969¡

Godat, IgTO; Lorand, I97O) " Plasma transamidase exists in circulating blood in

an inactive precursor form (designated Factor XIII) which is activated by

thrombin (Lorand and Konishi, L964) "

The insolubilization of fibrin by transamidase ís achieved by the

formation of e-(y:glutamyl)lysine bonds (Lorand et aL ", 1968a; Mataðjó and Loewy,

1968; Pisano et aL", f968, 1969) " Transamidases from a number of different

tissues have been shown to have fibrin cross-l-inking activity (Loewy et a7. '

L966a¡ Tyler and Laki , L966, 1967) and therefore presumably the abílity to

for.rn the e -(1-g1utamy1)Iysine isopeptide bond" Indeed, Neì-d1e et a7 " (1958)

showed that when qasein was incub.t.a *:-tf, a guinea pig liver transamidase
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preparation the e-amino groups of some lysine residues became unreactive

to deamination by nitrous acid and it \^tas suggested that this indicated the

formation of e-(y-glutanyl)lysine bonds, i.e", that the e-amino group of

lysine residues could act as the donor amine in transamidase reactions.

I.6 AIM OF PROJECT

The occurrence of citrulline in peptide-Iinkage in proteins of hair

medulla cel1s and the cells of the inner root sheaths of harr follicles is

unique. The citrulline containing proteins are distinct from keratin and

have very low cystine-cysteine contents. They are further characterized by

their insotubility in protein solvents" The present study was aimed at,

explaining this ínsolubility and its possible relationship to the presence of

citrulline.

The proteins can be released from the ce11s b1r digestion with trypsin"

The tryptic products are soluble and to that extent are more suitable for study

than the intact proteins" The complexity of the tryptic peptides and comparison

of the proteins with other insoluble proteins such as collagen and elastin

indicated that the insolubility of the native protein could be due to covalent

cross-Iinks, Accordingly, the presence of such cross-links in tryptic peptides

was investigated.



CHAPTER 2

MATERIALS AND GENERAL METHODS
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2.1 SOURCE OF PROTEINS CONTAINING CITRULLINE

a" pre¡nxation of Hair" The albino guinea pig (Cavia pnrceTTus) was the

main source of hair used in this work" The hair was clipped from the animals

and washed sequentially in ethanol, acetone, and a 0.1% (v/v) solution of

Tr^7een 80 detergent at 45o, and rinsed twice with water. The washing procedure

was repeated once and the hair dried at 4Oo" The dried hair was mílled in a

V{iley mill to through-4O mesh size"

b" preparation of Inner Root Sheaths" Hair follicles of the guinea pig

were exposed by the wax-sheer method (Rogers and Clarke, 1965). An animal was

killed and the skin quickly removed and trimmed and the hair clipped with

animal clippers (Model A-2; John Oster, Milwaukee, hlis") fitted with size 15

cutters. The skin was cleaned by brushing and placed on an aluminium slab

cooled to about 40" A wax mixture consisting of crude beeswax-resin (227,

w/w) at 55-600 was spread over the skin and allowed to solidify. When the

skin was removed from the wax the hair roots were exposed with the shafts

embedded in the wax" The sheaths were removed by brushing with a solution of

8M urea-O.2M iodoacetic acid-IM *ZrO4 (pH 8"0) (C1arke and Rogers, 1970). This

solution díspersed the prekeratin proteins in the fotlicle tissue \^¡ithout

disrupting the inner root sheaths (Rogers, 1958a; 1959¡ L964) " The sheaths

were collected by centrifugation, washed three times with distilled water, and

either used immediately or freeze-dried.

c. preparation of QuiL7s. The medulla was dissected from quifls of the

African porcupine (Ilgstrix cristata) with a scalpel, milled in a Vüiley mill

to through-4O mesh síze, and washed with water and organic solvents

(Steinert et a7"t 1969) " Echidna guills were similarly treated' but the

dissected medulla \^ras not milled.
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2.2 GENERAL METHODS

a" Amino Acid Analgses. Protein and peptide samples were hydrolyzed

in vacuo with I mI of 6N HCI in special hydrolysis tubes (K-89685, Kontes Glass

Co., N.J.) essentially according to the procedure of Moore and Stein (1963).

Hydrolysis was at 11Oo î.or 20 hr and the hydrolysates were dried in a rotary

evaporator.

Two main types of amino acid analysis systems were used in the course

of this work. Initía1ly, a Technicon Amino Acid AutoAnaly".rl *"" used but

this was later modified to incorporate some features of the Beckman 12OC

Amino Acid. Analyzer (see appendix A). This modified system is referred to in

the text as the modified gradient system. The various buffer grad.ients used

are given in Appendix B" Some analyses were performed on the Beckman I20C

analyzer using the standard 4 hr system2. For the more recent analyses an

expanded scale (ImV) recorder was used.

b. DansgTation" Dansylation of peptides üras carried out initially using

the conditions of Gray (1967), but later the improved method of Gros and

Labouesse (1969) was adopted" In either case the dried acid hydrolysates

were extracted, with water-saturated ethyl acetate, and the extracts and

residues were examined separately by high-voltage paper electrophoresis at

pH 4.40 (eray, 1967) and/or by two-dimensional thin-layer chromatography on

¡nlyamide sheets (5 x 5 cm, cheng chin Trading co., Taipei, Taiwan) using

benzene-glaciar acetic acid (92r, v/v) and r.5t aqueous formic acid as

1
Amino Acid Analyzer rnstruction Manual, AAA-1, L967, Technicon corp.,
Ard,sley, N.Y"

ZProcedures Manual, A-TB-033, Lg66, Beckman rnstrunents, paro Alto, carif.
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solvents (Vtoods and Î'lang, 1967). In sorne cases, for positive identification

of DNS-citrulline, the appropríate area from the electrophoretogram was

eluted and chromatographed on silica-ge1 thin-layers (Chromagram, grade

6O6L, Dístillatíon Products Industries, Rochester, U.S.A.) using benzene-

pyridíne-acetic acid (40:I0zL, v/v) (Cole et a7., 1965) as solvent.

c. Analgsis with Ninhgdrin" The ninhydrin method for the analysis

of column fractions was based on that of Yenrm and Cocking (1955) but used

the 4M sodiurn acetate buffer of Moore and Stein (1954). Alkalíne hydrolysis

(Hirs et aI", L956) preceded the ninhydrin analysis of fractions that

contained peptide ¡naterial.

d " Pre¡nrat,ion of Buffets fot CoLutm Chronatographg . Pyridine '
N-ethylmorpholine, and acetic acid were redistilled before use in buffers.

Pyridine was refluxed with ninhydrin before redistillation (HiIl and

Delaney , L961). All water used was bidistilled and ammonia-free. Unless

otherwise noted, buffers were prepared according to Schroeder et aI. (L9621 .

e. Peptide Analgzer. In several ínstances a Technicon Peptide
?

AutoAnalyzer- was used to monitor the effluent of ion-exchange columns. The

ínstrument was similar to that described by Catravas (1964) except that the

total sample taken was hydrolyzed with alkali.

f., High-Voltage Paper Electrophoresjs. Electrophoresis on Whatman

No"3MM paper was performed on a cooled flat plate apparatus (Paton

rnduetríes, Adelaider S.A.) sinilar to that described by Gross (1961).

3Peptide Analyzer Instruction Manual , L967 r Technicon Corp., Ardsley, N.Y.
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Amino acids and peptides were revealed by spraying the papers with a 0.lt

solution of ninhYdrin in ethanol.



CHAPTER 3

INVESTIGATION OF GUINEA PIG HAIR MEDULLA:

ISOLATION OF CELLS AND RELEASE OF

CITRULLI NE.CONTAINI NG PROTEINS
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3. I INTRODUCTION

Previous studies of hair medulla cells have involved vigorous condiÈions

to remove the surroundíng keratin (Jordan-Lloyd and MarriotÈ, 1933;

l"latoltsy, 1953) or to disrupt the hair structure (Bradbury and O'Shea, 1969) to

allow isolation of the cells. These methods, however, have the potential to

disrupt and modify protein structure" Thus, as a preliminary to an extensive

study of the structure and chemistry of hair medulla protein ít was desirable

to investigate milder methods for the release of medul-la cells from hair

fibres. Two such methods, involving solubilization of keratin by reduction,

were investigated for the isolation of med.ulla cells from guinea pig hair,

and are reported in this chapter.

The citrulline-containing proteins of medulla ce1ls in intact hair

fíbres can be readily released as soluble peptides free of keratin by

digestion with trypsin (Rogers , !962¡ I964a). The application of this method

of isolation of protein material to guinea pig hair medulla has also been

studied.

3"2 MATERIALS AND METHODS

a " Red,uction of Hair bg ThiogTgcoTTic ^Acjd was performed ín a solution

of gM urea and the products atkylated with iodoacetic acid as described by

Gítrlespie (L964). The mixture was dialyzed exhaustively against 0"02M sodium

borate buffer (pH 9) and, the insoluble medulla and membrane material

collected by centrifugation and washed with water.

b. Reduction of Hair bg TributgT Phosphine. Finely-milled guinea pig

haj-r was reduced by trÍbutyl Phosphdne using sodium iodide (5M) in aqueous

n-propanol (25t , v/v) as solvent (Maclaren and Kilpatrick, L969) " Insoluble
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material was collected by centrifugation and hrashed with aqueous propanol.

c. SoLubìLitg Tests on MeduTTa Ce7ls. Partially purified medulla cells

were treated with various solvents at room temperature for varyíng periods up

to three weeks. The process was monitored by light microscopy using transmitted

light. Vühere possible, samples were stained with p-dimethylaminocinnamaldehyde

reagent (section e, below). In some cases, electron microscopy ütas also used.

Samples in suspension were negatively stained on specimen grids using uranyl

acetate solution and examined in the Siemens Elmiskop I electron microscope.

d. Digestion of Haír with Trgpsin. Finely milled guinea pig hair was

even-ly suspended in water to a concentration of 58 (w/v) by degassing, and then

digested with trypsin (0.5t, w/w) in a pH-stat (Radiometer, Model TTT lc) at

pH 8 and 37o using lN NaOH as titrant. A steady flow of nítrogen gas was

maintained through the reaction mixture to avoid absorption of carbon dioxide.

Generally, crystalline trypsinl of minimat chymotrypsin content (Mann Research

Laboratories, New York) was used, but in some specified instances TPCK-trypsin

(tüorthington Biochemical Corp., Freehold, N"J.) was employed. At the

completion of the reaction the insotuble keratin and cellular debris were

removed by centrifugation. The supernatant $ras clarified by filtration through

a 0"65 pm Millipore filter and freeze-dried.

e. Histochemical Stain for CitruTtine. Tissues were stained for

citrulline with a solution of p-dimethylaminocinnamaldehyde (LZ, w/v) in

O.5N HCl. The solution was made 4M with respect to NaCl to help reduce

disruption of the Èissues (Rogers, 1963). Specimens on mícroscope slides were

fl-ooded with the reagent, covered with a coverslip, and immediately examined

for ihe appearance of the deep red color indicative of citrufline.

1'This trypsin had not been treated with TPCK and is referred to as
trypsín'"

tuntreated
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3.3 RESULTS

a. IsoLatÍon of Medutta CeLTs from Hair. Reduction of guinea pig hair

by either thioglycollic acid or tributyl phosphine solubilized about 508 of the

dry weight of the hair as keratin derivatives. The reduction did not in itself

result in the separation of medulla cells because the cortical and cuÈicle cell

membranes did not dissolve (Fraser and Rogers, 1953), and held the fibres more

or less intact, although they were very swollen (Figure 3-1). Therefore, the

hair was mechanically disrupted, and attempts made to separate the products

of the latter Process.

A variety of homogenization and sonication procedures v/ere tried as a

means of releasing the medulla cells. Similarl-y, a number of method,s for

separating the med.ulla ce1ls from the contaminating membranes \Alere

investigated. These latter methods mainly involved using sucrose density

gradients, but electrofocussing of cells suspended in sucrose solution was also

attempted. In general, the following procedure proved to be the most successful.

Reduced hair in aqueous suspension (about 58, wet w,/w) was sonicated

Iíghtly for 10 - 20 sec at Po\^rer 5 (Soniprobe Type 11304, Dawe InstrumenÈs,

London) and. the larger cuticle membranes and medulla cells sed.imenÈed at I 9

for 30 min. At this stage medulla cells were mainly present as discs, which

were one cell thick and composed of several cells (Figure 3-2) . These discs

of cells result from the ready breakage of the medulla core in a plane

transverse to the length of the hair. The 1 g pellet containing the d,iscs

was then layered on to a 408 (w/v) sucrose solution and centrifuged at about

500 rpm in an MSE Super Minor centrifuge for 5 min. After this step the main

conÈaminant of the medulla preparation was cuticle membrane and this proved

very difficult to remove" The medulla cells tended to be very sticky and

adhered to both glassware and membranes. However, some of the membrane could be
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removed by homogenizing the pellet in the tíght Dounce homogenizer in the

presence of 0"0038 Tween 80 detergent and then centrifuging the ce1ls through

a discontinuous sucrose gradient composed. of layers of 20, 40 and 60? (w/v)

sucrose solutions using conditions similar to the previous centrifugation"

Homogenization broke down the majority of the discs of medulla cells into single

cells, which \¡rere recovered. from the 40% layer"

A1l stages of the separation procedures were monitored by light

microscopy to obtain optimal conditions, but complete removal of all membrane

material was never achieved. Preparations stained with p-dimethylaminocinnamalde-

hyde gave a deep red. color with cel1s that had citrulline-containing protein,

thus making these components readily recognizable (Figure 3-1). In the best

preparations, the membrane contamination was visually estimaÈed at less than

108, Yields of the partially purified medulla cells \¡¡ere generally low and

variable, ranging from about I0 - 25>" of the crude preparation, i"e",

about 5 - 10? by weight of the whole fibre" The amino acid composition of

partially purified medulla cells is given in Table 3-I. The composition of

the whole hair fibre and the solubilized keratin is also given"

b" Dissolution of Isolated MeduTla Celfs. In all-, about 40 different

solvents and chemical treatments were used with little success in an attempt

to solubilize the medulla cells. The conditions tested included the

following: organic solvents, such as n-butanol, Ë-butanol, n-propanol and

pyridine in aqueous solution; detergents such as Triton X-I00, Lubrol !rt,

sodium lauryl sulphate and. deoxycholate; oxidizing agents (NaOCl, HrOr) i

reducing agents (llarS, in addition to those used in the isofation of the

cells); chelating agent (fOfe); acids, including formic, acetic, trifluoroacetic

and hydrochloric acids at various strengths; alkali (KOH solutions); high salt

concentrations (saturated LiC104 and KSCN solutions); and strong dissociating



TABT¡E 3-I: AMÏNO ACID CONTENT OF GUTNEA PIG HAIR FRACTIONSA

Residuesr/1000 Residues
Amino Acid

Medulla
Cells

'solubilized'
Medulla MaÈerialb

WhoIe
Fibre

Solubilized
Keratin

SCM-Cysteine

Aspartic acid,

Threonine

Serine

Glutamic acid

Citrullinec

Proline

Glycine

Alanine

Valine

HaIf-cystine

Methionl-ne

Isoleucine

Leucine

Tyrosíne

Phenylalanine

Lysr-ne

Histidine

Arginine

47.s

55.3

29.2

49 "8

269 "3

98.'7

39.2

56 "6

39 "2

36"4

trace

8"3

2t"4

94 "2

15"3

26 "3

53 .5

14.0

45 "9

88

62 "7

50"3

80"6

L49 "9

31" 6

64.2

72 "A

56 "4

58.0

trace

L2 "4

30 .8

84"0

24.9

28.9

45.5

L4 "2

45"1

49.2

49.9

87 "2

150.1

23.5

77 .6

72.2

50 .5

47 "r

137 .0

5.9

25.9

71" 0

26.O

22 "4

33 .4

L2.O

59 "2

L78.6

50.0

61.5

LO6.7

116 .6

83 .7

7L.A

44.O

46.4

4.L

26.9

60.9

31 .3

20.8

2L.2

10 .8

63.9

0

"Ur,"ott."ted for hydrolytic losses, except as noted. bR"*.ins in supernatant
at 38,OOO g after disruption of medulla cells in French Pressure CelI.

clncludes citrulline and ornithine 
"
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agents such as 8M urea, 6M guanidine hydrochloride, dimethyl formamid.e,

cupriethylene diamine and phenol-acetic acid-water (1:I:I, v/v) "

Chemical treatments that were tested included methylation, succinylation,

and reaction with cyanogen bromide, hydroxylamine and sodium borohydride. fn

some instances the cell-s were disrupted by extrusion through a French Pressure

Cell, in which case material remaining in the supernatant after centrifugation

at 38,000 g for t hr was regarded as being soluble. However, filtration

on Millipore membranes and differential centrífugation revealed Èhat this

so-called soluble material was in fact a polydisperse suspension of very small

particles of hard.ened protein material. These particles were seen by

electron microscopy to have no distinctive sÈructure and were themselves

insoluble in many solvents. The amino acid composition of these particles

j-s given in Table 3-I. Vígorous sonication also had Iittle effect on

solubilizing the protein. In fact, the only conditions whích caused any

significant degree of solubilization were those involving NarS, NaOCI and HrOr,

and these also solubílized the contaminating membranes"

c" Trgptic Digestion of Hair. Tryptic digestion of the hair by Mann

trypsin was complete in 4 hr wÍth 18t of its weight beíng solubilized" Amino

acid analysis of the resid.ual keratin showed that all the citrulline-

containing material had been removed as soluble tryptic peptides (Table 3-lI).

This was confirmed by examination of the preparation with the light microscope

(rÍgure 3-3) "

In contrast, digestion of the hair by TPCK-trypsin was slor^¡er and

requíred 5 hr" Centrifugation of the digest produced three fractions; the

supernatant and a pellet composed of two layers. The soluble tryptic

peptides in the supernatant amounted to 158 of the weight of the hair" The

lower layer of the pellet, contained und.igested keratin, as before" However,



TABLE 3-TI: AMINO ACTD CONTENT OF GUINEA PÏG HAIR PROTEINSA

Residues,/1000 Residues
Amino Acid

WhoIe
ribreb

Residue
(reratín)

SoIubIe TrYPtic
Peptides of Medulla

MeduI
Ce11

la

"b

Cysteic acid

SMC-Cysteine

Aspartic acid

Threonine

Serine

clutanic acid

Citrullinec

Proline

Glycine

Alanine

Valine

Half-cystine

Methíonine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Lysíne

Histidine

Arginine
.dTryptophan

4"2

49.2

49 "9

87 .2

150. 1

23 "5

77 .6

72 "2

50. 5

47 .L

137"0

5"9

25.9

7L.O

26 "O

22 "4

33 "4

L?..O

59 "2

n "d.

47 "4

59.1

106.0

110"1

trace

82.8

84 "4

45 "L

50"6

175 .8

4"s

28 "L

60.5

2A "9

20. 5

22 "7

10.5

58"9

n.d.

68 .l

28.5

45 .0

302 "L

L27 "8

L2 "7

48 .I

42 "3

33 .3

7"6

8.6

20.3

100 .0

t7 .5

28 "5

52.2

13 .4

43.6

7"8

47.s

55 .3

29.2

49.8

269.3

98.7

39 "2

56.6

39.2

36 "4

trace

8"3

2L "4

94.2

15 .3

26,3

53 .5

t4 .0

45 "9

n.d.

"urr"ott""ted for hydrolytic lossesr
clncludes citrulline and ornithine.
et a7 " , 1963) .

except as noÈed. bT"k.r, from Table 3-f.
dcoiorimetric assay (opiénska-Blaüth
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the upper layer of the peltet (termed tdebris layer') was found by light

microscopy to consist mainty of swollen medulla cell-s, produced in a yield of

abouÈ 5? (w/w) " The cells gave a positive reaction for citrulline when tested

with p-dimethylaminocinnamaldehyde (rigure 3-4). The protein was readily

released from the cerls by digestion with chymotrypsin' Amino acid analyses

of the debris layer (ceIls) and of the soluble TPCK-tryptic peptides before

and after dialysis against water are given ín Table 3-III. A guantitative

recovery of material was obtained from the dialysis of the peptides with 70t

by weight of the peptides being retained by the dialysis membrane.

3.4 DISCUSSION

published methods for the isolation of hair medulla cells have involved

solubilization of the keratin or breakdown of the hair structure using vigorous

conditions which could damage or modify the proteins. The alkali method

(Jordan-Lloyd and Marriott, 1933; Matoltsy, f953) has, in fact, been shown to

alter the x-ray diffraction pattern of porcupine quilt medulla protein

(Stoves, L945) and. also to alter the amino acid composition of kangaroo

hair medulla proteín (Bradbury and O'Shea, 1969). It is not inconceivable,

eitherr that the alternative formic acid procedure proposed by Bradbury

and O'Shea (1969) could cause random peptide bond breakage even though no

effect on the amino acid content is apparent. Two mild methods for

solubitízation of the keratin were investigated in this report" These methods,

both incorporating steps of reduction and alkylation' are well characterized,

and are commonly used to solubilize keratin (Rogers ' 1969) -

The heterogeneity of the prod.ucts of the red.uction is not entirely

unexpected because of the heterogeneity of the original hair fibres" The

difficulty in obtaining good yields of purified medulla celIs was further



TABLE 3-III: AIiIINO ACID CONTENT OF GUINEA PIG HAIR PROTEINSa

Residues,/1000 Residues

Amíno Acid

TPcK-Tryptic
Peptides of

Medulla

(Before
Dialysis)

TPCK-Tryptic
Peptides of
uäaurtab

Tryptic
Peptides of

Medulla

Debris
Layer
(CelIs)

c(Dialyzed) (Mann TrYPsin)

Aspartic acid

Threonine

Serine

Glutamic acid

citrullined

Proline

Glycine

Alanine

Valine

HaIf-cystine

Methionine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Lysine

Hist,idine

Arginine

Tryptophane

67 "O

29 "8

41.0

295.4

107 .0

23 "9

47 "8

44 "3

36 .4

6"4

L2.3

27.8

92 "L

17"1

28 "6

56. r

L2 "2

54"9

n "d.

61" 9

28 "3

4L.5

293 "3

L26 "4

30.5

4s.7

4t "3

34"8

7"9

9.6

25 "6

I04.1

15"3

27 "5

5L "7

r2"0

42 "7

n"d"

68.r

28 "5

45.0

302.1

L27.8

L2.7

48.1

42 "3

33 .3

7.6

8.6

20 "3

100 .0

r7 "5

28.5

52.2

r3 .4

43 "6

7"8

48 "5

28.5

49.3

333.r

155 .8

38.7

50 .7

35.4

34 "7

58 .0

5"5

L9 "7

88"3

15 .0

27 .4

48.9

12 "4

23 "3

n.d.

"Uncorre.ted for hydrolyÈic losses, except as noted" bMaterial retained by
dialysis membrane: 7Ot (wrZw) of total. cTaken from Table 3-II. dlncludes

citrulline and ornithine. ecolorimetric assay (Opíénska-Blauth et a7., 1963) .
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compounded by the presence of membranes of similar size and sedimentation

properties to those of the ce}Is. A sinilar problem was experienced by

Bradbury and O'Shea (1969) who overcame it by preferentially depositing gold

in the medulla cells, thereby íncreasing the density differential" This

procedure was not used in the present work because of the interest in

obtaining the medulla protein in an unmodified form for solubility and

structural studies.

The meÈhods used in this work did, however, allow the partial

purification of some medulla cells and made it possible to test the effect

of numerous solvents on cells not protected by keratin-containing cortical

cells. Solvents tested were chosen for their known ability to solubilize

tissues and proteins such as cell membranes, sifk, and collagen which go into

solution only with difficulty. MeduIIa cells were soluble only in vigorous

conditions such as Nars, Naocl and dilute acid hydrolysis; in these

conditions peptide bond breakage is known, or is tikely to occur (O'Donne1l

and lfoods, 1955) " This fact, together with Èhe insolubility of the protein

fragments produced. when the ce]1 membrane is disrupted, ind'icates that the

extreme insolubility is an inherent property of the protein itself and is

not due to surrounding keratin or membranes.

The development of a simple and rapid histochemical staining procedure

for citrulline was of considerable use in studying the isolation and solubility

of medulla cells. The staín was adapted from Ehrlichrs reagent

(p-dimethylaminobenzaldehyde) (Dent, Lg48) as used by Rogers (1958a, 1963)

in histochemical studies of the origin of citrulline-containing proteins.

The new stain had the advantage that iÈ gave a far more intense and

distinctive color than EhrlicÌi's reagenÈ (Rogers, L963), and at the same

time was more rapid and easier to apply than the method of Hofmes (1968' 1970)
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which used very strong acid conditions. Hor^rever, at the present stage of

development of the staining procedure, the color produced is not stable for

long periods. The mechanism of the reaction between p-dimethylaminocinnamaldehyde

and substituted ureas has recently been described in a different context by

McCormick and Roth (1970) 
"

Medulla cells produced either by reducÈion of keratin or by TPCK-trypsin

treatment have a higher half-cystine content than is expected from the studies

of Rogers (L962), and, also higher than that found for the sofuble tryptic

peptides. This result can be ascribed to the presence of keratin material

from the contaminating cuticle and cortical cell membranes and perhaps the

medulla cell membranes as well. Ho$/ever, it could also indicate that the cells

contain some Èrue keratin protein that is not released by trypsin. The

material 'sofubilized'by the Pressure Ce1l process is enriched in this

keratín material rather than the citrulLine-containing protein. Bradbury and

O'Shea (1969) have also reported high cysteic acid-half cysteine values in

analyses of whole medulla cells"

fn common with other citrul-Iine-containing proteins from hairs and quills

(Rogers, !962; Bradbury and o'Shea, L969) the medulla protein released from

guinea pig hair by either TPCK-trypsin or untreated trypsin is characterized

by a high content of citrulline, glutamic acid and leucine, and a low

proline and cystine-cysteine content (fables 3-II, 3-III) " Dialysis of

the peptides produced by TPCK-trypsin yields an enrichment in citrulline,

leucine and proline and a reduction in arginine, giving an analysis

essentially identical to that of the peptides produced by untreated trypsin.

This is presumably due to the loss through the dialysis membrane of small

peptides rel-atively rich in arginine but which contain only low levels of

citrulline, Ieucine and proline" Except for the very high values for

glutamic acid (almost one residue in three is glutamic acid) and the presence



26.

of citrulline, the analyses of hair medulla protein are similar to those of

other structural proteins (Mazia and Ruby' 1968).

Digestion with TPCK-trypsin can release medulla celIs from hair. These

cells are apparently intact, since their amino acid analysis (Tab1e 3-III)

shows that they st,ill- contain the citrulline-containing protein, thus

confirming the histochemical staining results. These cells are very susceptible

to chlzmotryptic attack in which the protein ís rapidly released without further

detectable alkali uptake in the pH-stat. These results would suggest that pure

(TpCK) trypsin solubilizes the proteín within the ce1ls but cannot readily

degrade the medulla cell membrane to release the peptides. The soluble

peptides that are released by TPCK-trypsin digestion may derive from broken

and damaged medulla cells in which the protein is readily accessible

to the enzlzme. Other proteolytic activities such as that of chymotrypsin

can rapidly disrupt the cell membrane (perhaps alread.y weakened by trypsin)

and release the protein. Thusr when untreated (Mann) trypsin is used, the

solubilization and release of protein (as peptides) would be concurrent

processes.



CHAPTER 4

CHARACTERIZATION OF TRYPTIC PEPTIDES OF CITRULLINE'CONTAINING

PROTEINS
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4" I INTRODUCTION

It has not been possible to obtain the citrulline-containing proteins of

hair or quil1 medulla ce1ls in an intact and unmod.ified condition suitable for

physicochemical study because of their extreme insolubility in protein solvents

(Rogers, L964a¡ see also Chapter 3). Ho\^/ever, Èhe proteins are readily

solubilized by tryptic digestion and most of the experimental work on these

proteins has therefore used the tryptic peptides as a source of soluble

material (Rogers , L962, L964a; Steinert et af. ' L969) "

Rogers (;-962) has noted that such peptides from porcupine quill medulla

have molecular weights greater than about lOrO0O since they are not readily

dialyzable through 'Cellophaner membranes. Resolution of the complex mixtures

of peptides by ion-exchange chromatography on DEAE-cellulose col-umns \ÁIas not

successful, but a crude fractionation, yielding a citrulline-enriched fraction

(formerly referred to as trgptic core, but now termed acid-insoLubfe peptides)

was achieved by acid fractíonation (Rogers , L962). fn the present study the

molecular weight and size distributions of the tryptic peptides from guinea pig

hair medulla were examined by gel filtration chromatography. Disc gel

electrophoresis and isoelectric focussing were investigated as possible means

of monitoring separation of the pepÈides.

4"2 MATERIALS AND METHODS

a. Acid Fractionation of Trgptic Peptides" Tryptic peptides of guinea pig

hair medulta (Chapter 3.2) were dissolved to a concentration of 18 (w/v) in

aqueous pyridine (pH 7) and the acid-insoluble peptides precipitated by lowering

the pH to 3.5 with glacial acetic acid (Rogers, 1962). The precipitate was

collected by centrifugation, washed with pyridine-acetate buffer (pH 3.5) and

fínalIy red.issolved in aqueous pyridine and freeze-dried. The combined
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supernatants containing the acid-soluble tryptic peptides were also freeze-

dried"

b. Ge7 FiTtration Chromatographg. Sephadex G-200 (Pharmacia, Uppsala,

Sweden) was prepared by swelling in 0.3M pyridine (pH 8"1) with careful removal

of fines" The column was fitted with an adjustable flow adapter d,esigned in

this laboratory and was operated by upward flow. A Mariotte flask maintained

a constant pressure head of 18 cm. Chymotrysinogen (Mvr 25,000), pepsin

(¡tw ¡S,000) , glutamate dehydrogenase (MW 250,000) and urease (¡'IW 480,000) $rere

used for the molecular weight calibration of the col-umn by the method of

Whitaker (1963).

Chromatography on columns of Sephadex G-15O, c-75 and G-50 was carried

out by downward flow according to the usual procedures. Pepsin (MI/ü 35,000) 
'

soybean trypsin inhibitor (MVü 21,500), bovine ribonuclease A (Mvü 13,700) and

bovine insulin (MVü 51700) were used as markers on the columns of G-75 and

c-50 "

c" Ðisc ELectrophoresis in acrylamide gels was performed basically

according to Davis (L964) " The protein bands were stained with either 0.5%

Amido black in 78 aqueous acetic acid or with Coomassie blue in I0å TCA

(Chrambach et, al", 1967) .

d" IsoeJ-ectric Focussing was performed in tubes of acrylamid,e gel as

described by Vlrigley (1968). The protein bands were detected. as white

precipitation bands by immersing the gels in 5% TCA. 'Ampholineo carrier

ampholytes \^7ere obtained from LKB-Producter AB, Sweden"

e" N-Terminal Analgses \^rere performed by the dansyl technique

(chapter 2"2b). The inÈensity of the fluorescent spots was estimated semi-

quantitatively"
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f. Trgptophan Ana|gses. The tryptophan content of protein fractions

was determined by the colorimetric assay of Opiénska-Blauth et af. (1963).

4" 3 RESULTS

a. AcÍd Fractionation of Trgptic Peptides. The amino acid composition of

peptide fractions obtained from a tryptic digest of guinea pig hair medulla by

acid precipitation is given in Table 4-1. As is the case for porcupine quill

tryptic peptides, the acid-insoluble peptides (12.5t (w,/w) of the total) are

enriched in citrull-ine when compared to the total tryptic digest" The

phenylalanine content is also increased, while the values for proline, and

arginine in particular, are reduced.

b. Gel FiTtration Chromatographg. The elution patterns obtained by

chromatography of the tryptic peptide fractions of guinea pig hair medulla on

the Sephadex G-2OO column are shown in Figure 4-I" No fractionation into

discrete components was achievedr but it can be seen that the peptides belong

to two main molecular weight classes. The high nolecular weight material was

exctuded. and was shown to have a molecular weight greater than 5001000. This

material Ís concentrated in the acid-insoluble peptide fraction but is

virtually absent from the acid-soluble peptides. In all three fractions, the

bulk of the peptides eluted in the low molecular weight peak and for these

peptides the molecular weight was calculated to be in the range of I01000 -

30rOOO. These molecular weight values were confirmed by chromatography on the

G-150, c-75 and G-50 Sephadex columns" No significant fractionation of the

maín peak occurred even when these more highly cross-Iinked Sephadex gels

were used.

Rechromatography of pooled fractions from high and low molecular weight

peaks showed that the higher molecular weight material did not arise by



TABLE 4-I: AMINO ACID CONTENT OF GUINEA PIG HAIR PEPTIDE FRACTTONSA

Residues,/l r 000 Residues

Amino AcÍd Total Tryptic
Digest of
Medulla

Acid-InsolubIe
Tryptic

Peptides

Acid-SolubIe
Tryptic

Peptides

aspartic acid

Threonine

Serine

Glutamic acid

citrullineþ

Proline

Glycine

Alanine

Valine

Half-cystine

Methioníne

Isoleucine

Leucine

Tyrosine

Phenylalanine

Lysine

Histidine

Arginine

Tryptophanc

68"1

28 "5

45 "O

302.L

I27 "8

L2 "7

48 .1

42.3

33 .3

7"6

8.6

20.3

100"0

L7 "5

28.5

52.2

L3.4

43 "6

7"8

70"9

25 "8

34 "L

302 "r

180.0

2.4

40.0

35 .6

32 "6

12 "7

7"7

24 "9

106 .1

L6 "6

39. r

43.6

L2 "2

13 .6

9"L

65 "7

29.7

45.9

287.6

120"5

15 .0

5r.3

42.9

36"3

9.0

9"6

2I.O

105 .2

L7.L

28.5

54 .0

14.4

46.5

6.3

'Un"orr".ted for hydrolytic losses, except as noted. bln"ludes citrulline
and ornithine. "Colorimetric assay (opiénska-Blauth et a7., 1963).
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FIGURE 4-I: GeI filtration chromatography of tryptic peptide

fractions from guinea pig hair medulla on a column' 1'1 x 85 cm'
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aggregation of the smaller peptides. HoÌn¡ever, aggregation of the acid-insoluble

peptides to give material with apparent molecular weights greater than about

IOOrOOO was observed when chromatography on the G-2oo qolumn was performed

using buffers containing added salt (l¡aCt) or 8M urea or buffer near neutral

pH. No such effect t^Ias seen for the acid-soluble peptides"

The elution pattern for the total tryptic digest of inner root sheath

(Figure 4-2) was similar to that for hair medulla peptides (Figure 4-I) '

HohTever, in this case acid precipitation caused a defínite fractionation into

the two molecufar weíght classes under the conditions used" The acid-insoluble

peptides were a1I of high molecular weight (greater than 5OO,OOO) (Figure 4-2b)

whereas the acid-soluble fraction was composed almost entirely of peptides with

Iower molecul-ar weights comparable to those of the medulla peptides

(Figure 4'2c) "

peptides in the total tryptic digest of porcupine quill medulla (Figure

4-3) also gave a similar elution pattern to those from hair medutla and inner

root sheathr except that under the conditions used the amount of high molecular

weight material was relatively small-. The bulk of the peptides had molecular

weights of the same order as those from the other tissues'

c" Disc ELecttophoresÍs and Isoelectric Focussing" Disc ael

electrophoresis was attempted with and without 6.25M urea in the ge1s, with

ge1 concentrations varying from 3"75t up to 15% at several pH values in the

range 1"9 to 9.5. Staining of the gels showed that a large percentage of the

material did not even enter the stacking geL Q"58 gel concentration) . Some of

the peptides that d.id enter the gels moved with the tracker dye (bromophenol

btue) when electrophoresed at pH 8"9 ín7.58gels" At high loadings it \^las also

possible to see two poorly resolved, slow-movíng bands in samples of both the

acid-insoluble and acid-soluble peptides" A serious problem with the technique
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FIGURE 4-2: Gel filtration chromatography of tryptic peptide fractions

from inner root sheaths of guinea pig hair follicles on Sephadex G-20O'

The column and conditions are as for Figure 4-1. (a) Total tryptic
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in this application was hígh background after staining. This made the bands

that appeared very indistinct and, ínterpretation of the ge1s required a fair

degree of imagination.

Similarly, isoelectric focussing was largely unsuccessful because of

precipitation of the peptides in the gets even when the gels contained 8M urea"

A number of diffuse bands (up to lO) could be seen in the gels, especially

those containing the acid-soluble peptídes, in which the precipitation was less

severe" Isoelectríc points found were in the range pH 3.5 - 5.5, but were

mainly at the lower values, where the pH gradient was least reproducible" This

made the band patterns unreliable even when ampholytes in the range pH 3 - 6

were used.

d. N-Terminal Analgses. Vüithin the limits of detection of the technique,

the range and extent of N-terminal amino acids were identical for the hígh and

low molecul4r weight fractions of the acid-insoluble peptides and also the

acid-solubIe tryptic peptides of guinea pig hair medulla" AIt' the amino acids

occurring in these peptides, except histidine, proline and tryptophan, were

detected as N-termíni; those present in largest amounts being leucine,

phenylalanine, valine, alanine, glutamic acid and aspartic acid, in that order.

Other amíno acids were present in much smaller amounts. OnIy traces of DNS-

citrulline and DNS-cysteine were detecÈed" Histidine, proline,and trypùophan

would not have been detected even if they \^¡ere present because of the lability

of their DNS-derivatives under the conditions employed for acid hydrolysis.

A similar N-terminal analysis \^ras obtained for the disrupted purified medulla

ce1ls described in ChaPter 3"3b"

The N-terminal analyses for the acid-insolubte and acid-soluble tryptic

peptides of inner root sheath were identical to each other and very similar

to those of the guinea pig hair medulla fracÈions, except that DNS-glycine,
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DNS-isoleucine, a-e-bis-DNS-Iysine and orO-bis-DNS-tyrosine were also present

in large amounts. A similar study of the tryptic peptides of porcupine quill

medulla (H.W.¡. Harding, 1967) produced a similar analysis with DNS-glutamie

acid predominating. In all cases, the typical reactions of DNS-chloride with

the side-chains of lysine and tyrosine were seen. Attempts to quantitate

the N-termini of guinea pig hair medulla tryptic peptides as the

phenylthiohydantoins by the method of Thompson (1957) were frustrated by high

opticat density values for the controls and were abandoned.

4,4 DISCUSSION

Tt¡e gel filtration experiments presented in this chapter show that the

molecular weights of the bulk of the tryptic peptides of guinea pig hair medulla

are of the order of ]O,OOO - 3OrOOOi values which are in accord with

preliminary ultracentrífuge data. The tryptic peptides of guinea pig inner

root sheath and porcupine quíI1 medulla were found to be of simil-ar síze, thus

confirming the earlier work of Rogers (L962).

It is interestíng that the acid-insoluble. trypt.ic peptides of guinea pig

hair medulla aggregate at high ionic strength. Such an effect has been noted

for several proteins, viz., wool kerâtin derivatives (Harrap, 1955), bovine

pancreatic carboxypeptidase A (gethune, 1963), and ox liver sulphatase A

(nichot and Roy, 1965). In all these cases this phenomenon has been interpreted

to mean that at low ionic strength the proteins are kept in the disaggregated or

monomer state by electrostatic repulsive forces which are consequently reduced

as the conductivity of the solvent is increased. In the acid-insoluble medulla

peptides, such repulsive forces could be caused by the large nUmber of

glutamic acid residues, the y-carboxyl groups of which would be ionized under

the conditions used. At pH 6.5 these forces would be red,uced, and this would
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allow the molecul,es to approach each other sufficiently for short range

attractive forces to operate and cause the observed aggregation. This effect

has been demonstrated with the keratin derivative, kerateine 2 (Harrap, 1955).

Separation of the medulla tryptic peptides on Èhe basis of size and

charge by disc gel electrophoresis proved unsatisfactory because a large

proportion of the peptides failed to enter the gel. Very high background

staining was also a problem. Separation of the peptides on the basis of their

isoelectric points (isoelectric focussing, Haglund, L967) was afso unsatisfactory

because of precipitation of peptides in the ge1s. Such precipitation immediately

preclud.ed the use of preparative isoêlectric focussing in sucrose solutions.

The results of the electrophoresís and chromatography experiments indicate Èhat

the majority of peptides produced by trypsin from guinea pig hair medulla are

very similar in size and. charge and will thus require technlques of extremely

high resolving po\^rer, together with a greater understanding of the structure

of the peptides, to achieve separation of individual components ín high yield.

Rogers (1962) was forced to a similar conclusion concerning porcupine quill

medulla tryptic peptides.

If it is assumed thaÈ trypsin solubilizes hair medulla by the specific

cleavage of peptide bonds involving the carboxyl group of lysine and arginine

residues as is found for other proteins (Desnuelle, 1960), then the results of

the N-terminal analyses of the tryptic peptides would suggest that in the

intact protein these basic residues are commonJ-y followed by hydrophobic

residues. By similar reasoning, a basic residue is only rarely followed by a

citrulline residue. The finding that the N-termini are the same for Èhe high

and low molecular weight acid-insoluble pept,ides and for the acid-soluble

peptides serves to emphasize the complexity of these fractions.

The large number of N-t,erminal amino acids ìin the hardened cornif,ied.
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protein obtaíned from the disrupted cells is reminiscent of the situation in

wool keratin where N-termínal residues htere detected using both

fluorodinitrobenzene and phenyl isothiocyanate. The results showed an array

of amino acids similar to that presently found for medulla protein, but

quantitation showed them to be stoichiometrically insignificant (Thompson, L957) .

The actual N-termini were subsequently found to be blocked by acetyl grouPs

(O'DonneII and Thompson, L964). Preliminary results (obtained in conjunction

with D"J" Kemp and I.D. Walker) from experíments, similar to those of

O'Donnell and Thompson (L964) on wool keratin, indicate that the N-ternini in

hair medulla proteín may, in factr be N-acetylserine.



CHAPTER 5

IS0LATI0N AND CHARACTERIZATI0N 0F THE e-(y-GLUTAMYL)LYSINE

CROSS.LINK FROM GUINEA PIG HAIR MEDULLA PEPTIDES



35"

5. I INTRODUCTION

In view of the large size of the tryptic polypeptides of guinea pig haír

medulla, their wide range of N termini (Chapter 4) and the insolubility of the

original protein (Chapter 3) it was postulated that the proteins were covalently

cross-linked" Since the insolubility of the proteins in strong reducing and

d.issociating agents and the low value for half-cystine (about I0 residuesllOOO)

excludes disulphide bonds as being significant in cross-l-inking, a search for other

cross-1inks was undertaken. In initial studies analyses of acíd hyrolysates of

samples that had been reduced with sodium borohydride by analogy with the method'

applied to collagen by Blumenfeld and Gallop (1966) and to elastin by Lent and

Franzblau (1967), failed to reveal the presence of an aldehyde-type cross-Link.

However, the presence of a group blocking the e-amino groups of some lysine residues

was indicated since some of these residues failed to react when the tryptic

polypeptides were treated with acrylonitrile. This technique has been recently

used with success by Pisano et a7. (1969) for the detection of e-amino cross-Iinks

in insol-ubLe fibrin"

This chapter reports the detection and. isolation of e-amino cross-links in the

citrul-line-containing protein fractions of medulla ce11s from hair. For

identification of the cross-link, tryptic polypeptides of guinea pig hair medulla

protein were extensively degraded with proteolytic enzymes and the products were

separated by ion-exchange chromatography. A new compound, which initially was

present as a shouLder on the trailing edge of the leucine peak, was purified

and subsequently characterj-zed as e- (Y-glutamyl) lysine.
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5"2 MATERIALS AND METHODS

a. preparation of Trgptic Peptides" Tryptic peptides of guinea pig hair were

prepared as described in chapter 3.2d. The solution of peptides was fractionated

at pH 3.5 according to the procedure in chapter 4.2a Eo give the acid-soluble

and the acid-insoluble tryptic peptides'

b" Digestion vi,ith Pepsin. The digestions with pepsin (three-times

crystallized, sigma chemical co., st. Louis, Mo.) were carried out in,5å (v/v)

aqueous formic acid at a substrate concentration of 0.5% (w/v) and an enzyme to

substrate weight ratio of 1.5:100" fncubatíons were for 18 - 24 hr at 37o" The

reactions were terminated by freeze-dryíng'

c"DigestionwithChgnottgpsin.ForthepreparaÈionofchlrmotryptic

peptides for cyanoethylation experiments, substrates and enz)¡me (cl-chymotrypsin'

lgorthington Biochemical Corp., Freehold' N.J") were incubated at 37o at a weight

ratio of 1:20 in 0.2 M N-ethylmorpholine acetate (pH 8"3) ' The digesÈs \^tere

freeze-dried after 26 :nt' vlhen chymotryptic digestion was used as a step in the

complete enzymic d.igestion of the protein samples, the digestioäs h/ere performed

in 0.I M Tris-CI (pH 8.0) at an enzl¡me to substrate weight ratio of' LzL25"

d.. Amino Acid Analgses were performed on the Beckman 120C analyzer using

either the stand ard 4 hr system, or the modified gradient system (Appendix A) '

Analyses for e-(Y-glutamyl)lysine were performed in the gradient system using

the modified gradient M4 (Appendix B). Norleucine was not used as an

internal standard with the gradient system in any analysis that involved

carboxyethyllysine or e- (y-glutanyl) lysine since all these compounds eluted in

the same region. In these cases o-amino-ß-guanidinopropionic acid was used as

an internal standard. Synthetic y-L-glutamic-e-L-lysine HrO (Grade 1) and o-L-

glutamic acid acetate (Grade 1) were both obtained from Cyclo Chemical Company,

Los Angeles, Calif.
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e" Detection and Detetmination of Ctoss-Linking.

í. REACTION WITH ACRYLONITRILE" This was carried out essentially

according to the method of Pisano et al-" (1969). The chymotryptic digests of

the tryptic peptides r¡/ere employed except in one case of hair medulla protein for

which a pepÈic digest of the tryptic peptides was used" Samp'Ies (2 - 5 *g) were

dissofved in 0.5 - I ml of aqueous triethylamine (3%, vlv) (Ajax Chemicals,

Sydney, Australia) " Acrylonitrile (0"2 ml) (BDH, Poole, England) was added and

the mixtures \^/ere incubated in sealed glass tubes on a shaker at 37o fot lOO - I44

hr. The contents were then evaporated Èwice at 5Oo under a stream of nitrogen and

hydrolyzed for amino acid analysis" Controls used were native ribonuclease A and

the chymotryptic peptides of heat-denatured' chymotrypsin.

ii" coMpLETE ENZYMIC DIGESTION. For the direct determination of

e- (y-gtutamyl)Iysine on an analytical level, approximately 3 mg samples of

tryptic peptides were digested with pepsin and then chymotrypsin as described above.

The chymotryptic digest (in O.I M Tris-Cl, pH 8"0) was then treated with pronase

1r
(2 mS) and Mg'--activated leuqine aminopeptidase (0.2 mg) (hog kidney, Type III,

Sigma Chemical Co", St. Louis, Mo.) as described by Pisano et al-. (1969). Following

digestion with these enzlrmeso the mixture was made 0.2 M with respect to NacI and

o"I - 0.2 mg of carboxypeptidase A (bovine pancreas, Sigma Chemical Co., St.

Louis, Mo.) (solubrtized according to Ambl-er, L967J and O't mg of carboxypeptidase

B (porcine pancreas, Sigma Chemical Co', St' Louis' Mo') were added' and the

d,igestion was continued at 37o for a further 24 ;¡r. Each sample .1nlas then

deproteinized with I3 (w/v) picric acid (stein and Moore, 1954) ' After

centrifugation to remove precipitated protein, Èhe picric acid \^7as removed from

the supernatant on a small coluntn of Dowex 2-x8 in o.o2 N HC]" The eluate was

va]-=rtt arr¡nnrâf ê¿1 to tirvness "!veqÂl ersgv-Ée--'
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f" IsoLation of e-(y-Glutamg7)7gsine. The acid soluble tryptic peptides

of guinea píg hair medulla were used for the isolation of e-(Y-glutamyl)l-ysine.

Enzymic digestion of 500 mg followed that described for the analytical determina-

tions except that only one-half the relative amounts of pronase, leucine anino-

peptidase, and carboxypeptidases A and B were used. The digest was deproteinized

as above , roíary evaporated and redissolved in water " A control was run which

contained aLl the enzymes but no substrate. Another control used native

ribonuclease A as a substrate.

After samples had been removed for analysis, the solution was made 0.1 N

with respect to HCI and applied Eo a 2.4 x IL7 cm column of Bio-Rad AG 50Vl - X8

(100 - 200 mesh) (Bio-Rad Laboratories, Richmond, Calif.) equilibrated at room

temperature in O.2 M sodium citrate buffer (pH 2 .96) . Elution was carried out

with 0.2 M sodium citrate (pH 3.85) at a flow rate of 150 mllhr and 10-ml fractions

were collected. An aliquot from each fraction was analyzed with ninhydrin"

Although most of the material eluted as a large, tailed peak, amino acid analyses

of aliquots from a nuinber of fractions showed that some purification of the

isodipeptide had been achieved. Fractions thus shown to contain this compound

were desalted on a small Dowex 50-XB column using 5 N NH4OH. These eluates were

rotary evaporated at 45o, dissolved in O.I N HCf and chromatographed on the

Technicon amino acid analyzer column (Chromobeads, type A, 0.6 x I30 cm, Technicon

Corp., Ardsley, N.Y.) at 600. The column had previously been calibrated with a

standard mixture of amino acids. The sodium citrate gradient M4a (Appendix B)

was used" l'or this preparatíve work the citrate buffers were made up without

eíther Brij 35 or thiodiglycol. The total effluent was collected in 3 mI

fractions and aliquots were removed for analysis with ninhydrin. Fractions

containing the new nrnhydrin-posit,rve peak rn the posrtion of e-(y-gJ-uÈamyl)iysrne

(after leucine) were pooled, desalted, and dried.
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samples" Using the routine gradient, the product eluted between, but well

separated from leucine and tyrosine, Í"e., in the position normally occupied by

norleucine (internal standard) " The colour value was not calculated. The

nunber of lysines ínvofved in cross-links in the protein samples was therefore

determined, from the number of lysrnes remaining foJ-Iowing alkylation with

acrylonitrile and hydrolysis and the number of lysines (based on the alanine

content) expected from the control hyd.rolysate. Table 5-I shows the results

obtaíned for Èhe tryptic peptides of guinea pig hair medulla. The values shown

have been corrected using the average of the values found for the controls,

chymotrypsin and ribonuclease, the absolute values of which are given.

b" Enzgmic Ðetermination of Cross-Links" Amino acid analysis of aliquots

of the enzymic digestions in general showed the appearance of only one new peak

in significanÈ amounts. This peak occurred as a shoufder on the trailing edge

the leucine peak using the routine gradient. By lowering the pH of the buffers in

chambers 5 and 6 of the gradient (modified gradient M4) the new peak was made to

appear slightly later¡ well- resolved from all other amino acids. Chromatography

of an authentic sample indicated that the new peak was indeea e-(y-glutamyl)lysine"

The amount of this material in digests vTas therefore quantitated using the

colour value calculated from a known amount of the authentic compound. The

results are shown in Table 5-I. In the 4 hr system the new peak eluted between

methionine and isoleucine.

The enzlmic digest of the acid soluble hair medulla tryptic peptides showed

a second signíficant peak which was also present in trace amounts in the other

digests. This peak, which appeared as a fairly broad peak immediately before valine

in analyses in the gradÍent system \^ras shown by chromatography of an authenÈic

sample to be cl-L-glutamyl-L-glutamic acid" In the Beckman 4 hr system this compound

eluted between valine and methionine"



TABLE 5-I: COI,'IPARISON OF CROSS-LTNKS MEASURED BY CHEMICAL AND ENZYMIC METHODS '

I,toles of cross-Link/looo Moles of Amino Acid Residues

Guinea Pig Hair Medulla Controls

Total
Trlzptic
Digest

16 "2
d

rl "2

23.O

13 "2

Acid-
Insoluble
Tryptic

Peptidesa

Acid-
Soluble
Tryptic

Peptidesb

Chymotrypsin Ribonuclease Enzyme

2.3 I"2

0"9

chemicalc (1)

(2)

Enzlzmic (1)

(2)

(3)

20 "7 18.3

L9.9 17"0

19.9' 16"7'

L4"5 t2 "6

r5"4 0

0

0

0

aTryptic peptides insoluble at
pH 3.5 : 87"5* (w/w) of total.
for control values, which are
resolved from leucine in these

pH 3.5 : 12.5t (w/w) of total. btrl¡ptic peptídes soluble at
-cvalues corrected by the average of control values, except

absolute. dneptic digest of tryptic peptides. eNot completely
analyses.
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The enz)zmic control digest showed no trace of peaks in the positions of

either of the above peaks. Neither of the peaks was affected by dialysis

of the various proteins prior to enzymic digestion' The components present

in only trace amounts were not ínvestigatecl'

c" Isolation and, chatacterization of the cross-Link' The e-(Y-glutamyl)-

lysine released by the complete enzymic digestion of 500 mg of acid soluble

tryptic peptides of hair medulla was ínitially isolated by chromatography on a

large Dowex 50 - X8 column using citrate buffer of constant pH and

concentration" This procedure- separated the isodipeptide from all- the basic

amino acids, tyrosine, phenylalanine, and the bulk of the acidic amino acids

and citrulline. rhe e-(Y-glutamyl)lysine was then purified from the major

contaminant, leucíne, by further chromatography on the Technicon column

usingapH-concentrationelutiongradientofcitratebuffers.

Atthisstagetheproductwasessentiallypure,buttoremovesmall

amounts of peptide-like material it was re-chromatographed on a Dowex 50 - x8

column using pyridíne-acetic acid buffers. The product of the final

purification step was pure as judged by chromatography in both the amino

acíd analysis sYstems.

The pure material cochromatographed with authentic e- (Y-glutamyl) lysine

in both analytical systems. It was ídentical to the synthetic material by

hígh-vol-tage paper electrophoresis at pH 4"0 and by paper chromatography in

l--butanol-acetic acid-watet (4zLz5, vlv) " Acid hydrolysis of the isolated

material in 2N HCI at l10o for 2"5 ht yielded equal amounts of glutamic acid

and lysine"

The dansyl"ated product was identical with dansylatea e-(y-g1utamyl)lysine

according to two-dimensional polyamide thin-layer chromatography and high-voltage

paper electrophoresis at pH 4^4o" Both compounds produced a major and a minor
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fluorescent spot. The nature of the minor spot has not been determined'

Hydrolysates of the dansylated material showed DNS-glutamic acid and ct'-DNS-

lysine by high-voltage paper electrophoresis '

5"4 DISCUSSION

The presence of e-amino cfoss,:links in citrulline-containing protein

fractions from guinea pig hair has been demonstrated by both chemical and

enzymic means" Acrylonitrile reacts with the free amino groups of amino

acíds to form the cyanoethyl derivatives which are converted to the acid-stable

carboxyethyl derivatives by acid hydrolysis (Riehm and Scheragat L966; Cavins

and Friedman, Lg67). Thus, following reaction with acrylonítrile and

hydrolysis, lysines not ínvolved in an E-amino cross-link would yietd o-N,N-

bis(ß-carboxyethyl)lysine (Cavins and Friedman, 1967) \^Thereas lysines that are

involved in such a cross-link would not react and would yield free lysine

(Pisano et al", 1969). Therefore, the amount of lsyine remaining in such a

hydrolysaÈe is a measure of the amount of e-amino cross-Iinks in the original

protein, provided that precautions are taken to see that the reaction of the

lysines with acrylonitrile is not sterÍcally hindered" Cross-linked lysines

that are N terminal are a special case, producing cl-N-(ß-carboxyethyl)lysine, not

free lysine, thus possibly introducing a smal1 díscrepancy. In the present

work,eitherthepepticpeptidesorthechlrmotrypticpeptidesoftheoriginal

tryptic peptides were used to ensure that all noncross-linked lysines were free

to react. Even so, all the protein fractions tesÈed showed the presence of

nonreacting (i.e., blocked) lysines (Table 5-I) " since the citrulline-

containing protein fractions are rich in gluÈamic acid residues it seemed

Irkely at the outset that a cross-Ii¡rlc beiween the Y*carboxyls of glutamic

acid residues and the e-amino groups of the lysine residues was responsible
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for the observed blockage of some of the lysine sidechains.

Definitive evidence for the nature of the cross-link has been obtained by

j-soLation of a new compound appearing in a complete enzymic digest of hair

medulla protein and its characterízaLLon as e-(Y-glutamyl)lysine. Good

agreement ís seen between the.val-ues-obtained by both chemical and enzymic

methods (Tabl-e 5-I), indicating that atl the lysines that are cross-linked are

ínvolved in the e- (Y-glutamyl) lysire. Ll:nkage 
"

The e- (y-glutamyl) lysine is present in hair medulla at very high levels

compared. to insoluble fibrin which has been shown by the same method to contain

about 1 mole of e-(Y-glutamyl)lysine,1lOOO residues (Lorand et a7., 1968);

Mataðié and Loewy, 1968¡ Pisano et. a7.,1968, 1969). The value of 13 moles of

e- (y-glutamyl) lysine/1000 moles of a¡rino acid residues for hair med.ulla

corresponds to 254 of the lysine residues being cross-linked" It may be noted

here that tir,¿ determÍnation of cross-linked lysines in this case demonstrates

the stability of the e-(Y-glutamyl)Iysine to hydrolysis by pepsin. Its

resistance to several other proteolytíc enzlzmes has already been reported

(Kornguth et a7", 1963; Pisano et a7", 1969) "

The presence of signifj-cant amounts of the dipeptide q,-glutamylglutamic acid

in the enzymic digest of the acid soluble tryptic peptides of hair medulla is

interesting yet perhaps not surprising ín view of the high glutamic acid

content of the proteins. The occurrence of this sequence in these proteins was

predicted by Rogers (L962). It is probable that only sma1l amounts of this

dipeptide are seen in the digests of the other protein fractions studied because

of the higher enzyme soncentrations used.

The present results show directly that citrulline-containing fractions of

guinea pig hair medulla protein are cross-linked by the e-(y-glutamyl)lysine

cross-Link. The fact that no other unknown peaks were found at significant

levels in analyses of enzymic digests of the protein fractions, suggests thaÈ

this linkage is the major cross-Iink invol-ved and is therefore, at least in

part, responsible for the insolubility of these proteins.



CHAPTER 6

OCCURRENCE 0F THE e-(v-GLUTAMYL)LYSINE CROSS-LINK IN

KERATINIZING TISSUES
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6 " 1 INTRODUCTION

It has been shown in Chapter 5 that protein from the medulla cells of

guinea pig hair is cross-linked by the isopeptide link, e- (Y-glutamyl) Iysine"

The presence and amount of this cross-Iink in the medulla protein from the

hairs and quills of a number of mammalian species \^¡as investigated" The

presence of the cross-link in protein from inner root sheaths of guinea pig

hair follicles and in keratin of guinea pig hair \^tas also studied" The

present chapter describes these studies.

6.2 MATERIALS AND METHODS

a. Source of TÍssues" Hairs from seal (species unknown) ' possum

(species r:nknown), red kangaroo (Uegaleia rufa) ' co¡:gí (Pembrokeshire Welsh

corgi) and camel (camelus d.romedarius) were a gift from Mr" J.M" orshea,

Australian National University, Canberra" Echidna quills and all other hairs

were taken from laboratory animats (Department of ZooLogy, University of

Adelaide) " the preparation of inner root sheaths from guinea pig hair

follicles and African porcupine quill medulla has been described earlier

(chapter 2"r). , The finely-milIed hair, quill medutla or inner root sheaths

were digested with trypsin in the pH-stat as described in chapter 3"2d" After

filtration the digests were dialyzed agaLnst distilled water for 18 hr aE 40

then freeze-dried" SCM-keratin was isolated from guinea pig hair as described

in chapter 3"2a. The method of extraction obviated the need for tryptic

digestion. The soluble SCM-feather proteins from chicken were a gift from

Mr. D.J" Kemp"

b" Determination of Ctoss-Link" Cross-link in inner t'oot sheath and

porcupine quill preparations was determined by both the chemical and enzymic
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methods (Chapter 5"2e). Cross-Iink in the other samples was determined using

only a modification of the enzymic method in which carboxypeptidases were

omitted and aminopeptidase M (Rohm & Haas, Darmstadt, Germany) replaced leucine

aminopepti<lase in some cases. AII enzymic digcstions were carried out in 0"2M

N-ethylmorpholine acetate buffer (pH 8.3) at 37o and contained a crystal of

thymol to ínhibit bacterial growth" Cross-Iink in a particular tissue'

liberated by protease digestion and determined on the amino acid analyzer, was

quantitated by relating the amount to the total amirro acid analysis carried

out on a total acid hydrolysate, The alanine content was used as the basÍs

for normalizing the quantitative data"

6.3 RESULTS

a" yields of Haír Medullae" The yields of medutla solubilized by trypsin

from the various hair preparations are given in Tabte 6-I. The high yÍeld of

material from guinea pig hair makes thís tissue an ideal source of protein

for the major study. No material was soh:bitized from samples of human head

hair and merino wool, confirming the absence of medulla in these two tlpes of

hair.

b. Amino Acid Composítion of HaÍr Iuledulla" The amino acid composition

of the solubilized medullae of the hairs and quills studied is given in

Table 6-II. The compositíons of the other tissues studied are given in

Table 6-III.

c. Determínation of Cross-Link" The results for the determination of

cross-Iink in the medulla of hairs or quills from ten mammalian species are

presented in Table 6-IV" The values for citrulline, taken frorn table 6-II'

are also shown" It wiII be noted that in the preparatíon of guínea pig hair



TABÍ,E 6-I: YIELD OF SOLTIBII'TZED MEDULLA FROM HAIRS "

Species Yield (2, v/v)

CameI

Corgi

Guinea pig

Kangaroo

PossuÍl

Râbbit

Rat

Seal

7.3

2.3

16.0

5"8

416

7"6

5.9

1"0



a
TABI,E 6.TI: AMINO ACTD COMPOSITION OF HAIR AND QUILL MEDULLA PROTETNS

nesidues,/IOOO Res idues

Amino Acid

Aspartic acid

Threonine

Serine

Glutamic acid

Citrulline
Proline
Glycine

Alanine

Valine

U

Half-cystine
Methionine

Isoleucine
Leucine

Tyrosine

Phenylalanine

Lysine

Histidine
Arginine

tun.ott..ted for
determinations.

corgi echidnab Guinea Kangaroo
Pig

PorcupineÞ Possum Rabbit. Rat SealCamel

hydrolyt
bguilI

106.3

50.7

7 4.2

L72.5

4.9
too

LOA.7

81.7

59.7

14. r
16"3

30.6

97 "9

2L "7

29.3

60.4

8.7

36 "7

60.0

25 "L
38.3

334.3

155.3

26.O

44 "2

38.0

30. 4

1.5

8"7

2L.7

88.0

II"O
22 "5

53"4

L3 "2

34 "4

r11.3
46 "5

79 "2

200.3

59 "7

26 "8

89.9

68.9

52.8

9"7

14"3

42.3

86 .8

2L.7

26 "8

4r.1
9"3

24 "6

59.0

L7 .7

33.2

354 "6

191"4

13.5

38. 5

42.O

36.2

6.9

4.4

L5 "2

19 "6

11" I
27 .4

29 "8

L2 "L

27 "4

10I.6
59 "7

76 "3

184 .0

2L "8

28.8

93 "7

69.7

55 "2

r5.6
2L.2

42.2

86 "7

29 "2

34 "4

40 "4

12 "2

27 "9

7L.3

33"9

56.3

299.2

98 .3

23 "2

60.9

55.9

36 .3

4.7

16"0

25 "8

90"8

L4 "4

2L"3

42.9

11"4

37 .8

73.L

28 "O

42.9

337 "3

L22 "5

22.4

48.3

37.9

31.3

3.3

L2.5

2L.5

77 "4

8"4

35 .4

40 "7

9"2

48 .0

LAA.6

49 "9

86 .6

L77 "3

19 "2

4L.7

98"6

68 "2

54.7

15 .1

L4.3

42 "2
82.7

23 .0

33.2

40 "4

LI.4
28 "7

80.2 92.4

30.2 45.5

56.5 75.4

314.1 223"O

66"L 59.1

30.9 25.O

60. I 88 .7

47 .9 65.1

37 .3 51.0

1.3 14.8

8.5 L7 .2

26 "2 37 .4

87 .1 9L "6

rL.2 2r-6

38"8 22"8

46.6 67 "7
6.4 LO.7

50. 3 22 "'7

ic losses,
medulla "

except as noted.. Values are the average of at least two
olotal citrulline; includes both citrul]ine and ornithine.
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TABLE 6-TII: AMINO ACID COMPOSTTION OF PROTEINS FROM KERATINIZING TISSUES

Residues,/IO00 Residues

fnner Root
Sheath

SCM-Hair
Keratin

SCM-Feather
MedulIa

SCM-Embryonic
reatherf

SCM-cysteine

Aspartic acid

Threonine

Serine

Glutamic acid

Citrullinec

Proline

Glycine

Alanine

Valine

Half-cystine

Methionine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Lysine

ttistidine

Arginine

0"0

93 "2

47 "5

69.1

207.6

43 "7

30"5

78 .8

62.I

44.4

LO.4

44.4

37 "L

88 .6

25.O

28.3

43.L

15.9

30 .5

r59.8

5t "7

59.2

96 .5

I27.3

0.0

52 "O

83 .7

49.7

53"8

0"0

0"0

30 .5

64.O

30.2

34. r

24.I

12.o

7L.4

73.O

60.4

40.0

L3L "2

105"7

0"0

152"0

1r4.5

59.9

64.7

2.9

0.0

28.9

63"3

5.8

47 .5

4.4

L"7

42.2

81

60

40

L20

76

1r3

L25

45

46

75

25

42

10

55

0

84

0

0

3

turr"orr."ted for hydrolytic losses, except as noted" bAnalysis provided
by Mr. D.J. Kemp. cTotal citrulline; includes citrulline and ornithine.



TABLE 6-IV: DETERMINATTON OF Ê-(Y-GI,UTAMYL)LYSTNE CROSS-LINK IN HAIR

AND QUTLL MEDUI,LAA

Subclass Species
Mo1es/1000 Residues

Cross-Link Citrull .b
]-ne

Eutheria
(Placental)

Camel

Corgi

Guinea pig

Porcupinec

Rabbit

Rat

Seal

24 "3

9.2

28 "L

2"3

25.9

29i5

6"6

66.L

59.1

155 .3

r9l-.4

98.3

122;5

L9.2

Metatheria
(Marsupial)

Kangaroo

Possum

5.5

5.6

59.7

2L.A

Prototheria
(Monotreme)

Echidnac 10.1 4.9

Controls

No substrafe

SCM-ChlmotrYPsin

SCM-Ribonuclease A

0

0

0

0

0

0

tvrlrr"" are the average of at least two determinations' Duplicate determinations

^generally agreed witt¡in tOt. þTotal citrulline; taken from Table 6-II'
'Quil1 medulla.
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medulla used in this series of experiments the value for the cross-Iink is

higher than that reported in chapter 5.3. The reason for the increase is not

clear; control experiments indicated that dialysis did not significantly

affeot the value. Ho\¡rever, chemical determination of the cross-linlc using

acrylonitrile showed that ttre nunrber of blocked lysines in the preparations

Ls 24"6 residuesrzlOOO residues, a value which agrees well with the values of

the cross-Iink determined here by the enzymic method"

The results of the cross-link determinations on inner root sheath proteín'

scM-keratin and the feather proteins are given in Table 6-V' When determined

by the ehemical method a value of 1"3 cross-linjcsr/IOoO residues was obtained

for the sheath Protein"

6.4 DISCUSSION

Theaminoacidcompositionofthetrypsin-solr.lbilizedmedullaeofthe

various hairs and quills sÈudied show an overall similarity (Talole 6-II) ' They

all contain citrulline Èo some extent and have a relatively high gtutamic acid

content and a Iow cystine-cysteine content, although this latter value ls

generally somewhat higher than that found for guinea pig hair medulla" The

values obtained for rabbit hair and porcupine quitr medurlae compare werl with

those reported by Rogers (1962) and by Bradbury and o'shea (1969)" Bradbury

and O'Shea (1969) have also reported a similar analysis for kangaroo hair

medulla, but these workers used a different method for separating the medulla

protein from keratin and have obtained higher values for cystine-cysteine than

those rePorted here"

cross-lir¡lc was determined by a modificatíon of the enzymic method

tr ,.'^ rn rtriq r^rnrk it was found that digesÈion by
descrrþeq rrl ulrd¡.lLcL rõ4e

carboxlpeptidases A and B could be omitted without affecting the value for



TASLE 6-V: DETERMIITATION OT e-(r-GtUT:Al"fÍt)tYSINE CROSS-LINK

IN KERATINIZING TISST]ES ;
a

Tissues Spe-cies
Moles/1000 Residues

Cross-Línk Citrullíneb

Guinea pig

Guinea pig

Chicken

Chicken

2.4 43.7Inner root sheath

SCM-hair keratin

SCM-feather medulla

SCM-embryonic feather

0.8 0

0

0

0

0

tvulo." determíned as for Table 6-Iv. The same controls apply'

bnoa"l citrullíne¡ taken from TàbIE $-rrr'
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the cross-link. This resurt is not unexpected, since it has been shown that

pronase contains enz)'mes with activities similar to that of these carboxy-

peptidases (Narahashi and Fukunaga , Lg6g; Trop and Birk' 1970) '

AII the medutla tíssues investigated containecl Lhe s-(y-ìgIutamyl)lysine

cross-link and aÏI contained citrulline (Table 6-IV) ' As indicated in the

table, Lhe species studied i:ncluded examples from the three subclasses of

mammals. Four orders of the subclass Eutheria are represented" The finding

of Èhe cross-Iinl< in all these proteins suggests that the occurrence of the

a-(y-glutamyl)Iysinecross-lin]<inhairandquillmedullaofmammalianspecies

is a general phenomenon, and strengthens the hypothesis (chapter 5"4) that the

cross_Iinkpl'aysamajorroleintheinsolubilityofthesetissues"

It is inrerestÍng to note the relationship beÈween the two quill

medutlae studied" The amino acid compositions of the proteins from porcuþine

and echidna quills are different, although generally they follow the same

patte,rn (Table 6-ÏÏ) " îhe differences are highlighted by their citrulline

and cross-Iink contents (Table 6-IV) ' The citrulline content of porcupine

quill medull-a is high and the cross-link content is low' while the reverse

situation holds for echidna quill' medulla"

Thee-(y-glutamyl)Iysinecross-linkwasnotfoundinSCM-feathermedulla

or scM-embryonic feather from chicken (Table 6-v)" Ho\^Iever' it was found in

small amounts in the citrutline-containing protein from the inner root sheath

cel.ls of guinea pig hair follicles" It would be of interest to determine

the relationship of the cross-linl< to the citrulline-containing protein

fil,aments recently isolated from inner rooÈ sheath cefls by steinetE et a7"

(re71) .

Verysmallamountsofthee-(y-glutamyt)lysinecross-linkwerefound

in scM-keratin prepared, from guinea pig hair by reduction and alkylation'
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rhe value obtained. of 0.8 moles,/tooo residues (Tabte 6-v) was about one-half

the value recently obtained by Asquith et a7" (1970) for this cross'Iink in

oxidized merino wool keratin, and thus ttre present r'uork confirms the presence

of the crocs-link in keratin '

The two major types of protein in hair therefore utilize different

cross-lir¡l<s for the stabilization of the mature, hardened protein' In

citrulline-containing proteins of hair medulla and inner root sheath cells

of hair follicles the predominant cross-link is the presently established

e.(y-glutamyl)lysine bond', whilsÈ keratin proteins of the adjacent cortlcal

cells are mainly cross-linlced by disulphide bonds (Rogers, 1969) with a

smal.t amount of the isopeptide bond'



CHAPTER 7

STRUCTURE OF HAIR MEDULLA PROTEIN: LOCALIZATION OF THE

e- (y-GLUTAMYL)LYSINE CROSS-LINK IN PROTEINS

CONTAINING CITRULLINE
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7.1 INTRODUCTION

The presence of the e- (y-glutamyl) lysine cross-línk has been demonstrated

in citrullíne-containing protein fractions derived. by tryptic digestion from

medulla cells of hairs and quills and from cells of irurer root sheaths of

guínea pig hair fotlicles (chapters 5, 6) " In this chapter it is

d.emonstrated that the e-(y-g1utamyl)lysine cross-link is localized in

citruttine-containing proteins" This was achieved by the isolation of

cross-Iinked petides that contained citrulline" Chosen fractÍons of

trlptic peptides from guinea pig hair medulla were then digested wíth

thermolysin and the mixture fractionated on ion-exchange resins" A number

of fractions from the columns \Átere purified and then analyzed for both

citrulline and cross-link.

7.2 MATERIALS AND METHODS

a. Prepnration of Trgptic Peptides. Finely-mil1ed hair (15 s) from

albino guinea pigs was digested with TPCK-trypsin (Vüorthington Biochemical

Corp", Freeho1d, N.J,) as described in Chapter 3"2d" After freeze-drYing'

the sotuble tryptic peptides \^Iere redissolved in I00 mt bidístitted' water

and dialyzed. for 24 hre against two changes of water. The diatyzed solution

was centrifuged at 38,OOO g for 30 min to remove a snalt amount of insoluble

material and the supernatant freeze-dried"

b. Ðigestìon with ThermoTgsin" For digestion with thermolysin, the

tryptic peptide fraction (585 mg) was dissolved in IO0 ml of 0'2M N-ethyl-

morpholine acetate (pH 8"3) containing 2 x tO-31"t CaCT, and 6 mg of thermolysin

(Daiwa Kasei K.K., Osaka, Japan) was added" Digestion was allowed to proceed

at 4Oo for 4 hr when an additional 2 mg of thermolysin was added" After a
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fux[her 3 hr the reacÈion was terminated by fteeze-drying'

was chromatographed on a column (4"ø x 50 cm) of DEAE-Sephadex A-25

(Pharmacía, Uppsala, Sweden, Iot no, f5I7) at 22o. After equilibration of

the get with IOmM Tris-Cl buffer (pH 7"4), ttre peptides were applied and eluted

with starti,ng buffer. Elution was then contínued using a linear salt gradient

by íncreasing the KCI cioncentration Èo lM over a total volume of 5 l. of the

Tris-CI buffer" The optÍcal density of the effluent was monitored at 230 nm.

Appropríate effl-uent fractions hlere pooled, desalted by dialysis against

distilled \ÁIaLer, and freeze-dried.

d. chrormt:ographg on Dowex l. chromatography of the thermolytic

peptideswasperformedonacorumn(2xtSocm)ofDowexL-x2'100-200mesh

(Bio-Rad Laboratories, Richmond, Calif")" The column was maintained at 4Oo

with a constant temperature circulating bath. The resin was prepared for

chromatography as described by Schroeder et aI" (1962) with pyridine-N-

ethyl,morpholine-acetic aeid buff,er (pH 9"0). The water for all the buffers

used during preparation of the resin and elution of the peptides was freed

of carbon dioxide by degassing under reduced pressure and br-lbbling wiÈh

nitrogen (Schroedet et a7", Lg62) " After equí]Íbration with pH 9'0 buffer,

5gO mg of thermotytic peptides in 2"'i ml of buffer at pH 9"5 were flushed with

nitrogen and allowed to flow into the column under gravity"

The gradient makíng device consisted of two measuring cylinders of 2 L"

capacity" After passing 9OO mI of pH 9.0 buffer through the column, gradient

elution was begun, The following gradients were used sequentially, each

gradient involving 1"5 l" of each solution: Gradient A' pyridine-N-ethyl-

morpholine-acetic acid (pH 8"0) t,o o.o5N acetic acid; Gradient B, 0"05N to

0.5N acetic acid and Gradient c, o"5N Eo 2.5N acetic acid" Elution was
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compl-eted with 5N acetic acid. From alternate fractions, O"2 mL \^Ias removed

and analyzed by the ninhydrin method after alklaine hydrolysis (Hirs et a7",

1956) " Appropriate fractions were pooled, concentrated to dryness in a rotary

evaporator at 4Oo and finally freeze-dried" The peptides were solubilized

with 35% (v/v) aqueous acetic acid"

e. purification of Dowex 7 CoJunn Ftactions. The compositíon of a

nuniber of the fractions from the Dowex I cotumn was assessed by peptide

mapping with two-dimensional descending paper chromatography" The following

solvent systems were used with whatman 3MM paper: solvent I, l-butanol-glacial

acetic acid-water (.4O26:L5, v/v) and Solvent fT, 1-butanot-pyridine-glacial

aeetic acid-water (I5:1Oz3zL2, v/v). The peptides were located by spraying

the maps wiLh o"r5% (w/v) ninhydrin in ethanol"

Depending on the results of the maps of the fractions, further

purification was accomplished by one or a comloination of the following

methods" (a) Chromatography on a column of cation exchange resin (Chromobeads,

type P, Technicon Corp", Ardsley, N"Y") Ten per cent of the column effluent

was monitored by the peptide analyzer" (b) Descending paper chromatography

using solvent I" (c) Descending paper chromatography using solvent TI.

The l,fhatman 3MM chromatography paper \¡ras \^¡ashed extensivety with 35% (v/v)

aqLleous acetíc acid and dried before use. The peptides, located by ninhydrin

on guide strips, were eluted by centrifugation with 35% (v/v) aqueous acetic

ac.id or pyridine-N-ethyl-morpholine-acetic acid buffer (pH 9.2) (schroeder

eÈ aJ ", Lg62), using a device similar to that described by Edstrom (1968).

The eluates were dried by rotary evaporation" (d) Gel filtration on a

column of sephadex G-25 Fine (Pharmacia, uppsala, sweden) in pyridine-N-

ef-hylmorpholine-acetic acid buffer (pH 9"2)" Elution of peptÍdes was

followed by ni.nhydrin estimations on aliquots of each fraction after alkaline
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hydrolysis (Hirs et a7", 1956) and the appropriate fractions pooled, and dried

in the rotary evaporator.

f " Cross-Link Determinations. Cross-link in purified peptides was

determined by two methods (Chapter 5) " The chemical method with acrylonitrile

was performed as described previously and was used for quantitation of the

cross-link whereas the enzymic method \^Ias used only to demonstrate that

the cross-1ink measuredwasactually e-(y-glutamyl)l-ysine. The latÈer was a

modífication of the earlier work in that the peptides were dissolved in

O.2M N-ethylmorpholine acetate buffer (pH 8,3) and digested with pronase

(B grade, Calbiochem, Los Angeles, Calif") for a total of 36 hr and with

aminopeptidase M (Rohm and Haas GmbH, Darmstadt, Germany) for a further L2}:,r"

Determination of the cross-link was performed using the amino acid analyzer

as described in Chapter 5"2d.

S" Digestion with Papain. Digestions of purified peptides with papain

were carried out at 37o in 1OO Ul of O"2M pyridine acetate (pH 6.0) containing

5 Ul of 2,3-dimercapto-l-propanol (Bornstein, 1967). Approximately 0.7 pmole

of the peptides were digested using 6"5 Ug mercurípapain (Sigma Chemical

Co., St. Louis, Mo.) "

h" PartiaT Acid HgdroTgsis" Peptides (0"7 Umoles) were hydroÌyzed

in vacuo with 0.5 mI 2N HCI at 1100. After I hr the samples were frozen and

quickly dried in the rotary evaporator"

i " Amino Acid, Analgses of peptide hydrolysates were performed using the

modified gradient system (Chapter 2"2a) "

j " Amino-Terminal AnaTgsis of pepticies was carried out by using the dansyl

r-rroeedure (Chapter 2-2b\ "

k. Nomencl-ature. Since a complex mixture of peptides from medulla cells
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wasusedinthesestudies,therelationshipofpeptidestooneanotherand

to the amino acid sequence of the original proteins is not known" Therefore'

the nomenclature for the peptides is based on the procedures by which they

were separated and purified" The Roman numerals refer to the position of

thepooledfractionfromtheDowexlcolumn.Fractionschromatographedon

thepeptideanalyzerareindicated,inparentheses,bythelettersPAand

the position of the chromatographic peak investigated, e"g'' fl:(PA6) "

peptides purified by paper chromatography were labelled sequentially from

the origin (o); Arabic numbers are used for sol-vent f and Greek letters for

Solvent :.-l' e"g., YI/49, \I/3a. Peptides remaining at the origin in both

solvents are designated O*. Peptides derived from cross-Iinked peptides by

papaindigestionandpartialacidhydrolysisaredenotedbythesuffixes

,-pap' and ,-A, respectively" Thís designation is also followed by a number

which describes the properties of the peptide on paper using sorvent Ír '

7 "3 RESULTS

a"PrepatatìonofTrgpticPeptÍdes.Anaminoacidanalysisofdialyzed

TPCK-tryptic peptides is given in Table 3-III " An analysis of tryptíc

peptidesproducedbytrypsinthathadnotbeentreatedwithTPCKandusedin

earlier work (Chapters 4, 5,6) is also given in the table for comparison'

b"CoJ.umnChtomatogtaphgofTxgpticPeptides.Theelutionpatternof

the TpcK-tryptic peptides from the DEAE-sephadex column ís presented in

Figure ?-1. All the material applied to the column (1200 mg) was eluted with

thegradientused"Nodiscreteseparationofthebulkofmaterialwas

obtaíned. The amino acid analyses of pooled fractions l' 6 and 7 are given

ñLâ -6ãl.'aic af fraction I was low in citrulline and thus was not
1n 'lAþIe !'L. l¡¡Ë ct¡lalJ Þ!e v¡ J

consídered further. Analyses of the two major fractions across the main peak
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FIGURE 7-1: Elution of peptides from a tryptic digest of guinea

pig lrair med.ulla clrrornatographed au, 22o on a column, 4'6 x 50 crn'

of DEAE-Sephadex A-25. starting buffer was lOmt'l Tris-cl (pH 7.4) '

After 0.35 I. a linear salt gradient was commenced and the

Iimiting salt concentration was 114 I(cI. Fractions of 20 mI were

collected at a flow rate of 2oo mL/rlt. The solid bars indicate

the fractions pooled and the conductivity is shown by the

dashed line.



a
TABI,E 7.I: AIVIINO ACID COMPOSITION OF TRYPTTC PEPTIDE FRACTIONS "

Amifro Acid
Residues,/1000 Residues

Fraction I Fraction 6 Fraction 7

Aspartic acid

Threonine

Serine

Glutamíc acid
À

Citrulline"

Proline

Glycine

Alanine

VaIine

Half-cYstine

Methionine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Lysine

Histidine

Arginine

7r "3

73.s

L34.7

108 .0

22.6

58.1

L65.4

66.7

64.5

0

9.6

43 "2

70 "7

12.5

33 .1

42 "4

9.9

13 .8

95.3

43.4

55 .3

254 "8

61 .9

31.8

6l "2

58.8

40 .8

1"6

20 "9

30 "2

86 .3

18 .8

26"3

52 "2

11.4

39.7

56"8

22 "6

3I"8

376.6

191 .5

0

34 "4

27 ,7

19 .6

0

0

13.4

83 .8

LO.7

25 "9

48.8

10 .1

35"1

aPooled fractions from the DEAE-Sephadex column'

brncludes citrulline and ornithine.
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sho\^rs that some fractionation had occurred. Fraction 7 is particularly rich

in glutamic acid and citrulline when compared to both fraction 6 and to the

unfractionated material (Table 3=III). The total absence of proline, half-

cystine, and methionine in fraction 7 is to be noted. Fraction 7 amounted to

585 mg and was chosen for the thermolytic digestion'

c. Chromatographg of ThermoTgtic Peptides on Dowex 7' The thermolytic

digest of tryptic fraction 7 was chromatographed on the Dowex I column and

the elution pattern is shown in Figute 7=2. The pooled fractions I - XXII

are shown by the sol-id bars. The fraetions that \^/ere selected for

investigation were I, III, fV, V, XfV - XVI' XVÍII, XIX and XXII. These

fractions were chosen because they represent the regions of best separation

on the profile and. their high yield as measured by the ninhydrin assay'

Each fraction was analyzed for citrulline, glutamic acid and lysine, the

Iatter two amino acids being particularly important because they are

components of the cross-1ink.

In the following discussion only the invesÈigation of the fractions

from which cross-linked peptides were finally obtained will be given in

detail. These fractions are III, IV, V, XVIII and xIX. In aII, a total of

24 peptides \^tere purified and analyzed during the search for the cross-linked

peptides. some fractions proved to be so complex that they could' not be

purified.

d. Purification of Ctoss-Linked Peptides'

FRACTION III. Fraction III yielded 32 mg of peptides when freeze-dried"

This fraction was not mapped but was applied directly to the peptide analyzer

in two portions (16 mg) and the elution pattern is shown in Figure 7-3'

Peak6(rrr/(PA6))wassubjectedtopreparativepaperchromatographyusing

Solvent I. In this system, the bulk of the ninhydrin positive material
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remained at the origin and was designated Peptide III/(PA6)0' It was only

slightly retarded on the Sephadex G-25 column. The amino acid analysis

of the peptide is given ín Table 7-II" Peaks 2'5 of the peptide analyzer

separation were also investigated and two noncross-linked peptides that

contained lysine, were purified. The analyses of Èhese peptidest LII/ (PA4)I

anð, ffI/ (PAS)ot are given in Table 7-Tff "

FRACTION IV. peptide mapping of this fraction showed six major components.

Paper chromatography with Solvent 1 produced four bands in significant

amounts. V,fhen the material from the origin (fV/O) \^Ias rechromatographed in

Solvent II, it .again remained at the origin and was thus designated Peptide

fV/Ot. The peptide elUted as a sharp peak from the Sephadex G-25 column,

followed by a trace of smaller peptide material. The amino acid composition

of the purified peptide is given in Tabte 7-1I. N-terminal analysis

revealed only leucine residues.

FRACTION V. The peptide map of fraction V showed that this fraction from the

Do\^rex l column was relatively pure. Most of the material remained at the

origin and was further purified by paper chromatography using Solvent I '

The peptíde eluted from the paper (Peptide VIO) I^tas pure as judged by high

voltage paper electrophoresis at pH 6.5, N-terminal analysis, 9el filtration

and amino acid analysis (Table 7-1f). No other peptides were isolated in

significant yields from this fraction.

FRACTION XVIII. Fraction xvIII also sho\^Ied only one major component at the

origin when mapped. Purification through paper chromatography in both

solvents and gel filtration yielded Peptide XVIII/0*. The composition of

this peptide is given in Table 7-rr"

FRACTION XIX" Fraction xIX contained at least five components as revealed

by peptide mapping. Paper chromatography wrth Soivent I produced ihree

major bands. The peptide material that remained at the origin, and which
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TABLE 7-T.Ia A¡4INO ACID COMPOSITION OF CROSS-LINKED PEPTIDES'

rrrl (PA6) 0 rvlo* v/o xvrrr/o* xrx/o

Aspartic acid

Threonine

Serine

Glutamic acid

citrullineb
Alanine

Valine

Leucine

Phenylalanine

Lysine

Histidine

Arginine

Total residues

Cross linkc

N Terminal

o.2g

L4.68 (1S¡

e.es (10)

0.36

o.24

1. e6 Q)

2"57 (2)

o.6s (1)

1.16 (1)

(32)

o.e4 (r)

n.d.

o.22

14 "e2 (ls)

s.18 (s)

0.31

0.22

L.84 (2)

2.03 (2)

0 .40

2.3s (2)

(27)

2.00 (2)

Leucine

(2e)

0.el (1)

n.d.

(23)

0.70 (r)

Leucine

L.zo (1) o.77 (1) O.se (1) o.et (r) 0.7r (r)

L3.42 (13) ts.3e (rs) to.02 (10)

6.18 (6) LO .22 ( 10)

o.2r
9 "45 (e)

L.s2 (2) 2.O9 Q) I.el (2)

0 .23

2.O2 (2)

0. 30

2"oe Q)

(26)

I.L7 (I)

Leucine

L.46 (1) I .08 (r)

uv.l1r." reported are amino acid residues per peptide after corrections for

impurities in a'paper blankranalysis. Values of 0.2 or less are omitted"

Estimated number of residues are in parentheses.

brncludes citrutline and ornithine.

cDetermined using the chemical method.



TABLE 7-T.TI: AMINO ACID COMPOSITION OF NONCROSS-LINKED PEPTIDES FROM

FR,ACTION IIIA.

rrrl (PA4) I rrrl (PAs) o

Aspartic acid

Gluta¡nic acid

citrullineb

teucine

Lysine

Total residues

0 .96

2.94

5.09

0"88

0.97

(r)

(3)

(s)

(1)

(1)

(11)

4.80 (s)

3.84 (4)

L.O2 (r)

o.es (1)

(11)

uval,r." reported are amino acid residues per peptide after correction for

impurities in a 'paper btank' analysis. Values of 0.2 or less are

omitted. Estimated number of residues are in parentheses.

btrr'"lod." citrulline and ornithine.



56.

had been well separated from the rest of the components, \^IaS again isolated

ThiswaschromatographedontheSephadexG-25colurnnandthePeptideXfX/O

eluted as a sharp peak and showed only a trace of contaminating lower

morecular wej_ght material. The amino acid anarysis of the purified peptide

is presented in Tab1e 7-fr'

e.AminoAcidComçnsitionofPeptidesDerived.fromCross-Linked

Peptides" Peptides rV,/O* and XrX/O were digested with papain and the

products were analyzed by paper chromatography using Solvent rI ' only

peptidespresentinsufficientyield.to.obtainanaminoacidanalysisare

reported (table ?-IV). Note that PeptLde xfx/o-Papt contains a lysine residue'

Peptides:Iv/or,,Y/QandXIX/Oweresubjectedtopartialacidhydrolysis

and the peptides obtained r^/ere separated as for the papain peptides' The

composition of these derived peptides is given in Table 7-V;

7.4 DISCUSSION

Inpreviouswork,peptrde-boundcitrullinewasfoundtobepresentin

all the tryptic digests of hair medulla tissue in which the e- (Y-glutamyl) lysine

cross-link was determined' (Chapter 6) " Ho\n/ever' to establish that the

isopeptidecross-linkwaspresentinpolypeptidechainsthatalsocontained

citrulline residues it was necessary to isofate appropriate peptides from the

heterogeneous mixture of tryptíc digestion products ' The present isolation

from guinea pig hair medulla tissue of such peptides unequivocally demonstrates

that the cross-link has an abundant occurrencê in proteins of this tissue

Èhat contain citrulline. on the other hand, it is sÈill possible that the

cross-linkispresentinaproteincomponentorcomponentsthatdonot

contain citrulrine residues" This possibirity has not been subjected to study'



TABLE 7-IV: AMINO ACID COMPOSITION OF PAPAIN PEPTTDESA.

Íylo*-pap2 xrx/o-Papl xlXlo-Pap2 Xül/o-Paps XIXl0-Pap6

Aspartic acíd

Glutamic acid

citrullineb

Glycine

Leucine

Lysine

Arginine

Total
Residues

2.6e (3)

I .07 (r)

0"55d

o "27

0.e3 (1)

(s)

o "82 (1)

8.60 (e)

4.48 (4)

o "26

o.26

0.8e (1)

(1s)

L "23 (r)

r.00 (r)

0 .73 (1)

r.re (1)

0 .87 (1)

0"84 (1) 1.00 (r)

(2) (3) (2)

"V"Irr"= reported are amino acid residues per peptide after correction for

the rblank' analysis. values of 0.2 0r less are omitted. Estimated

number of residues is given in parentheses.
I)
Includes citrulline and ornithine.

cqontaminant arising from chromatography paper: not present in orÍgina1

cross-linlced peptide IV,10* (Tãble 7-IT) .



TABLE 7-V: A!,IINO ACID COMPOSITION OF PEPTIDES DERIVED BY PARTTAL ACÏD HYDROLYSISa

rv/orc-A2 Ív/o*-A3 v/o-Az v/o-A3 v/o-48. xIx/o-A2 xlxl0-43 xlx/o-A6 xIx/o-Al

Aspartic acid

Serine

Glutamic acid

citrullineb

Glycine

Leucine

Lysine

Arginine

o.79 (1) o"el (1) 1.Is (1)

0.61 (1)

2.O4 (2)

1.00 (r) o.76 (1) 1" oo (1)

0"83 (r)

o.26

2"95 (3)

1"08 (1)

7"00 (7)

1. 6e (2)

4 "4s (4)

L.77 (2')

2 "6e (3)

0"81 (1)

o.22

(4)

0"e5 (1)

L"2o (r)

(3)

(8) c o.60 (1) 3.61 (4)

2.18 (2)

Total
residues

1.10 (t) o "22

0.87 (1) o. e5 (1)

(7) (r0)

0. 54

t,28 (1)

o.e4 (r) r. o0 (1)

(e) (rr) (2) (8) (2)

tvalrr"= reported are amino acid residues per peptide after correction for the 'blank' analysis. Values of. O"2

or less are omitted. Estimated number of residues ís given in parentheses" blncludes citrulline and
ornithine. cPeak off-scale in analysis: estimate only.
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The hydrolysates of a large number of purified peptides obtained from a thermo-

lytic digest of tryptic peptides of the medulla protein htere analyzed for

the components of the cross-link (gtutamic acid and lysine) as well as

citrulline. Peptides containing these amino aclds were the¡r examined for

the presence of the intact cross-Iink. At the present time, this

stochastic approach is the only method that can be applied to the detection

of such peptides because there are no means of specificatly labelling the

cross-link for easy identification. By way of comparison, studies on thís

cross-link in fibrin have shown it possible to label the acceptor

(gluÈamine) sites in chains of the noncross-linked protein by the enzymic

incorporation jn vitro of [14C]gty.ine ethyl ester (Chen and Doolittle,

L969¡ Lorand and Chenoweth, 1969). In this way these workers were able to

identify which fibrin chains are involved in cross-linkíng' chen and Doolittle

(1970) were able to isolate and determine the amino acid sequence of the

peptides invol-ved. However, noncross-linked precursors of the medulla proteins

have not been isolated. Furthermore, the number, síze, and composition of the

constituent chains in the cross-línked proteins is not known.

ln retrospect, it may have been useful to have isolated by molecular

sieving a high molecular weight fraction of peptides as was done by de Luque

et a7. (1970) in their study of coltagen peptides containing the cross-link'

hydroxylysinonorleucine. Analyses of peptides purified during the present

study but not reported here, have shown that it is not invariably true that

the cross-linked peptides are larger than noncross-linked ones ' Moreover '

it is desirabre to obtain as small a peptide as possible since smal] peptides

are more easily characterized" During the course of the work, it was found

that the cross-Iinked peptides tended to remain at the origin in the paper

chromatographic systems used. The explanation is not readily apparent but

it was not entirely a size effect. The adoption of a wider range of
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separation solvents \^/as not possíble. This stemmed from the serious

limitations imposed by the quantities of partially purified peptide fractions

containing both the cross-link and eitrulline and the necessity for frequent

amino acid analysis during the coutrse of purification'

The amino acid analyses of the cross-linked pepÈides isolated (Table 7-IrI)

show that they are similar ín both síze and composítion. It is clear that

they are unique in their extraordinarily high content of glutamic acid (andlor

glutamine) and citrutline. The main contaminants from the chromatography

paper, and .for wh.ich the analyses. have been corrected were serine, glutamic

acid, and glyci-ne; This contamination problem has been noted by other workers

(see, for example, stevens et a-1., Lg67) and is particularly accentuated when

operating the analyzet aE high sensitivity with 1ow levels of peptides, as

as in the present case. The values reported for cross-link in the peptides

were measured by a chemical method which actually measures e-amino-blocked

lysines (Pisano et a7. , L96g, see also Chapter 5) . The results were confirmed

in some cases by direct measurement, on the amino acid analyzer, of

e-(y-glutamyl)lysine released by extended protease digestion. The yields

of cross-link from the enzyme method \^tere generally low, probably due to

incomplete hydrolysis as a result of the high glutamic acid content of the

peptides. Chen and Doolittle (f970) have also reported 1ow yields when they

investigated the cross-link in this way in the peptides from fibrin'

It is not practicable to sequence cross-linked peptides unless some

means of obtaining the peptides in the noncross-linked form is available (Chen

and Doolittle, 1970) " Consequently, other procedures were investigated in

an attempt to more precisely d.efine the location of the cross-tinks in the

peptides. Thus papain was chosen to fragrment some of the original peptides

since ¡¡-N-benzoyl-L-cítrulline methyl ester has been shown to be an excellent

substrate for this enzl¡'me (Cohen and Petra , L967) and all the peptides were



59

rich in citrulline. Only one of the derived peptides investigated (Pept.ide

XIx/O-Papl, Table 7-V) contained a lysine residue and was therefore assumed

to be cross-Iinked, since the cross-link is not hyrolyzable by papain

(Kornguth et a7.,L963). Although. Ehis peptide is reduced in size by eight

residues, five of which are citrulline, it ís still too large to identífy

the residues that are immediately adjacent to the cross-link" The amino

acid composition remains similar to,that of the parent peptide (table 7-fr.r.)

and it is clear that the cross-link is located in an environment that is

rich in glutamíc acid and citrulline residues. The other papain peptides

derived from Peptide XrxrlO do not give any further ínformation'

Peptides rY/Otc, V/O and XIX/O were also subjected to partial acid

hydrolysis in an attempt to preferentially hydrolyze the cross-link with a

minimum of main chain breakage. The HCl concentration (2N) and conditions

used were based on the studies of Kornguth et aL. (1963) on the hydrolysis

of the e-(y-glutamyl)lysine bond, and on preliminary experiments in this

laboratory using the pure isodipeptide. The composition of the peptides

obtained (Table 7-V) show that there hras, however, some o-peptide bond

cleavage. The high content of glutamic acid/glutamine residues in these

smaller peptides further indicated the tendency of these residues to occur in

groups t ê.9., Peptídes IV,/0*-43, V/0-42 and V/O-A3.

Some structural features of the cross-linked medulla peptides characterized

in the present study can be inferred from Èhe known specificity of the enzymes

used to produce them (rable 7-It). The N-terminal feucines of peptides

IV/Orc, V/O and XIX/O are expected as a result of thermolytic digestion

(Matsubara et al-.,1966) and it can be assumed that the leucine residues would

also be N-termínal in Peptides IIII(PA6)0 and XVIII,/O*. Similarly, lysine

residues in a peptide that are not accounted for by the cross-link can be

assumed to be C-terminal as a result of the tryptic dígestion of the intact
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protein. Thus, in Peptíð,e TII-/ (peO)O the C-terminal residues are lysine

and arginine whilst in Peptide IV/O* they are both arginine" Peptides XVIII/0*

do not have any particular residue that can be unequivocally assigned to the

C-terminal position. These peptides could therefore have been C-terminal

in the original proteins or they could derive from a large tryptic peptide

by thermolytic hydrolysis at several sites to produce ne\^t N and C termini "

Peptide V,/O contains one extra basie residue which cannot be accounted

for as C-terminal: or cross-Iink. It may be either one of the lysine

residues or one of tl¡e arEinine residues, and has presumably arisen from

the incompleteness of the initíal tryptic digestion" This may well result

from the proximity to this basic residue of glutamic acid residues"

For example, Keresztes-Nagy ei al. (1969) found that a Lys-Glu bond in alfalfa

ferredoxin was resistant to tryptic hydrolysis because of an adjacent GIu-Glu-

G1u sequence.

Each of the cross-linked peptides studíed contained two N-terminal

leucine residues and therefore consisted of two chains. On the present

evidence no conclusions can be drawn as to whether the cross-link in the native

proteín is inter- or intrachain or both. Only a small proportion of the

total cross-linked peptides have been examined, and in any case the

proteolytic preparation of the peptides could convert an intrachain link

to one that is apparently between chains.
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FORMATI0N 0F THE e-(v-GLUTAMYL)LYSINE CROSS-LINK IN HAIR

PROTEINS"INVESTIGATI0N0FTRANSAMIDASESINHAIR

FOLL I CLES
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8. I INTRODUCTION

Fíbrin is insolubilized by the formation of e-(y-glutamyl)lysine

cross-links which are produced by the action of plasma transamidase (activated

Factor XIII). As described in Chapter 1.5, a nurnber of transamidases from

different mammalian tissues al-so have fibrin cross-li-nking activity.

Following the finding that the e- (Y-glutamyl) lysine cross-link occurs

extensively in hair proteins, particularly the medulla proteins (Chapter 6)

it was of interest to d.etermine whether transamidase and fibrin cross-linking

actívity was present in hair follicle tissue. Although a number of studies

of enzymes in wool roots and haír fotlicle tissue have been made (Ellis

et a7.,1950; Rogers, L959i Rogers and Springell, 1959) transamidase activity

has not previously been investigated.

In this chapter experiments are reported which demonstrate the presence

in hair follicle tissue of an enzyme which has properties similar to those

of plasma transamidase. These properties include the incorporation of
'tL

['=c] cEE into casein by formÍng y-glutamyl derivatives and the cross-Iinking

of fibrin clots. However, the follicle enzlzmes can be distinguished from

plasma transamídase.

8.2 MATERIALS AND METHODS

a. Preparatlon of Hair FoTTicJe Enzgmes. Albino guinea pigs of 4-5

weeks of age were uSed as a source of folli,gle tissue unless othefwise noted.

The sl:-in of a guinea pig \/as removed taking partícular care to keep the skin

free of btood" Hair follicles were exposed by the rvax method,(.Rogers and Clarke,

1965). The follicle cêl-Is were collected by brushing with 15 rnl of a

cold solution of 5mM Tris-Cl buffer (pH 7"1) containing 2rM EDTA. The

resulting brei was homogenized wíth 20 tight sÈrokes in a Dounce homogenizer
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and centrifuged at 38rOO0 I Lor 20 min to remove inner root sheaths and hair

fibres. The supernatant was further centrif,uged at loo,ooo g for 90 min'
o

and this high-speed supernat,ant \^Ias díalyzed fot 4 hr at 4 against two

changes of Tris-EDTA buffer (pH 7.L) " The dialyzed homogenate was used as

the crude enzlzme preparation and usualty contained 20 - 30 mg of total protein'

b. Purification of PTasma Ttansamidase" Guinea pig blood was allowed'

to clot at room temperature for 2 ht - The serum was collected by centrifugation

and was cooled to 40. An equal volume of cold, saturated ammonium sulphate

solution was added, and the mixture stood al 20 for t hr' The precipitate

was collected by centrifugation, redissolved in distilled water' and dialyzed

against two changes of 0.ot75M sodiu¡n phosphaÈe buffer (pH 7'2) for I hr'

The dialyzed solution was then chromatographed on a column of DEAE-cellulose

essentiallyaccord'ingtoLoewyetaT.(I96Ia).Theproteinfractionelutedby

o.2OM sodium phosphate buffer (pn 7.2) contained the transamidase activity

and was diatyzed agaínst the Tris-EDTA solution used for the hair follicle

enzl¡me preParations.

c"EnzgmeAssags"Fibrincross-linkingactivitywasdetermined

semi-quantitatively using the system described by Tyler and Laki (1966) ' Clot

solubility \¡¡as assessed visuatly at 20 and 60 min after stopping the reaction

with urea solution.

coupling of hydroxylamine Eo cBZ-L-glutaminylglycine was assayed by

the method of Fotk and cole (1965) as modified by Tyrer and Laki (1966) '

Transamidase activity was assayed by the incorporation of tl4cl ene

(New England. NUclear, Boston, Mass.) into casein as described by Tyler and

Laki (Lg67) except that a 2t casein solution was used"

d preparation of Purified Fibrinogen substtate. Hlxnan fibrinogen
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(cohn fraction number I-4, Batch No. 827, Commonwealth serum Laboratories'

Melbourne, Australia) was treated to remove transamidase activity by using

specific precipitation of the contaminating Factor xIII with rabbit anti-

Human Factor xrrr-serum (Baucl'¡ No. L4g4 H, Behring,vcrke AG, Marburg, Germany).

The fibrinogen was dissolved in o..2M,borate-saline (pH 7.8) to a

concentration of 5 mg/ml (Tyler and Laki , Lg66). Antiserum, as determined

by prelíminary experiments to be just sufficient to remove all activity'

was added and the mixture incubated at 37o for 4 hr then at 40 for 12 hr '

The antibody-antigen complex htas removed by centrifuging at 100'000 I

for 1 hr. The purified fibrinogen did not form an insoluble clot after

clotting in the presence of Ca2+ and cysteine under the conditions of the

assay "

e" pteparative rncorporation of lT4clcsa into casein. The following

mixture was used to incorporate [14C]ABf into casein: 50 mg of casein;

1d
50 uci [t*c]cnn (300 umoles); 100 wnoles CaCI, and 30 Umoles reduced

glutathione all in 4 ml of 0.1 M Tris-Cl buffer (pH 7.5). thymol was added

Èo inhibit bacterial growth. Enzlzme extract (2'5 mg protein in 5 mI)'

prepared from rat hair follicles, \Â/as added and the mixture was incubated

at 37o for L2i¡r" A further 3 ml of enz)zme extract (0.8 mg protein) was

added and the incubation continued for a further 24 lnx' The labelled casein

was precipitated, washed and dried according to Mataðié and Loewy (1968) '

The dried casein was redissolved in 2 ml of O"2M N-ethylmorpholine acetate

buffer (pH 8"3) and digested sequentially with a-chymotrypsin' pronase and

leucine aminopeptj-dase for a total of 163 hr (Chapter 5). The digestion

mixture was deproteinized by the picric acid procedure (stein and Moore, L954) ,

and dried in the rotary evaporator"

A preliminary purification of the deproteinized digestion mixture was
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performed on a column of Bio-Rad AGsovü-xg (1OO - 2OO mesh; Bio-Rad Laboratories'

Richmond, Calif") equilibrated at 45o with O.1M pyridine acetate buffer (pH 2.95)'

The column hras toaded and'then washed with this buffer and the radioactive

material was eluted with tM pyridinêiacétate (pH 5.0). The column efflucnt

was monitored for radioactivity by dissolving aliquots from each fraction

ín dioxane scintillation fluid (Bray' 1960) and counting in the Packard

Scintillation Spectrometer. Additísnal column purification of the radioactive

fractíon \^ras carried out on a column of Technicon Chromobeads, type P

(Technicon Corp., Ard,sley, N.Y.). The column was operated at 45o using O'2M

pyridine acetate buffer (pfr 3.1). Fractions were collected and 1% of the

effluent was monitored by the peplJ-de analyzer. Aliquots from the fractions

ürere counted for radioactivity as before. This purification step was

repeated for the major radioactive peak" At this stage a sample was removed'

hyrolyzed with 6N HCI at lloo for L2 1,,r, and anaryzed on the Beckman 4-hr

amino acid analysis system using the expand,ed scale recorder.

The remainder of the label1ed material was further purified by high-

voltage electrophoresis on acid-washed Whatman 3MM paper' The electrophoresis

was performed on the flatplate apparatus at 50 v/cm for 1OO min using pyridine

acetate buffer (pH 6"5) (Michl, 1951). After drying, a stiip of the paper

\tas cut into pieces I cm square and counted in the scintillation counter

using a toluene scintitlation fluid containing 0 "32 21S-diphenyloxazole and

0.038 1r4-bis-(S-phenyloxazolyl)benzene. The labelled material from the

area thus rocated was eluted with o.O2N acetic acid, hydrolyzed as above' and

analyzed for amino acids.

f. Chromatographg of FoTTicIe Homogenate on Anti-Factor XIIÍ-Serum-

Sephaxose Column. Purification of the transamidase activity in follicle

extracts was undertaken using affinity chromatography. Thus, anti-Factor XIII-
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serum (50 mg protein, I ml) was coupled with Sepharose 48 (20 ml, lot no' 4969,

Pharmacia, Uppsala, Sweden) according to Cuatrecasas et a7. (1968) ' Approx-

ímately 45t of. the serum proteín bound to the support. Chromatography was

performed aE 22o using o.o175M sodium phosphate buffer (pH 7.2) and

approximately 5 mg of follicle protei-n.ín 2 mI was loaded. The unadsorbed

follicle protein was \irashed from the.column with the phosphate buffer and then

the follicle protein that was bound to the column was eluted using 0.2M

glycine-HC1 buffer (pH 2"2) (avra.meas and lernynck, L967). Acidic fractions

hrere neutralized with NaOH and separately dialyzed against 0.0175M sodium

phosphate buffer (pH 7.2) before acti,vity was assayed. Pooled fractions were

concentrated in a collodion bag (Sartorius-Membranfilter GmbH, Gðttingen,

Germany) aE 2o.

S. Immunodiffusion Procedure. Double diffusion in It agar gel was

carríed out by the method of Ouchterlony (L962) in 0.1M sodium phosphate

(pH 7.4) containing 0"16M NaCl. The precipitin lines were stained with

Coomasie Blue in IOB trichloroacetic acid (Chrambach et a7", L967) "

h. protein Determínations. The protein content of enzyme preparations

was determined by the method of Lowry et aI" (1951) modifíed as reported by

Bailey (Lg67) using bovine serum albumin as standard. Protein in column

effluents was determined from the absorbancy at 280 nm"

8.3 RESULTS

a. Transamidase and Fibrin Cross-Linking Activitg" Enzyme preparations

from guinea pig hair follic1es generatly contained 20 - 30 mg of total protein

per animal and readily incorporated labelled GEE into casein (Figure 8-I).

For guinea pig preparations the incorporation was linear with time for at
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FTGURE B-l: rncorporatíon of tl4clcp¡ into casein by guinea pig

hair follicle homogenate. The reaction mixture contained 19 irmoles

of CaCI, or EDTA, 5 pmoles of reduced glutathione or 1 pmole of

iodoacetate, 5 uci (IO umoles) of GEE, 2 mg of casein, and' 1.2 mg

of total follicte protein made up to I ml with 0.2M Tris-cl

buffer (pH 7"9). Aliquots \¡rere removed at various times and the

amount of GEE íncorporated was determíned as described by Tyler

and Laki (Lg67). Complete assay (o); + fodoacetate (tr); +

EDTA (A).
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least 50 min" The reaction was inhibited by iodoacetate and EDTA (Figure 8-1).

It will be noted that the enzl¡me does- not require preliminary activation by

thrombin. The transamidase activity could be partially purified by the

method of Clarke et al. (1959) but this procedure hras not routinely employed."

The guinea pig hair preparation did"not couple hydroxylamine to CBZ-L-

glutaminylglycine; nevertheless, as little as 20 Ug of total protein from

such preparations could stabílize a I mg fibrin clot. Both the transamidase

and the fibrin cross-linking activity in these follicle preparations v¡ere

inhíbited by the anti-Factor XIIÏ-serum" The antibody-enzyme complex díd

not precipitate and it was found sufficient to merely add the antiserum to

the enzyme" Thís is in sharp contrast to the reacÈion of the antiserum

with the human Factor XIfI contamination in the fibrinogen substrate in

which case the antibody-antigen complex had to be removed from the solution

to remove the activity.

Rat hair follic1e preparations had very similar properÈies to those

from the ginea pí9" However, the properties of enzyme preparations from

wool follic1es of a cross-breed merino sheep were very different. Although

such preparations incorporated. t14clc"" into casein and also cross-linked

fibrin, the transamid,ase activity was not inhibited by the addition of

EDTA, i"e., the removal of calcium ions from the reaction mixture (Figure 8-2) .

Furthermore, iod.oacetamide inhibited only in the presence of calcium, and the

enzyme did not cross-react with the anti-Factor XIII-serum" Nei.ther the'rat

nor the sheep enz]¡me requÍred activation by thrombin.

b" Binding Site of lL4qeffi in Casein The labelled casein prepared

using rat follic1e homogenate had an activity of 40,000 cpmr/mg before the

enzymic dígestion. On the peptide analyzer the bulk of the labelled material

eluted as the first peak, but not completely resolved from the large aspartic
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acid, peak. A minor radioactive peak corresponded to the glycine peak. Amino

acid analysís at this stage showed that the product was contaminated by

several amino acids, particularly aspartic acid and methionine (Table 8-r).

On electrophoresis the radioactivity migratecl as a si ngl e spot- just krehind

aspartic and glutamíc acíd, well clear of the neutral amino acids. This

purification step produced a large-,reductíon in the amount of aspartic acid

present while the glycine and glutamic acid were still in essentially equal

amounts (Tab1e 8-T) " The chromatographic properties of the labelled

compound hTere comparable to those of y-glutamylglycine as reported by

Mataðió and Loewy (f966).

c" Chromatographg on the Anti-Factor XIII-Serum-Sepharose Column. V'lhen

a guinea pig hair follicle preparation was chromatographed on the anti-Factor

XIII-serum-Sepharose column the transamid.ase and fibrín cross-linking

activity was bound to the column and. was eluted with the acid buffer (Figure 8-3a) .

Preliminary experiments had shown that' the enzlzme \^/as stable in this buffer at

room temperature for at least I hr. When an enz)rme preparation was chromato-

graphed on a column of Sepharose 48 (no antiserum) the enzyme activity eluted

wíth the bulk of the protein at the void volume of the column (Figure 8-3b),

Índicating that binding to the antiserum column was specific "

d" Immunodiffusion. Only guinea pig follicle preparations were analyzed

by immunodiffusion. The plasma transamidase used for comparison was

prepared from fresh guinea pig serum and partially purified on the DEAE-

cellulose column as described in Section 8"2b" This method of preparatíon

of plasma transamidase has the advantage that it is simple and rapid and the

enzyme is obtained in the activated form ready for assay. Problems can occur

from over-digestion by thrombin (Kiesselbach and wagner, 1966) so only short

clotting times were employed in the preparation of the serum.



TABI¡E 8-I: AMINO ACID COMPOSITION OF LABELLED DERIVATIVE BEFORE AI{D

AFTER EIJECTROPHORESIS .
ct

Amino Acid Before After

Aspartic acid

Threonine

Serine

Glutamic acíd

Glycine

Alanine

Methionine

7 ¿06

o.42

o.49

1.50

1.00

o "23

4.L4

0.35

0 .99

1.00

"V.1,4"= are expressed relative to the gtycince contenti glycine =.1.00.
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FIGURE 8-3: Chroma tography of guinea pig hair follicle homogenate

preparations on Sepharose columns. Columns \¡Iere I x 9 cm and were

operated in O.OI75t,1 sodium phosphate buffer (pH 7.2). Bound follicle

protein was eluted with o.2M glycine-HCl buffer (pH 2.2). Fibrin

cross-linJcing (^---A) \¡7as measured semi-quantitatively as described

in Materials and l'lethods (Chapter 8-2c). (a) Sepharose 48 to çþich

anti-Factor XlIÏ-serum had been coupled" (b) underivatized

Sepharose 48.
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rmmunodiffusion of hair follicle enzlzme and plasma enz)¡me was carried

out over a wide range of concentrations of both the anÈiserum and the

enzymes. fn no case did a follicle preparation give a precipitin Iine'

even when a preparation purífied on the anti-Factor XÏIl-serum-Seþharose

column was used (Figtrre g-4). The minor band sometimes seen for plasma

enzyme is continuous with a band between the enzlzme well and the well

containing normal rabbit serum (control), and. is therefore not due to a

specific antibody.

8.4 DISCUSSION

Transamidases catalyze the replacement of the carboxyamide groups of

protein-bound glutamíne or asparagine residues by another amine group, with

the concomitant release of ammonia (Ctarke et a7-, 1959; Folk and Co1e, 1965) '

A varíety of soluble amines have been used as donors to demonstrate this

incorporatÍon activity (Neidle et a7",1958; Lorand et a7",1968b; I969b).

The incorporation of [14c]Cr" has, however, been found to be a convenient

assay for demonstrating both the rate and extent of transamidase activity

in plasma preparations (Lorand and Ong, L966) and also tissue homogenates

(Ty}er and Laki , L967). Tissue transamidases are sulphydryl enzlmes and

require calcium for activity (Neidle et a7., 1958; Folk eË a7.' l-967c1 " These

characteristics are also displayed by the plasma enz)zme (r,oewl¡ et aI., 1961b) .

The presence of transamidase activity in hair follicle tissue has not

previously been reported, although both transamínase and transpeptidase

activities have been detected (Rogers and Springell, 1959) " The experiments

presented in this chapter show that homogenates of guinea pig hair follicle

tissue have a transamidase activity similar to that of plasma transamidase.

The follicle preparations readily incorporate II4c]cpn into casein, and as



FIGUR.E 8-4: Double diffusion tests of transamidases in agar,

as described in Materíals and Methods. ürells were loaded with
the following solutionsr A, anti--Factor xlll-serumi N, normal

ral¡bit serumi F, guinea pig hair follicle homogenate

preparation; S, guinea pig serum preparation. Precipitin
bands were stained with Coomassie BIue. (a) Diffusion of
antiserum against partially purified follicle and plasma

transamidases" (b) Diffusion of antiserum against crude

follicle homogenate and unfractionated serum.
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is arso the case for plasma transamidase, this activity requires calcium and

is inhibited by an sH-blocking agent (iodoacetate) " In addition' the follicle

homogenates do not couple hydroxylamine to c9Z-L-glutaminylglycine but they

do show fibrin cross-linking activity" This again is similar to the plasma

enzyme but distinguishes the follicle enzyme from the transamidase found in

guineapigliverhomogenateswhichcanusetheCBZ-L-glutaminylglycineas

substrate (FoIk and co1e, 1965) ' Homogenates of rat hair follicle tissue

also show similar transamidase activity" Furthermore, with the rat

preparations it was shown that the GEE is incorporated mostly, if not

entirely,asthey-glutamylderivative.Thepresenceofasparticacidin

the hydrolysate of the isolated derivative Jtable 8-I) means that the

possibility of the formation by the enzyme of some ß-aspartylglycine cannot

be completelY excluded"

The transamidase activity in wool folticte homogenates has distinctive

properties. Although the homogenates have both transamid'ase and fibrin

cross-linking aclivities as for the follicIe preparations from rat and guinea

Pig,thewoolenz)rmeisnotinhibitedbyEDTA"fnfact,theactivitywas

slightly stimulated in the absence of calcíum ions (Figure 8-2) ' It is

unlikely that this unexpected result could be explained by the removal of

inhibiting metal ions by the EDTA sínce the homogenate was prepared using

solutions containing EDTA"

Tt has been directly shown that fibrin is insolubilized by plasma

transamidase with the formation of e-(y-glutamyr) lysine cross-links

(pisano et a7",1968, L969¡ ¡lataðió and Loewy, L968ai Lorand et a7", 1968b)

between specific glutamine and lysine residues (chen and Doolittle' 1970) '

All the hair follicle transamidase preparations tested in this work were

also able to cross-link fibrin and therefore the enzlmes in these homogenates

would be capable of forming the e-(Y-glutamyl)lysine bonds found in hair

proteins"Presumably,thetransamidaseínthesheeppreparationsonlyforms
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the small nu¡nber of cross-links in the inner root sheath proteins and in

wool keratin (Chapter 6) since the wool fibres used were not medull-ated.

Hairs from both guinea pig and rat have large medullae, the protein of

which is extensively cross-linked (Chapter 6).

None of the hair follicle transamidases apparently required activation

by thrombin as does plasma transamidase (Lorand and Konishi, 1964) ' A

commercial preparation of anti-Factor XIII-serum was used to demonstrate that

the hair follicle enzyme activites were not due to contaminating plasma

enz]¡me that had already been activated. Upon addition of antiserum

transamidase from both the follicle and serum of the guinea pig are inactivated

as measured by both radiochemical and fibrin cross-linking assays. It was

not necessary to remove the antibody-enzyme complex from the mixture as was

required for the removal of actívity of the human plasma transamidase

during the purification of the fibrinogen substrate" On immunodiffusion, the

guinea pig plasma enzyme produced strong precipitin bands in the 9e1s but

under no conditions was a precipitin line formed by the follicle preparations.

Notwithstanding the lack of precipitation on immunodiffusion, chromatography

of follicle preparations on a column of insolubílized antiserum showed that

the transamidase and fibrin cross-linkíng activity was specifically bound

by the antibody. Some cross-reaction with the antiserum is to be expected

(Clausen and Heremans, 1960) even though the antibody was raised against

human Factor XIII. The inactivation of the guinea pig hair follicle enzyme

by the antiserum without precipitation indicates that antibody binds to Èhe

enz]¡me at only one site and in such a $ray as to block the active site.

The sheep follicle enzyme is not inhibíted by the antiserum, confirming the

difference of this enzyme from that of the guinea pig.

Thus it has been demonstrated that the transamidases capable of forming the

e- (y -glUtamyl) lysine cross-Iinks in hair proteins occur in follicle tissue. It is
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of prj$e interest to establish thre location of the glutamine and lysine residues

that are involved j-n the cross-link, and to deterntine the relationship, if aJly,

of the cross-linking to the occurrence of citrullíne in these proteins.



CHAPTER 9

GENERAL DISCUSSION
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The protein of hair medulla cells has in the past been called keratin

because it is an intracellular product in a keratinizing structure. However,

it is not keratin in the sense that the term is commonly applied and as

defined by Mercer et at. (1963), i"e';, 'Keratins are proteins produced by

epithelial celIs, and usually retained within the cell. They are insoluble

in the usual protein solvents, due to the presence of numetous dìsuTphide

bonds between peptid.e chains. Keratíns may be predominantly filamentous '

predominantly amorphous, or mixtures of filamentous and amorphous

elements t .

Medulla protein is indeed similar to keratin in that it is insoluble

and chemically resistant; in fact; it is even insoluble in solvents that

dissolve cortical keratin (Matoltsy, 1953t Rogers , I964a). Initial

indications that it was different from keratin were demonstrations that the

sulphur content of medulla protein was very low or níl (Barritt and King'

1931; Bekker and King, 1931; ,fordan-Lloyd and Marriott, 1933) . The

medulla protein also gave an abnormal reaction for tyrosine when stained

with Pauly reagent and this v/as taken by Bekker and King (1931) to indicate

that it contained. some unidentífied constituent which vtas peculiar to medulla"

This víew was confirmed in part when Rogers (L962) d,emonstrated the presence

in medulLa of the amino acid citrulline, a component not recognized by

earlier workers (Blackburn, 1948). Rogers and Simmonds (1958) and Rogers

(1958a) had previously shown this amino acid to be present in the protein

from inner root sheath cells of hair follicles '

Bekker and King (1931) noted the low sulphur content and since they

described keratinization as 'cystinization', or the formatíon of dísulphide

bonds, these authors suggested that t,he cornificatíon (insolubilization)

of medulla \^ras not d,ue to kerati-nization. They stated that 'the nature of

the keratinizing agent must await further chemico-histological study of the
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foIlícle and ski-n tissues' "

Rudall(1955)claimedthattheinsolubilityofmedullaproteinin

solvents such as NaoH could be ascribed to the ß-structure of the protein

and its lipid content. Rogers (1958a) suggested that citrulline could be

involved ín the insolUbility of the protein of inner root sheaths ' The

inner root sheath protein is.very similar to medulla protein and the

suggestion could be extended to the latter protein as well' In this thesis'

however, it is shown that the insolubility of medulla protein under strong

dissociating conditions can be explained by the presence of e-(1-glutamyl)lysine

cross-Iinks. These cross-links can therefore be taken to be the 'keratinizing

agent, predicted by Bekker and King (1931). It was further shown in the

present study that these isopeptide bonds are formed by distinctive follicle

transamidases and they cross-link the peptide chains of the citrulline-

containing protein of medulla cells"

WhiLe the finding of these covalent cross-Iinks in the medulla protein

does not remove the possibility that cítrul-line is involved in the insolubíIity

of these proteins, it does reduce its importance"

The presence of the isopeptide cross-Iink in citrulline-containing

proteins raises questions on the biosynthesis and structure of these proteins

further to those already posed (chapter 1.2). In addition to asking how

citrulline becomes incorporated into protein and what its function might be

in the protein, and indeed in the follicle itself, it ís also pertinent to

consider the relationship of the cross-link and the cross-linking process to

the presence of citrulline. More specifically, it may be asked: does cross-

linking occur before the modification of arginine to citrulline' or vice vetsa?

Are folllcle transamidases ínvolved in the formation of cítrulline as well

as cross-Iínking? what defines the particular lysine and glutamine

residues that eventually become involved in cross-1inks? What factor (s) defínes
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the particular arginíne residues which are converted to citrulline? Why

does the e- (y-gtutamyl) lysine bond cross=link the citrulline-containing

proteins in medulla and inner root sheath cells whereas keratin in adjacent

cortical cells is stabilized by disulphide bonds? The answers to these

questions must await further experirnental work, but at the present time

it is worthwhile considering similarit,ies in the chemistry and synthesis

that exist between citrulline-containing proteins of hair and the protein

chains of collagen. Such considerations could act as guidelines in the devrsing

of future investigations. The similarities include the presence of unique or

rare amino acids whích are formed from more common amino acids after their

incorporation into protein, a high content of a particular amino acid and

the presence of cross-links. As indicated earl-ier in this thesis (chapter 1'2)

the conversion of arginine to citrulline in hair proteins by some desimination

mechanism is analogous to the hyroxylation of proline and lysine in protocollagen.

It has been suggested that hyroxylation of these residues is necessary for

extrusion of the protein from the cel1s (Juva et a7"r 1966) but the evidence

is equivocal (eribble et a7", 1969) . In contrast, the reason for the

modification of arginine residues to.cítrulline in the medulla is not

understood although a number of suggestions have been made (Rogers and

simmond.s, 1958; Rogers, 1958a, 1959t L963, I964a) and, have been discussed

(Chapter L.2) " In citrulline-containing proteins, the glutamic acid content

is usually high (nogers, Lg62, L964ai SteinerE et a7., 1969) and can reach

about 3O moles per cent. A characteristic of collagen is that glycine accounts

for approximately one-third of the total residues (for review, see Seifter and'

Gallop, L966) "

The covalent cross-links present in the citrul-line-containing protein

result from the action of a transamidase on the side-chains of lysine ano

glutamine residues, whereas in collagen, cross-links arise by the oxidative
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deamination of lysine residues (Pinnelt and Martin, 1968) by lysyl oxidase

(síegel et aI., I97O) to produce the corresponding ô-semialdehyde' These

aldehyde residues cendense, probably spontaneously (fang and Gross ' l97O¡

shiffman and Martin, 1970) to form covalent cross-Iinks sUCh as hydroxylysino-

norleucine (Baitey and Peach, 1968), syndesine (from hydroxylysine) (Bailey

eta:.,1969)andlysinonorleucíne(Kangeta7.,L97o¡TanzerandMechanic,

LgTo)"Avarietyofotherbondsthatcouldpotentiallyserveascross-links

in collagen have been revíewed by J'J' Harding (1965) '

The biosynthesis of collagen occurs in discrete, sequential sÈeps in

which hydroxylation is followed by glycosylation (Blumenkrangz et a7" L969)

and then cross-linking (nailey et a7., 1969) . The temporal relationship of

the formation of citrulline and cross-linking in hair proteins is unknown

at present, but the isolation and characterization of a precursor protein

(trichohyalin) should yield information in this respect' It is interesting

to speculate on the possible relationships of these two phenomena' however'

Firstly, it, is possible that these two events are indepenent' on the other

hand, cposs-linking may occur before modification of the arginine residues

thereby defining the secondary and tertiary structure of the protein so that

the(presumed)convertingenzlmecanselectivelycarryouttheconversion

of these residues to citrulline. The inverse is an equal possibility;

that is, the conversion is a prerequisite for cross.Iinking.

In the cross-linking of co1lagen¡ specific lysines near the N-terminus

of each a-chain are converted to aldehydes which react by aldol condensation

to form jntramolecular cross-Iinks (Bornstein and Plez' 1966¡ Kang et aI"

1969). By alignment of the chains in the molecule (Tanzer, 1968) these

residues can also form jntermolecular cross-Iinks (Kang and Gross ' I970) '

peptides isolated from the cross-linking region of rat skin collagen show

that the amino acíd sequence of this parÈ of the chain is not typical of
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collagen (rang et aI " I Lg67) but a more explicit relationship between the specífic

Iysine of the cross-l-ink and the sequence is not obvious" Isolation of peptides

containing the cross-linl< hydroxylysinonor eucine from calf skin collagen.(de

Luque et al", I97O) has so far yi.elded no further information. However, it has

been suggested that the lysines involved in desmosine formatíon in elastin are

defÍned by a region of five alanine residues (Sandberg et a7", I97L\; definitive

evidence on this point is lacking at present. Thus for citrulline-containing

protein it would be of interest to at least determine sequences of small cross-

linked peptides in the immediate vicinity of the cross-linl< to see if any informa-

tion can be obtained concerning the specificity of the cross-linJ<ing transamidase'

The high content of glutamic acid resídues found in the present study of such

peptides suggests that these residues may be functionally significant' The

possíble ímportance of a confluence of glutamic acid and/ot glutamine residues in

the defining of the gluÈamic acÍd and lysíne residues to be cross-linked or the

arginine resídues to be converted Èo citrulline, cannot be overlooked'" l'n pursuing

sequence studies in this context, technícal difficutties can be anticipated' A

large number of glutamic acid residues could hinder sequencing, because of a large

nunber of repetitious residues. A resistance to proteotytic atÈack to produce

smaller peptÍdes could be anticipated" Further, these problems are compounded

by the 1ack of a cleavage method specific for e- (y -glutamyl) lysine cross-linl<s "

Acid hydrolysis conditíons studied during the present work were not sufficiently

sefective and an enzyme, peptidoglutaminase II, which can deaminate peptide-bound

glutamine residues (Kikuchi et a7., L}TL) was tested but díd not attack the

cross-Iink.

The complexity of the tryptic peptides of medulla protein (Chapter 4)

may also derive from circumstances that pertain to collagen. Thus, Bornstein

(Lg67) has shown in peptides isolated from rat skin and tail collagen that the

hydroxylation of certain proline residues is incomplete. By analogy then, an

incomplete conversion of arginine to ciÈrulline would produce varying tryptic
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cleavage positions (arginine residues) giving peptides of a range of sizes'

An entirely random conversion would obviously give ttre same effect. Similarly,

incomplete or random cross-linlcing involving lysine residues would produce

variations in the number and position of tryptic cleavage poitrt-s' In addition'

complexity of the peptide mixture may arise from microheterogeneity of the

original proteins due to amino acid replacements. There would be little

selective pressure against such replacements in a protein like the medulla

protein, the function of which at present is recognized only as being

structural and thus relatively non-specific.

The mechanism of the conversion of arginine to citrullÍne remains an enig'ma.

However¿ the present finding of transamidase activity in fol-licle tissue is

encouraging in this regard, since Rogers (1963) has suggested a transamidaLion

reaction between arginíne and glutamic acid as being an intermèdiate sÈep in the

formation of citrulline. Thís suggestion was based on the postulation by

Erlanger (1960) of an interaction of si:nilar type between arginine and' aspartic

acid at the active sites of some proteolytic enzymes" Tt ís interestíng to note

that Joseph and Bose (L962) have suggested an ínteraction of arginyl guanido

groups and glutamyl Y-carboxyl groups as a possible cross-Iinl< in collagen' It

may therefore be particularly significant that the follicle transamidases studied

have oistinctive properties, especialty the wool enzyme which is the only trans-

amidase known that does not require calcium for activity"

ït is of fundamental importance to note that the cells of the hair

cortex, inner root sheath and medulla atl have their origin; from the same

region of divicling cells in the follicle (the matrix) and develop in close

association with one another (Rogers , :-:964ai see also review by Ruda1l' 1968) '

Each cell line develops íts own distinctive intracellular protein product'

Thus, tJ.e cortical cells become packed with keratin which is stabilized by

numerous disulphide bonds (Rogers, Lg6g) " The medulla cells contain a protein
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that is very low in sulphur-containing amino acids but contains citrulline

and is stabilized by the presently established e-(Y-glut,amyl)Iysine cross-links.

A simitar protein and the same cross-link is also found in cells of the inner

root sheath.

Thus, it can be seen that all the proteins noted äbove pose interesting

questions as to their structure and mode of synthesis. Moreover, the

great difference in the chemical nature of these specialized gene products

produced by the differentiated ce1ls of the hair follicle point up this

cellular system as a particularty interesting one in the wider context of

cetlular dífferentiation in eukaryote cellS " A priori one might have

expected the proteins of the medulla and inner root sheath to be closely

related to the protein family of homologous chains that are known to constitute

the o-keratins. Clearly, this is not. the casei not only must a different gene

or set of genes be activated in the medutla and inner root sheath cells, but

ancillary processes must coordinately develop for conversion of the primary

product to the final protein.
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APPENDIX A

MODIFICATION OF THE BECKI1AN IzOC AMINO ACID ANALYSER

TheBeckmant2OCaminoacidanalyzerLscapableoffastand'

sensiÈive analyses of acid hydrolysates, but the system had a number

of disadvantages as far as the present work was concerned' These

disadvantages \^/ere as follows: (1) ordinarily Iysine and ornithine

are not separated on the shorÈ (basics) column (0.9 x 15 cm) " For

proteins containing citrulline such a separation is requj-red to

allow catculation of 'total citrulline' figures, since citrulline

is degraded to ornithine during acid hyrolysis (Rogers, 1958)"

Furthermore, Èhis resolution is required to obtain an accurate value

forlysinerwhichwasalsoofparticularimportanceinthiswork"

(2)The2-hrand4-hrlongcolumn(acidics/neutrals)systemsboth

give crowded chromatograms which make the determination and

separation of new unknown peaks difficult' Alteration of

parameters such as buffer pH to improve separation is tedious'

(3) The long column will not resolve e-(ß-aspartyl)Iysine and'

e- (y-glutamyl) lysine (8. Milligan , Lg6g' personal communication) "

Ho\¡¡everrtheseproblemsarereadilyovercomeusingthe

single column gradient elution technique of Piez and Morris (1960) by

appropriate simple manipulation of the gradient' Buffer gradients

ussfl are given'in Appendix B- This system is the basis of Èhe

Technicon Amino Acid AuÈoAnalyzer. Modifications were therefore

carriedoutontheBeckmananalyzerbytheadditionofTechnicon
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components tö incorporate feature5 of looth systems' The

Beckman analyzèr was fitted with an expanded scale (Imv) recorder'

The flow diagra4 for the modified system iS given in

Eigure A-1.

Thenine.chamberedTechniconAutograd$/asconnectedtoan

extraBeckman'Accu-Flo'prunpviatwothree-waysolenoidvafves

(Technicon) and a bubble trap. High pressure nylon tubing was used

toconnectthepumpoutlettotheTechniconsampleinjectiondevice

at Èhe top of Èhe column. The pressure gauge (Esdaile, 0-800psi)

was protected from the buffer by a Gauge-saver (Rast Industries, south

Australia). A Beckman stainless steel screen resin support replaced

the tefl0n sinÈer at the base of the Technicon column' The outlet

fitting (Technícon) was threaded to accept a l2mm balf connector

(Beckman)togiveadirectconnectionofthetotalco].umneffluent

to the Beckman analytical system using the socket connector for the

toranget column.

operationofthecombinedsystemisbyamodifiedTechnicon

Automatic Column Shutdown Prograrruner in conjunction with the

Beckman control systems. A schemaÈic diagram is given in Figure A-2'

The prograrnmer was modified for automatic switching of the ninhydrin

pump and recorder, as well as its normal functions of operating the

sotenoid valves for selection of buffers. A four-pole three-position

(oN - oFF - oN) switch was incorporated in the circuiÈ on the control

sideofthefusesforpumpsland2anð'therecorder,toselectthe

controlling system. Automatic control of the temperature change at
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the end of an analysis can be achieved by appropriate arrangement

of the Beckman Temperature and Master Timers" Details of the

operation program are given in Table A-I. operating parameters are

listcd below:

Resin bed: 0.6 x 126 cm

Resin type: Chromobeads, type A (Technicon)

Buffer flowrate z 7O mL/hr

Ninhydrin flowrate: 35 mL/hr

Pressure: 360 - 450 psi

Temperature: 600

Total analysis time: 630 min.
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TABLE A-T: OPERATION PROGRAM FOR THE MODTFTED GRADTENT SYSTEM.

operational
Mode

Time Before

Shutdown (min)

Components

Activated

AI\TALYSIS 63oa - too eump Ih, Pump 20, Recorder

Autograd valve OPEN

V{ASH + ANALYSIS

VüASH

100 - 80

80-70

Pr:rnp f , Pump 2c, Recotrder,

NaOH valve OPEN

Pump 2c, NaoH.válve oPEN

REGENERATfON 70-0 Pump 2c, RegeneraÈion buffer

valve OPEN

OFF Temperature =LOr Autograd

valve OPEN

a
Maxrmum tame lor 75 mI buffer/Autograd chamber. þuinhydrin pump.

éBuff"t pump.



B1

APPENDIX B

PRODUCTION OF BUFFER GRADIENTS FOR THE MODIFIED GRADIENT

ANALYSIS SYSTEI4

Sodium citrate buffers were prepared as described in the

Technicon Amino Acid Analyzer Manual, AAA-1 (L967, Technicon

Corp., Ardsley, N.Y.) except that the tow pH buffer was adjusted

to pH 2.96 and. the composition of the pH 5.00 buffer was modified

according to the procedure of Vüells (L9671. The pH 10"00 buffer

r^tas pïepared from pH 5. O0 buffer by titration with anhydrous

sodium carbonate. rn all gradients, chambers I and 2 of the

Autograd also contained 5 mI and 3 ml of methanol, respectively.

The details of the gradients are given in Table B-1.



TABLE B-I: PRODUCTION OF BUFFER GRADIENTS FOR A¡4INO ACID AI{ALYSIS.

Routine Gradient MO lbdified GradienÈ M4 Modified Gradient M4a

Buffer (mI) Buffer (mt) Buffer (ml)

Autograd
Chamber

1a

PH PH PH
2.96 3.80 5.00

72

75

75

70

6 960

75

75

75

pH pH PH PH
2.96 3.80 5.00 10.00

70

72

75

75

75

75

75

75

75

PH PH
2.96 3.80

pH
5.00

70 70

72

75

75

5

a

b
2-

3

4

5

6

7

8

9

75

75

75

75

75

uchurnb"t 1 also contains 5 ml of methanol. bch.*b.r 2 also contains 3 mI of nethanol.
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PUßL I CAT iOIIS APPENDIX C

PAPERS PUBLISHED

The Characterization of Protein-Bound Citrulline (with p'ttl' Steinert

and G.E. Rogers).

Biochim. Biophgs. Acta' 775 (f969) 1.

e- (y-Glutamyl) lysine Cross-T,inkage in citrulline-Containing Protein

Fractions from Hair (with G.E. Rogers).

Biochemistrgn 70 (I97¿) 624'

PAPERS PRESENTED AT MEETINGS*

An Inítial study of sequences in Peptlides Derived from a Protein

Containing Citrultine (with G.E- Rogers).

Proc. Aust. Biochem. Soc. L (1968) 5.

Characterization of the Gamma-Link in a Citrulline-ConËaining Protein

(with G.e. Rogers) .

Proc..Aust. Biochem. Soc. 3 (1970) 56.

The e-(y-Glutamyl)Iysine Cross-Link in Keratinizing Tissues: Its

occurrence, Formation and Localization in Citruiline-Containing Proteins

(witfr G.E. Rogers).

Ptoc, Aust. Biochem. Soc. 4 (1971) 15.

PAPERS IN PRESS

the occurrence of the e-(Y-clutalnyl)lysine Cross-T'ink in the Medulla

of Hair and Quill (with G.E. Rogers).

Piochim. BioPhgs. Acta.

2

3

*Reprints bound at back of thesis'
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PAPERS SUBMITTED

Structure of Hair Meilulla Protein: Occurrence of the e-(Y-Glutamyl)Iysine

Cross-Link in Peptides Containing Citrulline (with G.E. Rogers).

(Bìechemisttg)

Formation of the e-(Y-Glutamy1)lysine Cross-Link in Hair Proteins.

Investigation of Transamídases in Haír Follicles (with G.E. Rogers).

(Biochemistrg)
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