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ABSTRACT 
A study on the biosynthesis of the enkephalins was 

undertaken with an ultimate view to obtaining a measure 

of their turnover"in vivo". Striatal tissue was used as 

this has been shown to contain the highest levels of the 

enkephalins in the mammalian brain, A .wide variety of 

chromatographic procedures was employed to purify relevant 

fractions and these were pre-calibrated for both enke-

phalins o A series of radio-iramunoassays was developed 

for the detection of the enkephalins and related peptides. 

Larger polypeptide precursors to the enkephalins were 

investigated using sequential trypsin and carboxypep-

tidase B digestion to release the enkephalins. During 

these studies immunoreactive fractions other than the 

enkephalins were observed in various chromatographic 

procedures. These fractions showed ME immunoreactivity 

of a more basic nature than the enkephalins and LE 

immunoreactivity of a more acidic nature compared to the 

enkephalins, and they were investigated further. Evidence 

was accumulated to strongly suggest that one of these 

acidic LE immunoreactive species was a sulphated form 

of LE. This fraction was also found in the endogenous 

peptide pool of striatal tissue. Preliminary experiments 

were performed to radioactively label the enkephalins 
If t! 
in vivo for turnover measurement. Incorporation of label 

was achieved and these preliminary results suggest that 

the two enkephalins may have different turnover rates 

in the mouse striatum. The possible implications of such 

a distinction between ME and LE systems is discussed. 
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CHAPTER ONE 

1.1 Introduction 

The importance of proteins as structural and regu-

latory elements in living tissue has long been accepted 

as a cornerstone of biochemistry. The subsequent reali-

zation that they may also act as precursor molecules for 

smaller regulatory peptides (St einer, 1976; Gainer, S a m e , 

and Brownstein, 1977; Steiner, Kemmler, Tager, and 

Peterson, 1974) opened up a whole new aspect of bio-

chemical control of biological function and gave an 

insight- to possible causes of a number pathological 

conditions. Equally the study of patients showing symptoms 

of various known diseases has revealed changes in the 

levels of a number of peptides in different anatomical 

areas. Consequently, the importance of peptides in 

innumerable physiological systems and the fact that many 

of them can be linked to pathological conditions 

illustrates the potential of any study on the biogenesis 

and turnover of a given peptide. 

Consideration of the peptide production pathway in 

general terms illustrates the complexity of the situation. 

The starting point is the DNA template which codes for 

the initial precursor protein, which is produced along 

well established lines via mRNA. The precursor protein 

undergoes further processing by enzyraic cleavage to 

ultimately produce the endogenous peptide. During this 

sequence of events there are many points of regulatory 

potential.' Thus the transcription of the mRNA for a 

given precursor protein may be controlled, as may the 
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translation of the initial precursor from mRNA or indeed 

the processing steps from precursor to peptide. The 

precursor protein itself may be modified to control its 

own processing or the enzymes responsible for the pro-

cessing may be controlled. Clearly this makes a very 

complex picture, but any study on peptide biosynthetic 

pathways apart from identifying the intermediates must 

also look for these points of regulation, since it is here 

that a suitably structured pharmacological agent may 

act to affect the system controlling endogenous levels 

of the peptide concerned. Such external control of the 

endogenous level of a given peptide may lead to a suitable 

treatment for patients suffering from a pathological 

disorder with which that peptide has been connected. 

And as the interaction of peptide systems, both hormonal 

and neuronal, with other transmitter systems eg. choli-

nergic (Jhamandas, Sawynok, and Sutak 1977) and 

catecholaminergic(Watson, Richard III, Ciaranello, and 

Barchas 1980) are established the possibility of pharma-

cological manipulation of endogenous peptide levels becomes 

o.f very great potential. 

One such peptidergic system which appears to be of 

both hormonal and nerunal importance is that of the 

enkephalins. Since the discovery and identification of 

the two enkephalins as endogenous opiate receptor agonists 

in the CNS (Hughes, 1975; Hughes, Smith, Morgan, and 

Fothergill, 1975^ Hughes, Smith, Kosterlitz, Fothergill, 
b 

Morgan, and Morris, 1975; Hughes, Kosterlitz, and Smith 

1977) and the gastro-intestinal tract the rate at which 

research in this field has expanded has been phenomenal. 
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Changes in enkephalin levels have been observed in a 

number of pathological conditions. They have been 

related to schizophrenia (Lindstrom, Widerlov, Gunne, 

Wahlstrom, and Terenius 1978) and also with chronic pain 

(Terenius, 1978). Besides these conditions in which 

endogenous opioid peptides have been implicated directly 

there is also the possibility that they may affect the 

levels of other established transmitters which have 

themselves been linked with different pathological 

conditions e.g. dopamine and Parkinson's disease 

(Denney-Brown, 1960). 

1.2 Some Aspects of Opioid Peptide Biochemistry 

Demonstration of specific binding sites in brain 

membranes for morphine-related compounds (Pert and Snyder, 

19739;Kuhar, Pert, and Snyder, 1973; Pert and Snyder 1973^) 

was quickly followed by the isolation and identification 

of the two endogenous pentapeptides Methionine /enkephalin 

(ME) and Leucine enkephalin (LE) which differed only in 

their C-terminal amino acid (Hughes e_t al. , 1975). ME 

was shown to represent the first five amino acids of the 

larger opioid peptide ^-endorphin from the pituitary 

(Li and Chung, 1976) Further studies on the enkephalins 

strengthened the idea that they might he involved in synap-

tic transmission. They could be released from brain slices 
+ 2+ / by K' stiumulation in Ca -dependant fashion (Henderson, 

Hughes, and Kosterlitz, 1978; Osborne, Hollt, and Herz, 1978). 

Also immunohistochemical data have accumulated, locating 

the enkephalins in dense-core vesicles at the nerve 

terminals (Pelletier and Leclerc, 1 9 7 9 M o r e recently, 

evidence of the existence of an "enkephalinase" enzyme 

has been published (Malfroy, Swerts, Guyon, Roques, and 
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Schwartz, 1978), again suggesting a transmitter role for 

the enkephalins, although the sp.ecificity of this enzyme 

activity has yet to be fully characterized (Gorenstein 

and Snyder 1979). 

Distribution studies on the enkephalins in different 

areas of the CNS showed an uneven pattern, with highest 

levels in the corpus striatum and lowest levels in the 

cerebellum (Hughes, e_t al, , 1977; Yang, Hong, and C0sta, 

1977; Gros, Pradelles, Rouget, Bepoldin, and Dray, 1978). 

Not only did the distribution show anatomical variation 

but also the ratios of ME to LE varied significantly 

between areas. The subsequent discovery of a whole range 

of enkephalin-related peptides, mainly from the adrenal 

medulla (stern, Lewis, Kimura, Rossier, Gerber, Brink,, 

Stein, and Udenfriend, 1979; Kilpatrick, Taniguchi, Jones, 
a. 

Stern, Shively, Hullihan, Kimura, Stein.and Udenfriend,1981j, 

the hypothalamus. (Kangawa and Matsuo, 1979) and. the 

pituitary (Lowney, Gentleman, and Goldstein, 1979; 

Goldstein, Tachibana, Lowney, Hunkapiller, and Hood, 1979; 
a. 

Seizinger,' Hollt, and Herz, 1981), has raised the question 

of whether the early distribution studies were also 

recognizing these components in the assay system used. 

Consequently the ratios of authentic ME to LE may differ 

from those obtained in early studies. Several of these 

recently discovered enkephalin-like peptides do show a 

very high degree of potency in - bioassay and receptor assay 
a 

systems (Stern, et_,al. , 1979; Kilpatrick, et al. , 1981; 

Kangawa and Matsuo, 1979; Goldstein,et al., 1979)> and 

there is some speculation that these enkephalin-related 
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peptides might throw some light on the existence of 

multiple opiate receptors (Lord, Waterfield, Hughes, and 

Kosterlitz, 1977; Chang and Cuatrecasas, 1979) with 

certain of them showing a higher affinity for one class 

of receptor than the others (Wuster, Schulz, and Herz, 1980 

Chavkin and Goldstein, 1981; Audigier, Mazarguil, Rossier, 

and Cros, 1980; Wuster, Rubini, and Schulz, 1981). 

However there is as yet relatively little evidence for 

their existence as peptides with their own physiological 

function. Indeed many of these enkephalin-related 

peptides are structured to suggestithey may be precursor 

molecules along the route of enkephalin biosynthesiso 

The structures of known mammalian opioid peptides 

are shown in Table 1. 

lo3 Enkephalin Biosynthesis -'-Adrenal Medulla and C.NoSp 

As mentioned previously, several of the recently 

discovered enkephalin-like peptides are found in the 

chromaffin cells of the adrenal medulla (Schultzerg, 

Hokfelt, Lundberg, Terenius, Elfirm, and Elde, 1978). 

Much work has previously been done on the physiology of 

catecholamines in the adrenal medulla (Hillarp,Lagerstedt, 

and Nilson, 1953; Viveros, Arqueros, and Kirshner, 1971) 

and this has how been extended to include the peptides 

(Viveros, Diliberto Jr., Hazum, and Chang, 1979)- It 

was found that large amounts of enkephalin-related material 

could be obtained from the chromaffin granules and these 

have been used as a model system to study the biosynthetic 

pathway of the enkephalins (Lewis, Stern, Kimura, Rossier, 
a 

Stein, and Udenfriend, 1980; Lewis, Stern, Rossier, Stein, 

and Udenfriend, 1979; Yang, DiGiulio, Fratta, Hong 



Table 1 Primary Sequences of some known opioid peptides 

Methionine enkephalin 

Leucine enkephalin 

Methionine enkephalin (Arg^-Phe^) 

P-Endorphin (porcine) 
Dynorphin (1-13) 

Oc-Neo-endorphin 

p-Neo-endorphin 

Methionine enkephalin (Arg ) 

BAM 12P 

PH 8P (Dynorphin 1-8) 

Methionine enkephalin (Lys ) 
6 7 

Methionine enkephalin (Arg -Arg ) 

Leucine enkephalin (Arg^) 

3200D Peptide 

BAM 20P 

BAM 22P 

YGGFM (Hughes, et al., 1975) 

YGGFL (Hughes, et al., 1975) 

YGGFMRF (stern, et al., 1979) 

YGGFMTSEKSQTPLVTLFKNAIVICNAHKKGQ(Bradbury, et al. , 1975 ? Smyth and Snell 1975 

YGGFLRRIRPKLIC - (Goldstein, et al. , 1979) 

YGGFLRKR(PGY2K2R2)(Kangawa and Matsuo, 1979) 
a 

YGGFLRKYP (Minamino, et al., 1981) 
as 

YGGFMR (Lewis, et_ al., 1980) 

YGGFMRRVGRPE (Mizuno, e_t al, I98O) 

YGGFLRRI (Minamino, Kangawa, Fukuda, Matsuo, and Iagarashi, 1980; 
a, 

Seizinger, et al 1981) 

YGGFMK (Lewis, et al., 1980) 

YGGFMRR (Lewis, ejt al. , 1980) 

YGGFLR (Lewis, et al., 1980) 

YGGFMRRVGRPEWWMDYQKRYGGFL (Kilpatrick, et al., 198l) 

YGGFMRRVGRPEWWMDYQKR (Mizuno, et al. , 1980) 
YGGFMRRVGRPEWMDYQKRYG (Mizuno, e_t al. , 1980) 



Majane, and Costa, 1980; Levis, Stern, Kimura, Stein, and 

Udenfriend, 1980^; Clement-Jones, Corder, and Lowry, 1980; 

Kimura, Levis, Stern, Rossier, Stein, and Udenfriend, 1980). 

When the sequence of ME was found to be the same as 

P~liptropin 61-65 this was assumed to represent the pre-

cursor route to free ME. However there is no evidence that 

ME is derived from ^-endorphin. In fact there are several 

lines of evidence against such a precursor pathway. Brain 

enkephalin content is not altered .by hypophysectomy 

(Kobayashi, Palkovits, Miller, Chang, and Cuatrecasas/ 

1978). The distribution of |3-endorphin does not para-

llel ME in different brain areas, as might be expected 

if it were acting as a precursor (Rossier, Vargo, Minnick, 
a 

Ling, Bloom, and Guillemin, 1977; Lewis e_fc al., 

1978; Stein, Gerber, Rubinstein and Udenfriend, 1978). 

Iramunohistochemical studies have identified enkephalin-

containing neurones and P-endorphin containing neurones 

but none have been found to contain both (Bloom, Baltenburg, 

Rossier, Ling, and Guillemin, 1978). So it appears that 

there are distinct precursor pathways for the enkephalins 

and for p-endorphin. Much of the work to 

date on enkephalin precursors in the adrenal has been 

performed in Sidney Udenfriend's laboratory (Lewis ,_et al. , 1980^, 

Lewis, ejt al. , 1979 ; Lewis , £t a£.,1980). The general approach 

has been to extract soluble proteins and peptides in acid 

which can then be chromatographed by gel-ftitration. 

To investigate the fractions so produced for enkephalin-

related material, either radio-receptor assay or radio-

immunoassay were employed. For the larger polypeptide 

fractions the detection of enkephalin-like material was 
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facilitated by enzyme digestion with trypsin followed by 

carboxypeptidase B, which apparently cleaved out the 

enkephalin-like sequences from the larger precursor 

proteins. The G-100 gel filtration of the acid-soluble 

fraction yielded five peaks of enkephalin-like material:-

I 20-24 kDaltons 

II 10-15 kDaltons 

III 7-10 kDaltons 

IV 3-5 kDaltons 

V < 1 kDaltons 

In addition to these a larger precursor protein fraction 

has been found of c.50 k Daltons yielding ME and LE in a 

ratio of 7il on enzyme digestion (Lewis, et al., 1980). 

Further chromatography of these peaks using HPLC revealed 

a multitude of enkephalin-related peptides. Peak II was 

found to contain a l4 k Dalton polypeptide, peak III 
bx 

contained an 8 k Dalton peptide (Lewis, et al., 1980). 

The amino acid composition of these two polypeptides has 

been determined. The l4 k Dalton peptide contains three 

ME sequences one of which is at the C-terminal. The 8 k 

Dalton polypeptide contains a single ME sequence at the 

C-terminal, but from the amino acid composition it was 

apparent that these two polypeptides are not directly 

related i.e. the 8 k Dalton is not produced from the l4 k 

Dalton polypeptide. Peak IV was shown to contain at least 

three polypeptides of 4700,3800 and 3200 Daltons (Kilpatrick, 

et al., 1981). The 4700 Dalton peptide contained a C-

terminal LE sequence and an internal ME sequence. This 

demonstration of a ME and LE sequence in a single polypeptide 
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chain strongly suggests the two enkephalins are not formed 

from completely distinct precursors in the adrenal medulla. 

The 3800 Dalton peptide contains two ME sequences, one at 

the N-terminal the other at the C-terminal. Again these 

two peptides are not directly related, and the enkephalin 

regions can be released by sequential trypsin and 

Carboxypeptidase B digestion. In contrast to the 4-700 

and 3800 Dalton peptides the 3200 Dalton peptide was 

found to be highly potent in the guinea pig ileum bioassay 

and in the receptor assay. This 3200 D peptide contained 

a C-terminal LE and an N-terminal ME sequence. From 

amino acid analysis it was shown that this 3200 D peptide 

was derived from the 4-700 Dalton peptide previously 

described. The N-terminal ME is responsible for the 

opiate receptor affinity since removal of the LE sequence 

had no effect, presumably the extension beyond the N-

terminal ME is responsible for the high potency, cf. 

dynorphin, oC-neo-endorphin, ^-endorphin. 

In the smallest peptide fraction, peak V, a variety 

of enkephalin-related peptides have been discovered in 

addition to the two enkephalins. These include: ME-RF 

(Stern, et al., 1979), ME-R (Lewis, et al., 1980), 

BAM-12-P • (Mizuno, et al., 1980), ME-K, ME-RR (Lewis, 

et al., 1980). In addition to these sequence studies 

showing enkephalin in a wide range of larger precursors, 

further evidence that they are intermediates along the 

enkephalin biosynthetic pathway has been obtained from 

methionine labelled the enkephalin sequences in the 

22,000 and l4-,000 Dalton peptides before label appeared 

pulse-chase experiments. It was shown that 
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/ a, 
in free ME (Lewis, e_t al. , 1980). 

Recent cloning experiments have provided a great 

deal of information about the larger c.50>000 Dalton 

protein in the adrenal medulla a 27.3 k Dalton segment 

of which has been fully characterised (Gubler, Seeburg, 

Hoffman, Gage, and Udenfriend, 1982). The previously 
i 

sequenced enkephalin containing peptides have all been 

assigned to the primary sequence of this pro-enkephalin. 

It appears from this sequence that this molecule does 

represent a form of pro-enkephalin since it contains one 

LE and four ME sequences flanked by double basic residues. 

In addition to these ME-RF heptapeptide is present at 

the C-terminal of this precursor preceeded by a double 

basic sequence, and ME-RGL octapeptide, which has also 
been isolated from the adrenal medulla(Kilpatrick,Jones, 
Kojima and Udenfriend, 1981&) 
is also present flanked by double basic residues. This 

sequence strongly suggests that this molecule represents 

a pro-enkephalin which may be processed to yield ME and 

LE but may also be physiologically important in the 

biosynthesis of ME-RF and ME-RGL. Also present in this 

sequence is the "BAM" series of peptides (l2,20,22P) 
/ a 
(Mizuno, Minamino, Kangawa, and Matsuo, 1980; Mizuno, 

Minamino, Kangawa, and Matsuo, 1980) as well as the 

larger enkephalin containing sequences previously 

identified (4900D, 3200D peptides) (Kilpatrick, et al., 
a, 

1981) . Some of these larger sequences have been shown 

to have potent bioactivity which raises the possibility 

of a given precursor being processed to yield a variety 

of physiologically important peptides. The physiological 

significance of these peptides and their relationship to 
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each other and the precursor molecule remains to be 

established. The stages in the enkephalin biosyn-

thetic pathway in the adrenal medulla chromaffin cells 

so far elucidated are summarized in Table 2 (Lewis, 
a 

et al., 1980; Gubler, et al., 1982), 

It is interesting to note that several of the 

extended enkephalin sequences identified in the adrenal 

medulla are extremely potent in the Ginea Pig Ileum 

bioassay compared to ME (Kilpatrick, et..a_L . , 198I8; 

Mi zuno, e t al., 1980). This is also shown by some 

enkephalin-related peptides which have been isolated 

from areas of the brain, eg. dynorphin and oc-neo-endor-

phin (Kangawa and Matsuo, 1979; Goldstein, et al.,1979) 

(see Table l). Two such potent.adrenal opioid-peptides 

are BAM 12P and a 3200D peptide containing both ME and 

LE sequences as previously described. The potencies of 

these peptides on the Guinea Pig Ileum bioassay are 

shown in Table 3* Not only are some of these extended 

enkephalins extremely potent but there are very large 

amounts in the chromaffin granules. Indeed it has been 

estimated that on a molar basis free enkephalins represent 

only some 9 total compounds containing enkephalin 
, a* 

sequences in the adrenal medulla (Lewis, e_fc al., 1980). 

There is also some evidence that once packaged in the 

chromaffin vesicles the large enkephalin-related material 

is not processed further, which suggests that extended 

enkephalin sequences may be the final secretory product 

(Viveros, Wilson, Diliberto Jr., Hazum, and Chang,1980). 

It remains to be determined whether the extensions of the 



Table 2 Proposed enkephalin precursor pathway in adrenal medulla (Gubler et al.,1982) 

27.3K. 
I KK(ME)KR(ME)KK KR(ME)KK ; KR(ME)RGL.KR K.R(ME)RR— KR(LE)KR KR(ME)RF. 

I K K ( M E ) K R ( M E ) K K K R ( M E ) . 1 2 . 6 K 

I K K ( M E ) 8 . 6 K . 

( M E ) K K K R ( M E ) 3 » 8 K 

I K R ( M E ) R G L . 5 . 3 K . 

I K R ( M E ) R R K R ( L E ) 4 . 9 K 

Schematic enkephalin biosyntlietic pathway 
( M E ) R R K R ( L E ) 3 . 2 K . 

for adrenal medulla. 
I K R ( M E ) R . F . 

2 . 6 K 

( M E ) R R 1 B A M 1 2 P 

( M E ) R R K R B A M 2 0 P 

( M E ) R R K R - Y G • B A M 2 2 P . 

Peptides: M E , L E , M E - R , M E - R R , M E - K , M E - R F , M E - R G L . 



Table 3 Potency of some known opioid on Guinea Pig 
bioassay(Kilpatrick, et al.. 198f7 

PEPTIDE IC50 nM. 

ME 36 

LE 504 

|3-ENDORPHIN • 31 
•'DYNORPHIN 0.52 

3200D 0.96 

BAM. 1 2P 15.5 
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enkephalin sequence are of physiological importance in 

target ing circulating enkephalin-like peptides to 

specific tissues, or protecting them from proteolysis in 

order that they may exert their potent biological 

activity in the periphery. 

In comparison to the enkephalin production system 

in the adrenal medulla relatively little is known about 

the biosynthetic pathway in the CNS. This is mainly 

due to the fact that the adrenal chromaffin cells are 

a much more homogeneous starting point for enkephalin-

related peptide purification than areas of the CNS with 

their abundant and varied protein content. Consequently 

yields are higher from the adrenal medulla and the number 

of purification stages needed to obtain an homogeneous 

peptide preparation is less than for a CNS extract. The 

areas studied have been those shown to have the highest 

content of free enkephalin i.e. striatum (Lewis, ejb al. , 

1978;Beaumont, Dell, Hughes, Malfroy, and Morris,1979; 

Beaumont, Fuentes, Hughes, and Metters, 1980)of the CNS 

and the gut myenteric plexus (McKnight, Sosa, Corbett, 

and Kosterlitz, 1979). The experimental approach has 

generally been similar to that adopted in the adrenal 

medulla studies. Acid extraction of homogenized striatal 

tissue yields soluble, polypeptides of MW >5000D from gel 

chromatography. These have been shown to generate 

opioid peptides on digestion with trypsin as determined 

by M.V0D0 bioassay (Beaumont, e_t al. , 1979;Hughes, 

Beaumont, Fuentes, Malfroy, and Unsworth, 1980). Upon 

sequential trypsin and carboxypeptidase B digestion the 

peptides produced were found to be chromatographically 



- 1 2 -

identical to ME and LE in the systems tested. The proteins 

producing these bioactive peptides showed a wide range 

of MoWo on gel chromatography. The two major species 

were of M 0W 0 range 50-80 kD and 6-12 kD, two smaller 

peaks of activity were found at 35-^-0 kD and 15-20 kD0 

When total acid-soluble protein was run on SDS-gel 

electrophoresis, five proteins yielding enkephalin-like 

peptides on digestion were found. Most activity was 

generated in this case in the 90 kD region. Further 

chromatography by reverse phase HPLC showed both ME and 

LE were produced from the 90 kD fraction. So these 

preliminary studies would suggest that there may be a 

certain degree of variation in the enkephalin biosyn-

thetic pathway between bovine adrenal medulla and guinea 

pig striatum since no large 90 kD pro-enkephalin has yet 

been demonstrated in the adrenal medulla. As additional 

enJkephalin-related peptides are purified from the CNS 

and characterized, the precursor-product relationship 

for the enkephalins becomes much more complex. It is 

possible that the number of enkephalin-related peptides 

reflects an inherent flexibility in the biosynthetic 

pathway of this group of peptides. Depending on the 

physiologcal requirement the precursor may be processed 

completely to the enkephalin pentapeptides or incompletely 

giving a mixture of enkephalin related peptides. So the 

enkephalin biosynthetic pathway could be controlled by 

the activity of the appropriate processing enzymes which 

may vary between different areas to give the uneven 

distribution seen with the enkephalins. These ideas of 

the control of enkephalin biosynthesis will be discussed 
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further in the conclusion. 
1.4 . Independence of ME g.nd LE Systems 

Since the initial discovery, ME and LE have generally 

been referred to collectively as "enkephalin" but it is 

intriguing that two enkephalins were identified. Indeed 

the fact that two such similar peptides were present 

delayed the final identification of the active material 

(Hughes, _et als , 1975). The two peptides do show a 

similar distribution through the CNS but the ratios of 

the two peptides vary considerably between anatomical 

areas (Hughes, e_t al. , 1977; Yang, et_ al. , 1977). Also, 

despite being so similar in structure, quite large 

differences are seen in a number of biological tests e.g. 

the potencies of ME and LE on the guinea pig ileum (see 

Table 3). It seems possible that one of the enkephalins 

appeared as the result of a genetic change in the DNA 

coding for the enkephalin precursor. A single base 

alteration in the DNA could result in a methionine being 

replaced by a leucine residue or vice versa. However the 

evolution of the two enkephalins is rather hypothetical, 

but what is important is whether they have now evolved 

different physiological functions. Certainly there is 

potential that they may serve different roles in different 

areas as emphasized by the different potencies exhibited 

by the two pentapeptides in various biological assay 

systems. If the existence of two enkephalins was simply 

the result of a genetic error early in the evolution of 

the enkephalin system, and the ratio of ME to LE merely 

reflected the ratio in the precursor protein, as has been 

suggested for the adrenal medulla (Lewis, e_fc al., 1980), 
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then it might be expected that the ratio of ME to LE 

would be constant between different CNS areas, and this 

is not so. Further evidence that ME and LE are physio-

logically as well as chemically distinct came from an 

immunohis'tochemistry study which showed two distinct sets 

of neurons, one containing ME the other LE, the ratio of 

the number of neurons in each group correlated with the 

biochemically determined ratio of ME to LE (Larsson, 
a, 

Childers, and Snyder, 1979)o In addition to the 

evidence from bioassay and receptor assay experiments 

showing different potency and receptor affinity values for 

the two enkephalins, "in vivo" experiments have demon-

strated that ME and LE can exert different physiological 

effects (Gibson, Hart, and Shabib, 1980). Thus it has 

been shown that LE and ME administered by intracerebro-

ventricular injection produce opposing effects on plasma 

corticosterone levels in ether-stressed mice. These 

results were taken to suggest that ME and LE may subserve 

different functions in the response of the hypothaiamus-

pituitary-adrenal system to stress. So despite the 

chemical similarity between the two enkephalins there is 

growing evidence that physiologically they are not-identical. 

1.5 Summary 

When this study was commenced few of the enkephalin-

related peptides had been identified apart from the 

endorphins i.e. £3-, CX-, ft ~ endorphin (Graf, Ronai,Bajusz, 

Cseh, and Szekely, 1976; Guillemin, Ling, Burgus, Bloom, 

and Segal, 1977) so gradually the picture has become 

more complicated. This study on the biosynthetic 

pathway of the enkephalins was undertaken with a view 



to measuring their turnover "in vivo"„ It was already 

accepted that the enkephalins were synthesized from 

precursor proteins (Sosa, McKnight, Hughes, and 

Kosterlitz, 1977; Hughes, Kosterlitz, and McKnight, 1978; 

McKnight, Hughes, and Kosterlitz, 1979^) • Some preliminary 

pulse chase experiments were performed and incorporation 

into the enkephalins "in vivo" was achieved. However 

it soon became apparent that before any meaningful 

measure of enkephalin turnover could be obtained these 

precursor proteins and the intermediates had to be 

identified. Consequently experiments similar to those 

used to investigate the enkephalin biosynthetic pathway 

in the adrenal gland were used in an attempt to identify 

some of the enkephalin precursors in striatal tissue. 

Enkephalin-related polypeptides of MW >5000 Daltons 

could be extracted from striatal tissue which produced 

the enkephalins on sequential digestion with trypsin and 

carboxypeptidase B (Hughes, et al., 1980). In order to 

facilitate the assay of enkephalin-like peptides a 

series of antibodies to both enkephalins was raised and 

an immunoassay procedure developed. In addition to the 

enkephalins other immunoreactive enkephalin-like peptides 

were produced on digestion of the protein extract of 

striatal tissue and much of this study was concentrated 

on these fractions. In particular one fraction of such 

immunoreactivity, which was also shown to be of a very 

acidic nature, was thoroughly investigated. 

A number of important questions have to be kept in 

mind in any study on the biosynthesis of the enkephalins. 
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Tb.e relationship of the enkephalin biosynthetic pathway 

in the adrenal medulla to that in the brain has to be 

determined, as does the relationship between the enkepha-

lins and the many enkephalin-related peptides. Indeed, 

the physiological relevance of these enkephalin-

related peptides remains to be determined. To further 

complicate the situation there are two enkephalins 

which may fulfill different physiological roles. Their 

relationship to each other and whether they are synthe-

sized along the same biosynthetic pathway has yet be 

elucidated. Finally there is the possibility that the 

biosynthetic route to the enkephalins might vary between 

different areas of the CNS. At present the only thing 

that can be said with certainty about the biosynthesis 

of enkephalins in the CNS is that it appears to be a 

very complicated process. 



CHAPTER 2 

MATERIALS AND METHODS 



Materials 

Chromatographic Gels: 

Sephadex: Gel fi1tration-G-15,G25 - Sigma 

Ion-exchange-DEAE-A-25 - Sigma 

CM-52 Ion-exchange - Whatman 

DE-52 Ion-exchange - Whatman 

Dowex-50w Ion-exchange - Sigma 

Poropak-Q - Waters Associates 

XAD-2 - Whatman 

TLC plates (pre-coated LK5D-5x20cm) - Whatman 

HYPE paper - Whatman 

Enzymes: 

Trypsin(Bovine pancreas-DPCC treated) - Sigma 

Carboxypeptidase B (Porcine pancreas) - Sigma 

Neuraminidase (Clostridium perfringers)- Sigma 

Aryl Sulphatase (Patella Vulgata) - Sigma 

Acid Phosphatase (Potato) - Sigma 

Thyroglobulin - Sigma 

Haemocyanin - Gift from Dr. E. Wood and Mr. K. Siggins. 

Department of Biochemistry, University of Leeds. 

Glutaraldehyde - BDH 

Trifluoracetic Acid - BDH 

Dithiothreitol - Sigma 

Ac tivated Charcoals -Sigma 

Dextran - S igma 

Ninhydrin - Sigma 

S igmaco te - Sigma 

Triton-X- 100 - Rohm and Haas 

PPO - Sigma 



Dimethyl POPOP - Sigma 

[3H] ME (25-50Ci/mmo1) - Amersham International 

[ 3H] LE (20-40Ci/mmo1) - Amersham International 

[3H] Tyrosine (70-100Ci/mmo1) - Amersham International 

[ 3H] Hexadecane - internal standard - Amersham International 

ME All peptides synthesized and 

LE supplied by ICI 
6 7 ME- Arg - Phe (MERF) 

Tyrosyl^-O-sulphate LE(LE-S) 
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CHAPTER TWO 

2.1 Extraction Procedure 

Extracts were made by rapid dissection of fresh 

tissue into 5-10 volumes (w/v) of 5c/o Acetic Acid adjusted 

to pH 1.90 with Hydrochloric Acid and containing 0.1 mg/ml 

Dithiothreitol, kept on ice. For larger quantities of 

tissue, hornogenization was used first followed by soni-

cation. For smaller amounts of tissue (<100 mg) 

sonication alone was found to be sufficient. Once the 

tissue had been disrupted the samples were well mixed, 

kept on ice and centrifuged within 15 minutes at 40,000 

x g for 30 minutes at +4°C. This centrifugation removed 

the acid insoluble material. The supernatant contained 

both soluble peptides including the enkephalins, and also 

acid soluble proteins. For improved yield of required 

materials a second extraction of the acid insoluble 

pellet was performed. 

2.2 Gel-filtration Chromatography 

For a broad separation of the acid soluble protein 

from the peptide a Sephadex G-25 column was employed. 

The acid soluble material in the supernatant from the 

extraction procedure was run directly onto this column 

in a volume of 10ml and eluted with 5°/o Acetic Acid. The 

column had previously been calibrated with Bovine Serum 

Albumin and Leucine enkephalin as shown in figure 1. 

Material eluting in the void volume (Vo) was of 

approximate M.W. >5000 Daltons and was broadly referred 

to as acid-soluble protein. Material eluting later in 

the enkephalin region was referred to as acid soluble 

peptide. 



Figure 1 

G-25 Calibration 

0 32 64 96 128 
V0L(mU 

Figure 1 

40 cm x 1.5 cm column equilibrated and eluted with 
5% Acetic Acid. 10 mg BSA, 5pg LE (+ [3H] tracer) 
in 10.0 ml 5% Acetic Acid was applied to the 
column and eluted at a flow rate of 0.59 ml/min at 
+5°C 4.0 ml fractions collected from which aliquots 
were taken for Liquid Scintillation counting and 
measurement of U.V. Absorbance at 280 nM. 
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2.3 Precipitation with Trichloracetic Acid(TCA) 

If only the acid soluble peptide fraction was 

required then the supernatant from the first extraction 

was made to 3c/o with TCA, mixed and centrifuged at 4c,000 

x g for 30 minutes at +4°C. This reeulted in precipitation 

of much of the acid-soluble protein leaving enkephalins 

and other peptides in the supernatant. The TCA was 

removed from the supernatant using Poropak-Q. This 

method was also used to stop tryptic digests of protein 

samples (see below). 

2.4 XAD-2 

This is one type of hydrophobic resin which has 

previously been used in enkephalin purification 

procedures (Hughes, 63t al. , 1977). Small columns (4 x 

0.7cm) were used with the resin washed well prior to use 

with 10 vol. methanol and 10 vol. water. Samples were 

applied in aqueous solution and subsequently washed with 

20ml water after which the hydrophobic peptides were 

eluted with 10ml methanol or 90^ Acetone (v/v). 

Recoveries of the enkephalins from this procedure were 

80 - 90^. O.lmg/ml Dithiothreitol was used in all 

solutions o 

2.5 Poropak-Q (PPQ.) jVogel and Altstein, 1977) 

This is also a hydrophobic resin, similar in behaviour 

to XAD-2 which has previously been used in peptide puri-

fication. PPQ was preferred to XAD-2 because it had a 

very high capacity and generally gave a cleaner prepara-

tion. The PPQ was used in a quantity of c.500mg in a 

pasteur pipette plugged with cotton wool. The PPQ was 
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prepared by firstly washing with 10 volumes ethanol and 

then 10 vol. water to remove all the ethanol. The samples 

were applied in aqueous solutions, under which conditions 

hydrophobic peptides such as the enkephalins bind to the 

resin. The column was then washed with 10 vol. distilled 

water and the sample eluted in 2-5ml ethanol. This step 

was frequently used between stages of peptide purification 

eg, to remove TCA from a peptide extract or to desalt 

fractions from ion-exchange columns etc. Recovery of 

enkephalin from this procedure was consistently 0°/o, 

A modification of this method was found to be very 

useful when dealing with a large number of fractions eg. 

from a column run. The PPQ was prepared in a quantity of 

4,0g and pre-treated with Ethanol and water before 

being equilibrated in a volume of 20ml water. This was 

then stirred to give an homogeneous suspension of PPQ 

from which 200JJ1 aliquots (4-Omg) were taken and added to 

an aliquot from each fraction under investigation, to be 

processed in micro-cap centrifuge tubes. Once the PPQ 

suspension had been added the fractions were mixed at 

frequent intervals for 15 minutes while being kept on 

ice. The fractions were then centrifuged in an Eppendorf 

54-13 centrifuge at 9000 x g for 5 minutes at +3°C and the 

supernatants aspirated. The PPQ pellet was then washed 

with 1.0 ml water, mixed, centrifuged and the supernatant 

aspirated again. The hydrophobic peptides which had bound 

tp the PPQ were then eluted with 1.0 ml ^thanol, mixed, 

centrifuged and supernatant taken for dessication. See 

Figure 2 and Tables 4- and 5. 



Table 4. Demonstration of the removal of Leucine enkephalin 

by PPQ from aqueous solution using centrifugation. 

5pg LE in 0.5ml distilled water containing tracer 

PH]LE in each of 10 tubes. Increasing volumes of the 

PPQ suspension pipetted into the 10 tubes. Each tube was 

mixed frequently and kept on ice for 5 minutes. Following 

centrifugation in an Eppendorf 5413 for 3 minutes, 2 x 100pl 

aliquots of the supernatant were removed for liquid 

scintillation counting. After counting, the percentage 

LE remaining in the supernatant was calculated, correcting 

for the varying volumes in each tube. 

PPQ Vol 

(ml) PPQ r * ) 

MEAN CPM/ 
X I "fc 

100ml sup— 

Corrected 

CPM 

°/o LE in 
0 nt. S U £ 

25 5.0 2879 3023 31 .25 

50 10.0 1474 1 621 16.76 

75 15.0 1033 1 188 12.28 

100 20.0 793 952 9.84 

1 23 25.0 567 709 7.33 
130 30.0 500 650 6.72 

175 35.0 44-1 595 6.15 
200 40 .0 370 518 5.35 
230 50.0 322 483 4.99 
300 60.0 285 456 4.71 

Cont »d 



Table 4 (Continued) 

These results are shown in figure 2 and it is 

apparent that the PPQ has a high capacity for LE. 200jjl 

(40mg)PPQ binds approximately 4.73pg of the 5|jg LE present 

in the 0.7ml final volume. This method was found to be 

similarly effective with larger fractions containing more 

LE. Thus 200pl (40mg)PPQ was found to remove c.90°/o of 

of 25pg LE from an initial volume of 2.5ml. 
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Figure 2 

LE in 0.5ml H 20 + [3H] LE tracer . 
Varying volumes of PPQ suspension added as described 
in the text. Mixed frequently while being kept on 
ice. Centrifuged at 9000 x g for 5 mins at +5°C. 
2 x lOOpl aliquots taken from supernatant for 
Liquid Scintillation Counting. 



Table 5: Use of PPQ in batch purification method for 

enkephalin, efficiency of Ethanol elution. 

Four tubes were set up as described in Table 4. 

100pl PPQ suspension added to each tube and processed through 

the entire protocol of washing and eluting, with aliquots 

from the supernatant removed for liquid scintillation 

counting at each stage. 

STAGE 

MEAN CPM 
. c nt m S u p — 

°/o LE in 
e nt . S u p — 

Sample + 
100}Jl PPQ 773 7.74 

500JJ1 H 2O 
wash 1 6o 1 .34 
500JJ1 H2O 
wash 139 1.16 

500pl EtoH 
elution 10795 83.11 
500}J1 EtoH 
elution 1075 8.27 

These results clearly demonstrate the effectiveness 

of PPQ in removing LE from aqueous solution, also that 

the PPQ can be easily washed with water and finally the 

LE can be quickly eluted from the resin with a small 

volume of Ethanol. 
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This resin was of great value when dealing with peptide 

preparations in which the larger proteins had been 

precipitated with either TCA or ammonium sulphate. 

Previous methods of removing TCA from peptide preparations 

have involved lengthy extractions with organic solvents 

which are both time consuming and not conducive to high 

percentage recoveries (stern, et al., 1979; Same, 

Keren, Dalith, and Weissman, 1980). The presence of 10°/o 

TCA in a preparation added to PPQ was found to have no 

effect on the yield of enkephalin. 

As a precaution against oxidation of methionine 

enkephalin all the solutions for washing and eluting the 

PPQ usually contained 0.1 mg/ml Dithiothreitol. Care had 

to he exercised that Dithiothreitol in the final eluant 

when desiccated would not affect the next step of 

purification or assay procedure. 

2.6 Ion-exchange Chromatography 

A variety of ion-exchange methods were employed 

both in the purification of the enkephalins and also in 

the investigation of enkephalin-related peptides. The 

first technique used was a step-wise elution of LE from 

DEAE-A-25 Sephadex. This method was found to give a 

reasonably sharp peak for enkephalin, see Figure 3, 

although there appeared to be further enkephalin displaced 

at the start of each elution step with increased salt 

concentration. A similar step gradient was employed with 

Dowex - 50W (50 x 12-200) cation exchange column. Again 

a peak of enkephalin elution was seen but here also it 

appeared that further enkephalin was displaced at each 



Figure 3 

Calibration of DEAE-A-25 with LE 
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D -0-10M NaCl 
E -0-50M NaCl 

1 2 3 4 5 

c 
1 2 3 4 5 

D A B 
Elution Step-Sml Fractions 
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E 

Figure 3 

5.0 x 1.0cm column equilibrated at ambient temperature 
with lOOmM Tris pH 8.30. 5[jg LE + [3H] LE tracer was 
applied to the column in 5.0 ml starting buffer. 
Column developed in a stepwise manner as shown. 5.0ml 
fractions collected from which 200|Jl aliquots taken 
for Liquid Scintillation Counting. 
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increase in the eluant salt concentration. See Figure 4. 

Although these step elution procedures were practical 

for rapid bulk purification of the enkephalins they were 

of little use for chromatography of unidentified ehke-

phalin-like peptides since, as shown in Figures 3 and 4 

for enkephalin, one component may appear in several areas 

especially at the start of a higher salt elution step. 

Such an effect could be particularly misleading when 

enkephalin-like peptides are being investigated with 

assays sensitive to the enkephalins. 

Consequently apparatus was obtained for producing 

a gradient of increasing salt concentration. Using these 

procedures components from a mixture of peptides eluted 

in one symmetrical peak and columns could be calibrated 

with a reasonable degree of accuracy before the peptide 

preparation was run. By manipulation of the two vessels 

used to produce the gradient a variety of gradient shapes 

could be generated which altered the separation of the 

various components. In addition to changing the salt 

concentration a simultaneous pH change was also found to 

be useful on the CM-52 column for separation of basic 

components. See'Figures 5 and- 6. 

The ion-exchange gels were also used in a batch 

procedure in the purification of the enkephalins during 

radio-labelling experiments. They were used under such 

conditions that they did not bind enkephalins but did 

bind any other material whoae isoelectric point (pi) 

differed significantly from that of the enkephalins. 

Both Whatman DE-52 and CM-52 gels were used. 4.0g of 

each gel was weighed and thoroughly washed before 
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Figure 4 

5.0 x l.Ocui column equilibrated at ambient temperature 
with 5 OmM Sodium Acetate pH 4.50. 5 jjg LE + [3H] LE 
tracer was applied to the column in 5.0ml starting buffer 
Column developed in a stepwise manner as shown. 5.0ml 
fractions collected from which 200|jl aliquots taken for 
Liquid Scintillation Counting. 



Figure 5 

Calibration of CM-52 column 

with LE and LE-S 
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Figure 5 

18.0 x l.Ocm column equilibrated at +5°C with lOmM 
Sodium Acetate pH5.0. lOjjg LE, 100(jg LE-S + [3H] LE 
tracer in 2.5ml starting buffer was applied to the 
column. The column was developed at a flow rate'of 
0.4ml/min with a linear gradient from lOmM to 
500mM Sodium Acetate pH 5.0 over 400ml. 2.4ml 
fractions collected from which 200pl aliquots were 
taken for Liquid scintillation counting. U.V. 
Absorbance at 280nM was also recorded. 



Figure 6 Calibration of DE-52 column 
with LE and LE-S 
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Figure 6 

18.0 x 1.0cm column equilibrated at +5°C with 25mM 
Sodium Acetate pH5.0. 10pg LE, lOOjjg LE-S in 1.0ml 
starting buffer was applied to the column. The 
column was developed at a flow rate of 8.5ml/hr with 
a gradient from 25mM to 500mM Sodium Acetate pH5.0 
over 450ml. U.V. Absorbance at 280nM recorded. 



equilibration in 20ml 25mM Sodium Acetate pH 5+10 on ice. 

The gels were then stirred to give an homogeneous suspension 

of the gel. Samples to be treated with the gels were 

redissolved in 0.5-1.0 ml of the same buffer and placed 

in microcap centrifuge tubes (l.5 ml capacity). To these 

samples 200 pi aliquots of each gel suspension were added, 

mixed frequently and kept on ice for 2 hours. The tubes 

were centrifuged in an Bppendorf 5^13 a-t 9000g for 5 minutes 

at + 5°C and the supernatant removed and kept. The gel 

pellet was washed with 1.0 ml of the same buffer, mixed, 

centrifuged and second supernatant added to the first. 

The effectiveness of this technique in leaving enkephalin 

in the supernatant is illustrated by Figure 7. Also the 

importance of using the correct pH for this method is 

shown by Figure 8 where enkephalin is removed by one of 

the gels at a slightly higher pH. This procedure is 

similar to that adopted for the PPQ batch procedure and 

has the same advantage that a large number of samples 

can be treated very quickly. 

2.7 High Performance Liquid Chromatography(HPLC) 

2.7*1 Reverse Phase 

A Whatman Partisil 10/25 0DS column was used with a 

variety of solvent systems for isocratic elution. 

Separation of components was achieved on the basis of 

hydrophobicity with the more hydrophobic elements eluting 

later. On this basis it was possible to separate 

Methionine enkephalin and Leucine enkephalin. Examples 

of such separations with different systems are shown in 

Figure 9. In addition to these isocratic HPLC systems 



Figure 7 Binding of LE to ion-exchange _ge[s 
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Varying volumes of both gel suspensions were added as 
described in the text. Mixed frequently during 30min. 
period while kept on ice. Centrifuged at 9000xg for 5mins 
at +5 C and 2xl50pl aliquots taken for Liquid Scintillation 
Counting. 
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Figure 8 

[3H] LE tracer in 840|Jl 25mM Sodium Acetate pH5.33 on 
ice. Varying volumes of both gel suspensions were 
added as described in the text. Mixed frequently 
during 30min period while kept on ice. Centrifuged at 
9 OOOxg for 5 mins at +5°C and 2xl50jJl aliquots taken for 
Liquid Scintillation Counting. 



Figure 9 HPLC Separation of ME 
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Figure 9 
Partisil 10/25 ODS analytical column. lpg'each of 
and LE in 50pl column system applied to the column 
U.V. Absorbance at 280nm recorded. 
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some of the enkephalin-like peptides were investigated 

using a "Waters"JJ-Bondapak C-18 (0.78 x 30cm) column. 

This column was eluted with a gradient from 10°/o to kO°/o N-

isopropanol in 5°/o Acetic Acid at a. flow rate of 1.0ml/ 

min. The shape of the gradient was concave curvi-linear 

and was programmed by Waters gradient apparatus. 

2.7.2 Ion-exchange 

A Whatman Partisil 10/25 SAX anion exchange column 

was used to separate components predominantly on the 

basis of their charge at a given pH. The eluant used 

was 20m. M Na^HPO^, 2 °/o Methanol pH 5.10. 

2.8 Thin-layer Chromatography (TLC) 

This technique was commonly used to separate the two 

enkephalins. Whatman pre-coated silica gel TLC plates 

were used. These plates have a loading area which was 

found to be advantageous in that a large amount (up to 

50 pi) of sample could be applied very quickly. The 

system used to separate the two enkephalins was:-

Ethyl Acetate 55 

Pyridine 21 

Water 13 

Acetic Acid 5 V / V 

O.lmg/ml Dithiothreitol 

Samples were usually spotted in methanol with Oolmg/ml 

Bithiothreitol for rapid drying. This system was also 

found to separate some enkephalin-related peptides as 

shown in Figure 10. 

Another solvent system was used to separate the 

various products of epzymic degradation of the 

enkephalins. This was employed to see if some of the 



Figure 10 

TLC of Two Enkephalins and Related Peptides 
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Figure 10 

5jjg of each peptide was spotted in loading zone and dried 
thoroughly. The plate was developed in the system given in 
the text, then dried thoroughly and sprayed with 1% 
Ninhydrin in acetone (w/v) and dried. This demonstrated 
the position of each peptide. The areas shown include 
the extreme limits at which staining was apparent. 
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enzymes used in other experiments, to catalyse specific 

reactions, did not also show trace enkephalin degradation 

activity. The system used was:-

Ethyl Acetate 2 

Isopropanol 2 

3°/o Acetic Acid 1 v/v 

TLC was also used to check the purity of PH] tyro-

sine' before this radioactive amino acid was used in 

radiolabelling studies. The system used to separate the 

degradation products of pH]- Tyrosine was:-

Ethanol 4-0 

Ammonia 2 

Water 8 v/v 

If fractions from TLC were required for further 

investigation or assay, the tracks were marked into areas 

which were then scraped off and collected by suction into 

a 1.0 ml plastic pipette tip plugged with cotton wool. 

The samples could then be eluted from the gel. The 

percentage recovery from the TLC plate was found to be 

quite low (see Turnover studies) and i.t was thought that 

this might be due to poor elution efficency from the gel. 

Consequently a variety of solvents were tested for their 

efficiency in eluting the enkephalins from the silica gel. 

The results are shown in Figure 11. It was apparent that 

methanol was the most efficient solvent for eluting from 

the gel and the percentage recovery was virtually 100^ 

with 1.5ml. This result indicates that the losses of 

enkephalin encountered at the TLC stage of purification 

are not due to poor elution from the gel but to losses 



Figure 11 Elution of LE from TLC silica qel 
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5pg LE + [ 3H] LE tracer was spotted onto 
a 1cm 2 area of TLC plate and dried. 
The area was then scraped into a pipette 
tip as d e s c r i b e d . The gel was then 
eluted with 0.5ml v o l u m e s ° f various 
solvents from which 100|Jl aliquots taken 
for Liquid S c i n t i l l a t i o n counting. All 
CPM were corrected to DPM as different 
solvents showed different counting 
e f f i c i e n c i e s . Similar results were 
obtained for ME. 
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during the developing of the plate. Presumably as the 

enkephalins progress up the plate they are subject to 

non-specific binding to the gel, hence the losses. 

2.9 High Voltage Paper Electrophoresis(HVPE) 

This method was used to separate the components of 

the peptide fraction generated by enzymic digestion of 

the acid soluble protein fraction. Different buffer pH 

values were used, one at pH 6.5 separated all the components 

broadly into basic, neutral and acidic areas, the other 

at pH 2.1 was used to investigate one such component which 

appeared to be acidic from the first run at pH 6.5, After 

the run the paper was dried and cut into appropriate size 

fractions. The components of each such fraction were 

eluted either by l°/o acetic acid or ±°/o ammonia solutions 

depending on their position ie acidic components were 

eluted with ammonia and neutral or basic components with 

acetic acid. Once eluted the samples were desiccated 

prior to screening for bio- or immuno-reactivity. 

2.10 Iso-electric Focussing (lEF) 

This procedure was also used to investigate the 

peptides produced by enzymic digestion of the acid soluble 

protein. An LKB flat bed granular slab gel was used with 

a full range of ampholines used to generate the pH gradient. 

The sample was prepared in an aliquot of the ampholine 

mixture and applied to the surface of the gel. The gel 

was usually run for approximately l6 hours with a water 

cooling system to prevent heating of the gel and samples. 

At the termination of a run the gel was quickly sliced to 

avoid diffusion of the focussed material and drifting of 

the pH gradient. Each slice was eluted with 2.5ml of water 
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using a filter apparatus which retained the gel. The pH 

of each eluted fraction was measured directly to give the 

gradient. It was found that the ampholines eluted with 

the sample and these adversely affected both the bioassay 

and radioimmunoassay. Consequently, following elution 

from the gel, all fractions were run onto PPQ columns and 

washed. This treatment was found to be effective in 

removing the majority of the ampholines. 

2.11 Enzyme Digests 

a. Trypsin: This was the first step of enzymic 

digestion of the acid soluble protein. The amount of 

trypsin used varied in each case depending on the amount 

of protein but the ratio of trypsin to protein was in 

.the range 1:50 to 1:100 w/w. The digest was performed 

in 50mM Tris pH 8.5 with lpM Calcium Chloride at 37°C 

for 4 hours. Following such digestion the "tryptic peptide" 

fraction was obtained by making the solution y/o with TCA 

followed by centrifugation at 40,000 x g for 30 mins at 

+4°C. This procedure was found to remove much of the 

protein which had not been effectively digested by trypsin 

and also the trypsin itself. The TCA was removed from 

the supernatant by PPQ as previously described. 

b. Carboxypeptidase B: This was generally the 

second digest following trypsin. Again the amount of 

enzyme used depended on the amount of peptide present 

but generally 0.5 to l o0 Unit of activity was used. The 

buffer used was 50mm Tris pH 8.5 and the digest was 

performed at 37°C for 2 hours. After digestion the 

peptides were again purified on PPQ. 
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c. Neuraminidase: 

d. Acid Phosphatase: 

e. Aryl Sulphatase: 

These three enzymes were used in an investigation of 

an acidic enkephalin-like peptide. The amount of each 

enzyme varied with the amount of peptide to be digested. 

The buffer used, which was the same for all three enzymes, 

was 200mM Sodium Acetate pH 5-01 and digestion was 

performed for 2 hours at 37°C. Following digestion the 

peptides were again purified on PPQ. 

2.12 Trifluoracetic Acid Treatment (TFA) 

It was found necessary to treat some of the peptide 

fractions with TFA as this had a similar action to aryl 

sulphatase digestion but the conversion was much more 

efficient. Desiccated peptide fractions were redissolved 

in 0.5ml anhydrous TFA and incubated at 37°C for 1.5 hours. 

Following this treatment the TFA was diluted five-fold with 

water and washed onto PPQ. Such treatment had no effect 

on leucine enkephalin alone as assessed by its bioactivity. 

2.13 Liquid Scintillation Counting (LSC) 

Samples to be counted were made up in a cocktail of 

Toluene 2 litres. Triton 1 litre, PPO l4.5g and dimethyl 

POPOP 450mg. The percentage efficiency of counting was 

determined by an internal standard of PH] Hexadecane. 

2.14 Protein Assay 

The method of Lowry, Rosebrough, Farr and Randall 

(l95l) was used as described below. 

Reagent A: 2.°[o Na2C 0^ in 0.1m NaOH 

Reagent B: 0 . 5 ° / o CuSO^ -^H^O in 1 °/o sodium potassium 

tartrate 
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2+ Reagent C: Alkaline Cu solution; mix 50ml of 

A with. 1ml of B 

Reagent E: dilute Folin reagent (l:l) 

To a sample of 50—lOOjJg of protein in 0.2ml in a 

30ml test tube add 2.0 ml of C. Mix and allow to stand 

for at least 10 minutes at room temperature. 0.2ml 

of E is then rapidly added and the solution mixed within 

5 seconds. After at least 30 minutes the sample is read 

in a spectrophotometer at 750nm. Standards of Bovine 

Serum Albumin were usually run simultaneously. 

2.15 Mouse Vas Deferens Bioassay 

Opioid peptide activity was detected on this prepara-

tion in a 1.0 ml bath as previously described (Hughes, 

et al., 1977). 



CHAPTER 3 

RADIOIMMUNOASSAY 
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CHAPTER THREE 

3.1 Introduction 

Following the isolation of the two enkephalins and 

other opioid peptides a variety of assay systems have been 

developed for their detection. In particular bioassay 

(Hughes, 1975) and receptor assays (Osborne, Hollt, and 

Herz, 1977) have been widely used, but although very 

sensitive these show little specificity between the opioid 

peptides. Consequently radioimmunoassay has been 

introduced for these peptides which provides a very 

sensitive measure of the amount of peptide present and 

can also discriminate between the various opioid petides. 

In the present study a method was required for rapid 

assay of enkephalin and enkephalin-related peptides, and 

it was decided that RIA was the best technique since the 

sensitivity of bioassay and radio-receptor assay to some 

C-terminal extended enkephalin sequences was quite poor 

(Lewis, jet alo , 1980) a In general an antibody raised 

against a particular peptide will show a higher affinity 

for that peptide than any other but may also show some 

degree of cross-reactivity with related peptides. By 

raising a range of antibodies to the enkephalins it was 

hoped that some would show a sufficient degree of cross-

reactivity to enkephalin-related peptides thus enabling 

their detection. In conjunction with a variety of 

chromatography systems the RIA could be used both to 

detect and assay the enkephalins and also to locate pep-

tides -showing enkephalin immunoreactivity which were 

distinct from the two enkephalins. Antibodies to LE were 

available so a range of antibodies to ME alonp was raised. 
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3.2 Antigen Preparation 

In order to render the enkephalin pentapeptides anti-

genic they had to first be conjugated to a larger protein. 

Two methods of conjugation are commonly used. One uses 

carbodiimide (Gros, et al., 1978;Weissman, Gershon, and 

Pert, 1976; Sullivan, Akil, Watson, and Barchas, 1977; 

Takahashi, Kaneto, Uneo, Watanabe, Koida, Ogawa, and 

Yajima, 1979) which had been used to conjugate LE to BSA 

for the previous production of the LE antibodies. The 

other employs glutaraldehyde (Sullivan, e£ al., 1977) 

which was the method used for the conjugation of ME in 

this study. Two antigenic proteins were used to conjugate 

with ME, they were haemocyanin (Hall, Pearson, and Wood, 

1975) thyroglobulin. 

The reaction was performed in 0.1M Sodium Hydrogen 

Phosphate buffer at pH 7.0 with 0.1 mg/ml DTT. lOmg of 

"protein" was dissolved in 1.0 ml buffer to which 3«5m€> 

of "peptide" in 0.5ml buffer was added. To this 10 pi 

of PH] ME (c.90,000 CPM) tracer was added in order to 

assess the coupling of ME. Finally 0.5ml 0.1M glutaral-

dehyde, which had been freshly diluted, was added and 

thoroughly mixed. The mixture was then left to stand at 

+5°C for 60 hours. After this time a slight precipitate 

could be seen in the mixture indicating some form of 

conjugation had occurred. The mixture was then trans-

ferred to micro-cap centrifuge tubes (l.5ml) and centri-

fuged at 9000 x g for lOmin at +5°C. The supernatant was 

taken for separation of conjugated from unconjugated ME. 

The small pellet obtained was kept since this also 

contained conjugated enkephalin. The supernatant was 
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run onto a G—15 Sephadex column and eluted with water. 

This gave a protein fraction and an enkephalin fraction 

as determined by previous calibration (cf. G—25 Sepha-

dex - see Methods). The protein fraction containing 

conjugated ME was freeze-dried and stored with the pellet 

from the centrifugation. Aliquots from the enkephalin 

fraction were taken for liquid scintillation counting to 

determine the degree of coupling achieved. For the ME -

Thyroglobulin conjugation the ratio of ME to thyro-

globulin in the final conjugate on a molar basis was 

170/l. For the haemocyanin conjugate it was assumed that' 

the protein would be largely present in its subunit form 

of MW c.250,000D. This gave a ratio of ME to haemocyanin 

in the conjugate of 92/l. The conjugate was resuspended 

in 5<>0ml phosphate-buffered saline and stored at -26°C0 

3.3 Injection of Antigen 

The two species of rabbit used were "New Zealand 

white" and "Old English". One of each species was used 

for each conjugate. All injections were single site 

intramuscularo The first two injections of lmg protein 

in 0.5^1 Freund's complete adjuvant were given at an 

interval of 2 weeks. The third injection was given after 

a further 2 weeks but using Freund's incomplete adjuvant. 

The final two injections were given at approximately 1 

month intervals again with Freund's incomplete adjuvant. 

At 1 month after the initial injection blood samples 

were taken from the ear vein to screen for antibodies to 

ME in the serum. Such screening was repeated at 2-3 week 

intervals. Antibodies were seen after 1 month after 

which time the titre gradually increased. 
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3.4 Immunoassay Methods 

The first method used to separate bound from free 

tracer enkephalin was precipitation by ammonium sulphate 

(Weissman, et al., 1976; Sullivan, et al., 1977). 

Although a standard displacement curve could be obtained 

with'this method the reproducibility was found to be poor 

so limiting the sensitivity which could be obtained. 

Consequently an alternative method for separation was 

tested using activated charcoal to bind and pellet the 

free tracer enkephalin (Yang, e_t al. , 1977). This 

technique was found to give very reproducible displacement 

curves and was also a much quicker procedure. The final 

RIA method regularly used was as follows. 

Buffer: 50mM Tris-HCl pH 7.32 on ice, 0.9c/o NaCl 

(w/v), O.lmg/ml DTT, lmg/ml BSA. PH] ME (25-50Ci/mmol) 

and PH] LE (20-40Ci/mmol) were obtained from Amersham 

Radiochemical centre. The final incubation volume was 

200pl. 0.5pmole PH] ligand was added to each tube, the 

final dilution of antibody was varied depending on the 

titre and affinity of the antibody. The tubes were kept 

on ice during preparation and incubated for 18-20 hours 

at +5°C. A mixture of 5°/o charcoal, 0 . 9 ° / o NaCl, 1 °/o Dextran 

(w/v) in water was prepared and stirred overnight at +5°C 

before use. Following the incubation period lOOpl of the 

stirred charcoal suspension, kept stirring on ice, was 

added to each assay tube. Once the charcoal was added to 

'all tubes, they were mixed a§ quickly as possible. 

The tubes were then centrifuged at 9000 x g at +5°C for 

4 minutes, within 5 minutes of adding charcoal. Once 
centrifuged the tubes were again kept on ice and 200 pi 
aliquots of the supernatant carefully removed for liquid 
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scintillation counting in 3.0ml scintillation fluid. 

3 . 5 Optimization of RIA Methodolology 

Several of the components described in this final 

RIA procedure were found to have quite significant effects 

on the efficiency and sensitivity of the assays. For a 

comprehensive account of radioimmunoassay methodology, see 

(Kirkham and Hunter, 1971 )• 

The procedure described here should not be taken 

as uniform for all antibodies. All assay conditions should 

ideally be optimized for each individual antibody. The 

effects of varying some of these components will be 

described below as they were investigated in the develop-

ment of these assays. 

3,5,1 Efficiency of Charcoal Separation Procedure 

The efficiency of activated charcoal in removing the 

[3H] ME and [^h] LE ligands from solution is demonstrated 

in Figure 12. Quite clearly the charcoal method is very 

effective in removing these [^H] ligands from solution 

with 100 pi of the charcoal suspension removing c.98°/o of 

the tracer. The presence of dextran in the charcoal 

suspension should decrease the binding of protein and 

hence antibody-antigen complex to the charcoal. Therefore 

a range of dextran concentrations in the charcoal suspen-

sion was used to investigate the effect it had on separa-

ting the bound from free [^H] ligand. The less antibody-

antigen complex removed by the charcoal the more sensitive 

the assay would be,'As a result of this experiment it 

was apparent that the amount of dextran in the charcoal 

suspension had a significant effect on the RIA. See 

Table 6 and Figure 13* As a result 1 °/o dextran (w/v) 
was subsequently used in the RIA procedure. 



Figure 12 Efficiency of Activated Charcoal 
in Removing ME and LE. 
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A series of tubes was arranged containing 7.5pmoles 
[ 3H] ME or lO.Opmoles [ 3H] LE in 200pl 50mM Tris-HCL 
pH 7 . 3 2 on ice containing 0.9% NaCl(W/v) and O.lmg/ml 
Dithiothreitol. Increasing volumes of charcoal 
suspension were added, mixed and centrifuged at 9000 x 
g for 4min at +5°C. Aliquots of the supernatant taken 
for Liquid Scintillation counting. 



Table 6. Effect of Dextran in the charcoal separation 

mixture. 

Range of RIA tubes set up. Buffer 50mM Tris-HCl 

pH 7.32 on ice, 0.9$ NaCl (w/v.), 0.1 mg/ml OTT. L1 

antibody used at increasing amounts of cold LE. Blank 

tubes using control rabbit serum. Similar series of 

tubes processed using charcoal suspension with varying 

amounts of dextran. 

0.16$ 0. 5$ 1 .0$ 

LE. DEXTRAN DEXTRAN DEXTRAN 

(pMo1e s) CPM CPM CPM 

0 765 865 1054 

0.1 796 879 1030 

0.5 738 837 971 
1 .0 709 761 884 

5.0 521 534 648 

10.0 456 4 55 511 
Blank. 342 316 353 

These results 

are shown in 

figure 13. 

Although these figures do not show an increase in 

the sensitivity of the assay to LE there is a significant 

increase in counts left in the supernatant as the amount 

of dextran in the charcoal increases. This increase in 

counts would appear to be due to more antibody-antigen 

complex remaining in the supernatant and not to less 

efficient removal of Ph] LE by the charcoal as the blank 

counts are unaltered. This increase in counts bound to the 

antibody remaining in the supernatant results in an increase 



Table 6 Cont'd. 

in the accuracy of the assay as the counting efficiency 

is improved. 



F i g u r e 13 

Three series of assay tubes were set up containing L^ 
Ab(1:1000 final dilution), l.Opmole [ 3h] LE and a 
range of unlablled LE (O-lOpmoles) in a final volume 
of 200pl. Tubes were processed with charcoal which had 
been pre-equilibrated with different levels of dextran. 



3o5«2 Interference with Separation 
In some experiments interference was seen in the 

RIA resulting in more CPM being apparently bound to the 

antibody in some sample tubes than in tubes where maximum 

binding should be obtained i.e. zero displacement. Such 

an effect could mask the presence of a displacement from 

the antibody. This effect was particularly present when 

there was obviously a large amount of material in the 

sample and was noticed when tryptic digests of guinea pig 

striatal protein were screened. See Table 7* These 

results show the interference produced by such a tryptic 

peptide preparation and that it is dependant on the amount 

of sample used. A number of possible explanations for 

this phenomenon were considered. It is possible that the 

denatured"trypsin or undigested protein was retained on 

PPQ and, when present in the assay, bound PH] LE non-

specifically and so retained it in the supernatant. 

Alternatively the presence of denatured trypsin or undigested 

protein could bind to the charcoal so decreasing the 

efficiency of PH] LE removal. The final possibility 

considered was that the large amount of peptide produced 

by trypsin led to saturation of the charcoal and again 

resulted in a decreased efficiency of PH] LE removal, 

To investigate these possibilities a series of experiments 

was -set up as detailed in Table 8. These results suggest 

that the effect of denatured trypsin alone was to increase 

the CPM remaining in the supernatant. A similar result 

was obtained when an aliquot of charcoal was pre-saturated 

with denatured trypsin before being used to remove PH] 

LE. See Table 9® So it appears that denatured trypsin 

affects the charcoal decreasing its efficiency at removing 



Table 7. Interference in RIA by tryptic digest of acid 

soluble protein from guinea pig striata. 

Sample CPM-j CPM2 MEAN CPM 

BLANK 462 477 470 

ZERO 1303 1341 1322 

5H1 TRYPTIC PEP. 1786 1807 1797 
20^1 
TRYPTIC PEP. 2849 2913 2881 

Following digestion of the acid soluble protein from 

guinea pig striata with trypsin the sample was boiled to 

inactivate the trypsin. This was then run onto PPQ for 

purification. The peptide preparation from PPQ was 

redissolved in 1.Oml water from which aliquots of 5pi 

and 20pl were taken for RIA against Lj_ antibody. 

Table 8. Interference with the efficiency of LE 

removal by denatured trypsin and cold LE. 

Trypsin was prepared as a blank by boiling and 

PPQ treatment. The same amount of trypsin was used as 

in table 7« 2mg trypsin boiled and run onto PPQ. 

Redissolved in 1.Oml water from which aliquots taken for 

RIA. Control serum used to assess the effect of trypsin 

on the charcoal. 

Cont1d .,. 



Table 8 Cont'd. 

INCUBATION 
MIXTURE CPM1 CPM2 MEAN CPM. 

[3H] LE 464 479 472 

PH]'LE+5pl TRYPSIN 480 487 484 

[3H]LE+20pl TRYPSIN 519 542 531 
[3H] LE+25ng LE. 496 468 482 

[3H] LE+1 OOng LE. 463 466 465 

Table 9? Effectiveness of charcoal saturated with 

denatured trypsin in removing PH]LB. 

Denatured trypsin prepared as in table 8 and us 

to pre-saturate an aliquot of charcoal for use in 

removing PH] LE. 

CHARCOAL CPM CPM2 MEAN CPM. 

STANDARD 442 461 452 
PRE-SATURATED WITH 
5pl Trypsin/1 OOjJl • 470 477 474 

PRE-SATURATED WITH 
20JJ1 Trypsin/1 OOpl • 515 531 523 
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[3h] LE. Further experiments showed that this effect was 

denatured trypsin and remaining in solution. So part of 

this RIA interference could be explained by denatured 

trypsin and other undigested protein in the sample from 

the PPQ affecting the charcoal in the RIA. But the 

effect of these changes was relatively 'small compared 

to the change in counts seen in the assay of the tryptic 

peptide preparation shown in Table J, One other possibility 

for this interference was that the charcoal was also 

binding some antibody-antigen complex despite the presence 

of dextran and that the presence of other protein in the 

incubation mixture decreased this removal giving the rise 

in counts. This problem was largely overcome by using 

0.1°/o BSA in the buffer. It was thought that this would 

compete with the antibody-antigen complex binding to the 

charcoal. The presence of 0.1^ BSA in the buffer did 

enhance the specific counts bound to the antibody seen 

in the supernatant after charcoal. See Table 10. 

As a result of these experiments it must be concluded 

that a number of factors can affect the CPM remaining in 

the supernatant after charcoal treatment. As a conse-

quence of this all RIA results were interpreted bearing 

these effects in mind. ' However it should be emphasized 

that all these interfering phenomena resulted in increased 

CPM in the supernatant and so did not result in false 

areas of immunoreactivity but gave rise to the possibility 

that such immunoreactivity would not be detected if it 

was coincident with such interference. 

not due to the LE binding non-specifically to the 



Table 10. Effect of 0.1°/ BSA in RIA buffer on CPM 

bound to antibody. 

Ab. Buffer CPM1 cpm2 CPM^ CPM^ MEAN CPM. 

L1 NORMAL 2567 2570 2593 261 1 2585 
C. NORMAL 845 813 851 829 835 
L + BSA 2677 2741 2778 2780 2744 

C + BSA 69 4 689 699 68 7 692 

Specific CPM bound to Ab:-

i) Normal buffer: 1750. 

ii) Normal buffer + BSA:2052. 

l.Opmole Ph] LE in 200pl incubated for l8-20hrs in 

normal buffer or normal buffer + 0.1$ BSA. I/j Ab (1:1000) 

and Control serum (1 :1000) were used. Processed with y/o 

charcoal, 1 $ dextran, 0.9$ NaCl (w/v). 
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3.5*3 pH Effects 

The pH of the buffer in which the assay is performed 

also has profound effects on the efficiency of the RIA. 

This was shown for the L^ antibody in Figure l4. 

Previously the assay using this antibody had been at pH 

7.30 which is clearly not the optimum pH and this modifi-

cation in the procedure is reflected by the increased 

sensitivity of the assay. See Figure 15. 

3.5.4 Labelled Ligand Concentration 

The final component of the RIA procedure found to 

effect the sensitivity was the amount of PH] ligand 

added to each tube. Assays with the L^ antibody had 

previously been performed with l.Opmole [^h] LE per tube 

but as shown in Figure l6 by decreasing this to 0.5 pmole 

per tube the sensitivity of the assay was again improved. 

In conclusion when an immunoassay is being designed 

a multitude of factors must be investigated to ascertain 

the optimum conditions for the antibody concerned. Thus 

the method of separating bound from free tracer should be 

checked, as should the buffer conditions including the 

various components to avoid interference in the assay, 

as well as the pH. Finally the amount of tracer employed 

for displacement from the antibody should be optimized. 

Other factors which have been implicated in the efficiency 

of immunoassays include the ionic strength of the buffer, 
2+ 2 + 

the presence of specific ions such as Mg and Ca and 

the use of enzyme inhibitors to reduce degradation of 

tracer etc. during incubation. The relevance of such 

enzymic degradation in the enkephalin immunoassays 

will be discussed below. 



Figure 14 pH Optimum for L.3Ab Binding PH1LE 
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5OmM Tr i s-HCl, 0.9%NaCl, 0.1% BSA(w/v) buffer was used 
at a range of pH values. L- Ab in a final dilution 

[3 I J 

1:500 and 0. 5pmole HJ LE was incubated overnight at 
+5°C. A parallel series of tubes containing control 
serum (1:500) was treated identically. Bound separated 
from free ligand with charcoal as described in text. 
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Figure 15 

Two series of assay tubes were set up containing L^ 
AB(1:500 final dilution), 0.5pmoles [3h] LE and a 
range of unlabelled LE (O-lOOpmoles) in a final 
volume of 200pl. Buffer pH of each series different, 
controls were processed in parallel. Charcoal separation 
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Figure 16 
Two series of assay tubes were set up containing L^ Ab 
(1:1000 final dilution) with two different levels of [3H] 
LE tracer and a range of unlabelled LE (0-10.Opmoles) in 
a final volume of 200pl. Processed with charcoal as 
described in text. 



- 3 7-

3a6 Label Degradation During RIA Incubation 

Several enkephalin immunoassays have previously 

included enzyme inhibitors in the buffer to reduce 

enzymic • degradation of samples and tracer during the 

incubation period (Sullivan, ejb al., 1977)- Commonly 

used aminopeptidase inhibitors are bacitracin and puro-

mycin. However when these were employed in the assay 

they were found to increase the viscosity of the buffer 

and also affect the charcoal separation procedure, which 

as described previously is susceptible to external 

interference. As a result experiments were performed 

to ascertain the actual degree of degradation occuring 

under assay conditions during incubation. By incubating 

[3h] ME andjpH] - LE with control serum diluted as for 

RIA, and with all other RIA conditions the same, the 

state of the tracer after incubation could be determined 

by chromatography on reverse phase HPLC (see Techniques) 

The label incubated with serum was compared with label 

which had been incubated only with the RIA buffer. 

These results are shown for ME in Figure 17 and Table 11. 

The effect of incubating PH] ME with serum diluted 

1:500 for 2k hours at +5°C seems to be a decrease in the 

ME present by some 7°/o. This is parallelled by a decrease 

in 0-ME by about 3 a n d a concomitant increase of 10^ in 

radioactivity appearing at the solvent front possibly 

representing [3H] Tyrosine, It seems probable that this 

effect is due to an aminopeptidase in the serum removing 

P H ] Tyrosine from both ME and 0-ME thus giving the 

decreased CPM in these two species and increased CPM at 

the solvent front. This level of degradation of ME was 



Figure 17 Degradation of [3H1ME by Control Serum 
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Figure 17 

O.5pmole [3H] ME was incubated with standard RIA buffer 
alone and in the presence of control serum diluted 1:500. 
A 50JJ1 aliquot was removed from each tube after 24.5hr 
incubation at +5°C and chromatographed on R.P. HPLC 
analytical column in a system of EtoH/H^O/AcAc. 100/30/4 
v/v. l.Omin. fractions collected for Liquid Scintillation 
Counting. See Table 11. 



Table 11. Degradation of L HI ME by control serum (l:500) 

under RIA conditions. 

See figure 17* 

As shown on figure 17 three peaks of radioactivity 

were seen on chromatography of the PH]ME. Peak 1 elutes 

close to the solvent front where tyrosine runs. A peak of 

radioactivity is usually seen here and probably represents 

a chemical degradation product of the ["̂ H]ME, however 

there is a significant increase in the size of this peak 

after incubation with the serum. Peak 2 represents oxidised 

ME and Peak 3 is ME. 

The relative amounts of tracer appearing in each 

peak are shown below. 

PEAK 

BUFFER ALONE BUFFER + CON. SER Mo TOTAL 

PEAK TY $ TOTAL RADIO A C T ^ TY $ TOTAL RADIOACT^ RADIOACTIVITY 

1 3.19 13.41 +10.22$ 

2 25.90 23.08 - 2.82$ 

3 70.90 63.51 - 7.39$ 
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acceptable and a bigger problem would appear to be the 

level O-ME in the tracer, the purity of which had to be 

checked continually (see below). A similar experiment 

for LE degradation was performed. The control serum was 

diluted 1:1000 as this was the usual dilution of anti-

body used in the LE RIA„ With this increased dilution 

of control serum the degradation of LE over 24 hours 

was only 3$° The activity of any other enzymes in the 

serum eg. proteases, carboxypeptidases are probably 

inhibited by the DTT in the buffer (Cleland, 1964). 

3,7 Degradation of PH] ME During Storage 

The methionine residue of ME is subject to oxidation 

to produce its sulphoxide derivative under a wide range 

of conditions. The radioactive tracer of [3H] ME was 

found to show such degradation during storage-and it is 

possible that this would affect the sensitivity of the 

RIA. This tracer shows appreciable oxidation over pro-

longed storage despite the presence of 2-mercaptoethanol 

in the storage buffer. The rate of degradation of [3H] ME 

was investigated under two storage conditions recommended 

by Amersham. The purity of this label was determined by 

chromatography on the HPLC reverse-phase column from which 

lmin fractions were collected and aliquots taken for liquid 

scintillation counting. 

P H ] ME (36Ci/mmol) was divided into aliquots on 

arrival. One aliquot was stored at +2°C at this concen-

tration of [3H] ME, the remainder were diluted tenfold 

with the storage buffer and stored at -l4o°C until use 

as recommended by Amersham for prolonged storage. At 

intervals, aliquots were removed for HPLC reverse phase 

chromatography with a standard of 5jjg unlabelled ME. 
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Counting the fractions obtained revealed the presence of 

three peaks showing radioactivity. See Figure 18. 

PeaJc (l) eluting early probably represents a tyrosine 

derivative but the identity of this is not known. 

Peak (2) is 0-ME and peak (3) corresponds to authentic 

ME. The relative amounts of label appearing in each 

peak were calculated as a percentage of the total radio-

activity recovered from the column. Changes in the 

distribution of radioactivity between these three areas 

were seen during storage as shown in Figure 19. 

This clearly shows that ME is subject to oxidation 

during storage as the drop in the percentage of ME 

(peak: 3) is paralleled by a rise in 0-ME (peak 2). In 

addition to this degradation also occurs to produce a 

rise in the percentage of label appearing in peak (l). 

This rate of degradation is significantly reduced when 

the tracer is stored at -l4o°C. This effect is probably 

due to two factors. The reduced storage temperature 

will directly reduce the rate of chemical oxidation of 

ME, and by diluting the tracer tenfold with buffer the 

2-mercaptoethanol is present in a higher concentration 

relative to the enkephalins so would be more effective 

at preventing ME sulphoxide formation. Storage of ["̂ H] 

ligands is important for such techniques as RIA and radio-

receptor assay where degradation could seriously affect 

the results obtained. The rate of degradation shown 

here is reasonably slow (0.091^/Day) but the actual 

composition should be continually monitored. Storage 

at -l40°C with a tenfold dilution reduces the rate of 

degradation considerably (0.018^/Lay). Use has been 
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Figure 18 

lpCi [3H] ME + 5pg ME in 20pl volume was applied to the 
R.P.HPLC analytical column. Eluted with system of EtoH/H 
AcAc 100/30/4 v/v. l.Omin fractions co1lected*and lOOpl 
aliquots taken for Liquid Scintillation Counting. 



Figure 19 Degradation of [3H1 ME During Storage 
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Figure 19 

[3H] ME chromatographed on R.P.HPLC (see figure 18). Radio-
activity appearing in each of the three peaks was calculated 

• as a percentage of total radioactivity recovered. Degradation 
with time under different storage conditions was investigated. 
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made of the 0-ME in RIA (Clement-Jones, Lowry, Rees, 

and Besser, 1980). By developing an antibody sensitive 

to O-ME one group has managed to produce a sensitive ME 

RIA which requires oxidation of all samples prior to 

RIA. This has the advantage that any ME which is 

oxidised during sample preparation does not go undetected 

as may be the case with conventional RIA, radioreceptor 

assay or bioassay. 

3.8 Relative Affinities of Labelled and Unlabelled 

Ligand 

Another factor which should be investigated is the 

relative affinities of the ligand and the labelled ligand 

to the antibody. It is possible that the effect of 

labelling the ligand may alter the affinity of the anti-

body towards it compared to the unlabelled Uganda Such 

an effect may influence the sensitivity of the assay 

particularly if the unlabelled ligand has a higher 

affinity than the label. Additionally this may result 

in a higher degree of apparent cross-reactivity with 

related peptides since their antibody affinities may be 

comparable to that of the label. This phenomenon is 

probably not so important when tritiated ligands are 

concerned, as in this study, but larger modifications 

such as iodination of a tyrosine residue can induce 

such an effect. One of the ME antibodies raised was 

tested for differential affinity for [^H] ME and cold 

ME. The results are shown in Figure 20. If there was 

any differential affinity the two lines would be distinct 

but clearly here they are superimposed indicating this 

antibody has identical affinities for ME and PH] ME. 



Figure 20 Comparison of [3H]ME and Cold ME 

Binding to ME Ab. 
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Varying dilutions of the TG.ME.NZ antibody were incubated 
in two parallel sets of tubes, one with l.Opmole [3H] ME 
the other with 0.8pmole [3H] ME + 0.2pmole ME. Parallel 
sets of tubes with control serum set up. All tubes 
were processed with charcoal and the % ME bound calculated 
for each tube. 
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This information is useful in that it allows the antibody 

to be investigated on the merits of its ["̂ H] ME binding, 

and this is directly relevant to the design of an 

appropriate RIA. 

3.9 Scatchard Analysis of Antibodies 

One method available to assess a given antibody and 

which allows direct comparison of different antibodies 

is Scatchard analysis. This technique gives a mathe-

matical determination of both the equilibrium constant 

for the antibody (Ke) and the concentration of antibody 

in the serum. This calculation was performed for two 

dilutions of one of the ME antibodies. At each dilution 

the antibody was incubated with a range of [^h] ME 

concentrations and after incubation the amount of ME 

specifically bound was calculated. The Scatchard plots 

are shown in Figure 21. From these graphs the amount 

of antibody at 1:2000 dilution is 970pmoles/litre and 

at 1:3000 dilution 622pmoles/litre. These values are 

quite consistent giving values in the undiluted serum 

of 1.94 and 1.87 nmoles/litre respectively. The 

equilibrium constants calculated from the gradient 

of the lines are 0.2l4nmoles"1 litres for the 1:3000 

dilution and 0.176nmoles~l litres for the 1:2000 

dilution. These two-figures give a mean value of 0.195 

nmoles 1 litres for the equilibrium constant of this 

antibody. These figures indicate that this antibody 

was of quite low titre and of low affinity, hutr despite this 

a moderately sensitive RIA was obtained. 

3.10 Displacement Curves and Cross-Reactivity Studies 

Four antibodies were used in the following studies. 

Two were raised against LE from a carbodiimide conjugate 
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Figure 21 

Two final dilutions of TG.ME.NZ antibody were incubated with 
varying amounts of [3h] ME tracer (0.10-1.Opmo1es). Specific 
CPM bound in each case was calculted. From these values 
the amounts of free ME and bound ME could be calculated from 
which the Scatchard plots could be derived. 
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to BSA, and two against ME from a glutaraldehyde conju-

gate to thyroglobulin as previously described. A series 

of standard displacement curves was obtained for these 

antibodies and several cross-reactivity studies performed 

for each. The displacement curves obtained and the cross-

reactivities are showing in'Figures 22 - 25. 

As shown'in Figures 22-25 each antibody showed the 

highest affinity for the peptide against which it was 

raised hut they do show varying degrees of cross-reactivity 

with the various related peptides. Three of the anti-

bodies were only tested for cross-reactivity with the 

"other" enkephalin and tyrosyl-O-sulphate form of LE.(LE^S) 

This was because by using various chromatographic steps 

other known enkephalin-like peptides, which are pre-

dominantly basic in nature, were known to be separated 

and so it was assumed that these would not be present in 

the fractions assayed. Cross-reactivity studies alone 

are of limited value since there is always the possibility 

that displacement may be due to a similar peptide of as 

yet undetermined structure and this is particularly 

relevant to the enkephalin field where the number of 

identified enkephalin-like peptides has greatly increased 

in recent years. Consequently the cross-reactivity studies 

were limited to the two enkephalins and LE-S which' was 

the particular subject of much work. As far as the LE-S 

peptide is concerned use was made of its cross-reactivity 

with the two LE antisera in conjunction with a number of 

chromatographic techniques. 

3.11 Summary 

In summary the technique of RIA is very useful in 
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Figure 22 

L^ Ab incubated at a final dilution of 1:1000 with 0.5pmole 
[ 3H] LE and varying amounts of unlabelled peptide in a final 
volume of 200|J1. Buffer: 50mM Iris, O.lmg/ml DTT, 0.1% BSA, 
0.9% NaCl (w/v) pH7 .32. Processed with 5% Charcoal, 1% 
Dextran, 0.9% NaCl (w/v). 
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TG.ME.OE antibody incubated in a 1:500 final dilution with 
0.5pmole [3h] ME and varying amounts of unlabelled peptide 
in a final volume of 200pl. Buffer and processing conditions 
as in Figure 2 2. 
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TG .ME.NZ antibody inc ub ated in a 1:1000 
0 . 5pmol e [3H] ME a nd varying amounts of 
in a final volume of 200 pi. Buffer and 
as in Figure 22. 
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L^ Ab incubated in a 1:500 final dilution with 0.5pmole 
[3H] LE and varying amounts of unlabelled peptide in a 
final volume of 200pl. Bu-f f er: lOOmM Tris, O.lmg/ml DTT, 
0.1% BSA, 0.9% NaCl pH 8.50. Processed as in Figure 22. 
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studies on peptides. It can be very sensitive and can 

provide a high degree of specificity for a given 

peptide. During the preparation of a RIA a number of fac-

tors have to be investigated individually to establish 

the optimum conditions for the assay and separation 

procedure. Care must also be taken with the radioactive 

ligands. The tritiated ligands were found to show 

degradation with time (Vogel, Miron, Altstein, and 

Wilchek, 1978) even under recommended storage conditions 

and a regular check had to be kept on their purity. Once 

a suitable antibody has been obtained and incorporated 

into a RIA procedure it can be used in a variety of ways. 

The level of a given peptide can be assayed in an 

unpurified extract, but here the cross-reactivity of 

the antibody to similar established or novel peptides can 

interfere with the apparent levels of the peptide concerned. 

A better procedure is to chromatograph the extract and 

assay the fractions. By this method a two way check on 

the peptide is carried out i.e. it should be concurrent 

with standard on chromatography and displace from the 

appropriate antibody. An alternative to this is to look 

for peptides which cross-react with the antibody but 

which are chromatographically distinct and which 

may thus represent structurally related peptides. Use 

was made of these last two procedures in the following 

studies to detect and assay levels of the two enkepha-

lins and also to investigate enkephalin-immunoreactive 

species which by chromatography did not correspond to 

either of the enkephalins. 



. CHAPTER 4 

PRECURSOR ENKEPHALIN-LIKE PEPTIDES 
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trypsin and CPB digestion can be used to follow the 

purification of the proposed enkephalin precursors but 

interpretation of the amounts and ratios of the enkephalins 

so produced must be cautious. Use of an endogenous trypsin-

like enzyme to digest the proposed precursor molecule 

might yield data more relevant to the role of the protein 
I 

as a precursor to opioid peptides in general. 

One interesting aspect of enkephalin physiology is 

the variation seen between the ratios, of ME to LE in 

different brain areas. Whilst the ratio, for whole brain 

is 4 or 5il with ME predominating, when individual brain 

areas are investigated this ratio varies considerably 

from'1:1 to 10:1 (Hughes, et al., 1977;Yang, et al., 1977). 

Quite clearly for such a degree of variation there must 

be either a distinction between ME and IE containing neurones 

with separate precursors for both enkephalins, or s,ome point 

of control on the biosynthetic pathway to the enkephalins 

from common precursors. This control may occur at any 

one of a number of points or indeed at several points. 

So the transcription of the DNA coding for the enkephalin, 

precursors may vary between areas to produce mRNA which is 

translated to give an enkephalin precursor pool with the 

two enkephalins present in the desired ratio.. This would 

assume a variety of possible enkephalin precursors each 

showing differential expression in different brain areas. 

An alternative means of control could occur at the processing 

stage of the precursor. The enzymes responsible for 

cleaving the larger precursors to release the enkephalins 

may show a specificity for particular cleavage sites 

along the protein. Consequently by modifying the activities 
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CHAPTER 4 
4.1 Introduction 

As previously described, much of the work on the 

enkephalin biosynthetic pathway has been performed in 

extracts of adrenal medulla chromaffin cells (Kilpatrick, 
^ a a a 

et a£. , 1981;Lewis, e£ al., 1980;Mizuno, et al,, 1980; 

Lewis, et al. , 1979;Lewis, et al., 198c?). The basic 

techniques employed have been gel-chromatography of the 

extracts followed by assay of the fractions to establish 

any which contain opioid peptides. For the larger mole-

cular weight material detection of enkephalin-related 

peptides was facilitated by digestion of the fractions 

sequentially with trypsin and carboxypeptidase B (CPB.) 

Beaumont, e_fc al. , 1979; Hughes, et_ al. , 1980). Once the 

appropriate fractions have been identified, further 

chromatography steps such as HPLC have been used to 

purify the enkephalin-containing polypeptides sufficiently 

for determination of their amino acid sequence. For 

investigation of enkephalin precursors in the striatum 

a similar experimental protocol was adopted. 

Generally the entire acid-soluble protein pool was 

investigated as a whole rather than the individual 

components along the precursor"pathway. It was decided 

to investigate the tryptic peptides produced from the 

entire acid soluble protein pool which had previously been 

shown to contain enkephalin-like peptides. Identifica-

tion of these peptides, which had presumably been cleaved 

from the precursor, would allow antibodies to be raised 

against a given portion of a larger precursor and might 

thus facilitate its purification. The enkephalin anti-
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bodies had been tried in this technique of immunopreci-

pitation but they were unsuccessful at precipitating the 

precursors, so it was thought that antibodies against 

a larger part of the precursor might be more effective. 

During these experiments on the tryptic peptides some 

immunoreactive fractions were observed which were appa-

rently of a more acidic nature than the enkephalins as 

determined by their mobility on HVPE and ion-exchange 

chromatography. These will be mentioned here but 

discussed in much more detail in the following chapter. 

The techniques employed here have been described in 

Chapter Two as has the method of assaying the material 

in Chapter Three, 

4.2 Electrophoresis of Tryptic Peptides 

Following extraction of the acid-soluble material 

from striatal tissue the first step was gel-chromato-

graphy on G-25 Sephadex which broadly separated "protein" 

(MW >5000D) from "peptide" (MW <5000D). The protein 

fraction was then freeze-dried overnight. Trypsin 

digests were performed on these acid-soluble protein 

fractions as previously described and ultimately this gave 

a preparation of the tryptic peptides for investigation. 

Figure 26 shows the distribution of LE immunoreactive 

species from the tryptic peptide preparation of mouse 

striatal protein after HVPE at pH 6,50. The tryptic 

peptides are compared with the same after further 

digestion with CPB, Clearly here the main immunoreactivity 

is seen in the basic region after trypsin alone with some 

corresponding to the enkephalin region. After CPB 

digestion again immunoreactivity is seen in the basic 

region particularly in areas B and B^. In area B1 there 
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Figure 26 

Tryptic peptide preparation of mouse striatal protein was 
spotten on HVPE paper at origin (0). A sample following 
further digestion with CPB was run simultaneously. The 
paper was divided broadly into Acidic (A), Neutral (N) and 
Basic (B) regions as shown by staining with Ninhydrin. 
Samples were eluted from the paper and screened against 
the L, Ab. 
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is a decrease in immunoreactivity after CPB, As far as 

the enkephalin region is concerned there is a significant 

rise after CPB„ When this experiment was run it was 

thought unlikely that peptides more acidic than the 

enkephalins would be produced by trypsin, however for 

completeness the acidic region of the paper was eluted 

as a whole and tested for immunoreactivity. The tryptic 

peptides showed slight LE immunoreactivity in this region 

but this was dramatically increased on CPB digestion. It 

should be emphasized that caution must be exercised not 

to take these values as absolute amounts of peptide 

since their relative cross-reactivities with this anti-

body are unknown. Consequently a large amount of peptide 

with poor cross-reactivity may show up to the same degree 

as a small amount of peptide of appreciable cross-reac-

tivity. Thus the changes seen here may represent a larger 

amount of peptide moving to a given area after CPB 

digestion or a similar amount of peptide of greater cross-

reactivity. However it does appear that the amount of 

enkephalin present is increased after CPB digestion. So 

it is suggested that tryptic digestion of the precursor 

pool produces enkephalin with a C-terminal extension of 

Lysine or Arginine and also some native enkephalin which 

suggests it exists at the C-terminal of a precursor 

protein. Further CPB digestion removes any basic C-

terminal extension thus liberating more free enkephalin. 

A similar set of results was obtained using isoelectro-

focussing, see Figure 27. 

4.3 Ion-Exchange Chromatography of Mouse Striatal 
Tryptic Peptides 

Following these experiments using electrophoretic 



Figure 27 IEF of Mouse Striatal Tryptic Peptide. 
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Figure 27 (Continued) 

As figure 26. Fractions eluted from gel slices in 

2.5ml H^O and washed on PPQ. Samples screened 

against L-, Ab. 



techniques it was clear that a variety of enkephalin 

related peptides could be produced by trypsin from the 

acid-soluble proteins of striatal tissue. To investigate 

these further an ion-exchange chromatographic procedure 

was introduced. Initially a step-wise elution of a DEAE-

A—25 Sephadex anion exchange column was used. The first 

method used involved a step elution from basic pH 9«30 

down to acidic pH 2.5 using solutions of ammonia and 

acetic acid. The tryptic peptide preparation came from 

the striata of 15 male T. 0. mice (c.375 mg tissue). This 

was redissolved in 2.0ml 0.25mM ammonium hydroxide pH 

9.30 and run onto a 1.0 x 10.0cm DEAE-A.25 column equili-

brated in the same solution. Stepwise elution was per-

formed as described (i) 40ml 0.025mM NH^OH pH9.30, 

(ii) 40ml dH20, (iii) 40ml 0.02M Acetic Acid pH3.50, 

(iv) 40ml 0.20M Acetic Acid pH 2.50. Each 40ml fraction 

was run directly onto PPQ and washed. Following elution 

from the PPQ each step was tested for immunoreactivity 

with the LE antibody, L^. Immunoreactivity was found in 

fractions (ii) and (iii). Further investigation of these 

was performed using reverse-phase HPLC. Fraction (ii) 

had been redissolved in 200 pi water from which 2 x 10 pi 

was taken for RIA. An additional 45 pi was run over the 

HPLC column eluting with a system of Ethanol/H^O l/3 (v/v) 

with 1 °/o Acetic Acid. The profile of LE immunoreactivity 

eluting from the HPLC is shown in Figure 28. There 

appears to be a number of immunoreactive peaks with an 

appreciable proportion eluting very early and also 

peaks corresponding to the two enkephalins although the 

ME peak: is not distinct from the immuno re activity eluting 

early. It is possible that the immunoreactivity eluting 
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Tryptic peptide from.mouse striatal extract chromatographed 
on anion-exchange column. Fraction (ii) chromatographed 
on R.P. HPLC analytical column with a system of EtoH/H20/ 
AcAc. 100/30/4 -('v/v) . 1.0 minute fractions collected 
and desiccated before screening for immunoreactivity 
agains t L^Ab. 
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early is the basic C-terminal extended form of the 

enkephalins as it is thought that the positive charge 

which the basic residue would carry under these elution 

conditions would increase the polarity compared to the 

enkephalins and hence elute earlier from the reverse- phase 

column. R.P. PHPLC of an equivalent amount of fraction 

(iii) gave a LE immunoreactive profile as shown in Figure 

29. There is one large peak of immunoreactivity eluting 

before the two enkephalins and also areas of ME and LE 

presumably overlapping from the previous elution step. 

Calibration of this column with standard LE showed it to 

elute in fraction (ii), so fraction (iii) should be more 

acidic in nature than the enkephalins and possibly corres-

ponds to the acidic immunoreactivity seen on HVPE and XEF. 

It is apparent that this broad step elution procedure 

does not produce a good separation between the basic 

fractions and the enkephalins, consequently a procedure 

using more elution steps and increasing ionic strenth 

of the eluant, instead of a changing pH, was introduced. 

The elution profile from a DEAE-A-25 column eluted 

with increasing chloride ion concentration is shown in 

Figure 30. Here there is a distinct split between ME 

and LE immunoreactivity with appreciable ME immunoreac-

tivity in the basic region of fractions 1 and 2 whereas 

LE immunoreactivity is found in the enkephalin region, 

fraction 4, and also in the two following fractions (5 

and 6), which are acidic compared to enkephalin. Fraction 

4 which from column calibration, should contain any 

enkephalin was further investigated on reverse-phase 

HPLC and the fractions assayed against ME and LE antibodies. 
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Figure 29 

Tryptic peptide from mouse striatal extract chromatographed 
oil anion-exchange column. Fraction (iii) from anion-
exchange column chromatographed over same R.P.HPLC system. 
Again screened against L^Ab. 
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Figure 30 

Striatal tryptic peptide preparation from 22 mice 
redissolved in 5.0ml 50mM Tris pH9.20 and applied to 
column equilibrated in same buffer (5.0 x 1.0cm column). 
Developed in stepwise manner as shown. The entire 
eluant from each step was washed on PPQ. After this 
each was redissolved in 500pl H^O from which 5 pi 
aliquots were taken foar RIA against the ME and LE 
immunoassays. L. and TG.Mfi.0E antibodies used. 
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A clear separation of the two enkephalins was achieved 

as demonstrated by both their elution position from the 

reverse-phase column and their relative affinities for 

the two antibodies. From these figures an approximate 

ratio of ME to LE produced by trypsin alone could be 

calculated. The relative amounts were: ME:0.69pmoles 

LE: l.llpmoles. This shows that the enkephalin produced 

from the precursor pool by trypsin alone is a mixture both 

enkephalins with LE from predominating at an approximate, 
ratio of 2:1 with ME. 

A similar preparation to that described above was 

chromatographed again on ."a DEAE-A-25 column but a gradient 

of increasing chloride ion concentration was used as 

opposed to stepwise elution. Fractions were collected 

and an aliquot removed from each for PPQ washing after 

which each fraction was screened for immunoreactivity 

against both ME and LE antibodies. The results are 

plotted in Figure 31• Once again there is a distinction 

between the elution of ME and LE immunoreactivities 

(cf. Figure 30). Two early peaks of ME immunoreactivity 

are seen corresponding to fractions more basic than the 

enkephalins. These are closely followed by two areas of 

LE immunoreactivity, one corresponding to the elution 

position of the enkephalins the other a fraction slightly 

more acidic in nature. The fact that only LE immuno-

reactivity is seen in the enkephalin position whereas 

both have previously been shown to be produced by trypsin 

digestion alone is explained by the predominance of 

the LE over ME in this fraction and the fact that the 

LE immunoassay is more sensitive than the ME assay. 



Figure 31 -

Mouse Tryptic Peptide. DEAE-A-25 
Chromatography. 
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Figure 31 

A striatal tryptic peptide preparation from 22 male T.O. 
mice was applied to a DEAE-A-25 column (18 x 0.7cm) in 
2.5ml 50mM Tris pH 9.25. The column was developed 
with 20ml 50mM Tris pH 7.30 followed by an increasing 
NaCl gradient in the same buffer. The column was > 
developed at ambient temperature. 2.5ml fractions were 
collected. 0,5ml from each fraction was removed and 
desalted in the batch PPQ procedure (see Techniques). 
Following this, each fraction was redissolved in 100|jl 
RIA buffer from which 2x20pl aliquots were taken for 
RIA against the L and TG.ME.OE antibodies. 
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The remainder of each fraction in the four peaks was bulked 

on PPQ, washed, and stored for further investigation. 

4.4 H.P.L.C. of Immunoreactive Fractions from Ion-Exchange 

Peak (2), corresponding to fractions 8-12 inclusive 

of Figure 31, was further chromatographed on HPLC using 

a p-Bondapak C-18 column with a propanol gradient. The 

fractions generated were screened against the ME anti-

body and the immunoreactivity profile together with the 

absorbance at 280nm trace is shown on Figure 32. There 

appears to be several minor peaks of ME immunoreactivity 

but by far the major one was in fraction 34, This 

fraction alone was re-run over the same HPLC system and 

the U0V0 absorbance trace obtained is shown in Figure 33* 

There are apparently only two components which are just 

separating on this system. Two fractions were taken 

from this run, as shown, with the aim of rechromatographing 

both and performing an amino acid analysis on the peaks 

obtained. Unfortunately when both fractions were run 

again over the same HPLC system it was apparent that 

degradation of the samples had occured since most of the 

material eluted very early in tubes ll-l6 and very little 

appeared in the previous position. However from this 

series of experiments it can be concluded that tryptic 

digestion of the acid soluble protein from mouse striatum 

produces ME immunoreactive peptides which are distinct 

from ME both on ion-exchange chromatography where they 

run more basic than enkephalin and also on this HPLC, 

which is a powerful method in peptide separation 

(Mo rris, Etienne, Dell, and Albuquerque, 1980). 



Figure 32 

Figure 32 Peak 2 from DEAE anion exchange step (see figure 31) showing ME immunoreactivity was 
redissolved in 500JJ1 starting buffer and centrifuged at 5000rpm for 5 min at ambient temperature. 450|jl 
of this was applied to C^g p-Bondapak column and developed with a 30 minute gradient of 10%-40% N-
propanol in 5% Acetic Acid. Flow rate was l.Oml/min and 1 minute fractions were collected. U.V.Absorbance 
at 280nm monitored. Fractions obtained were desiccated, redissolved in 150|jl l^O from which 2xl0|jl 
aliquots taken for RIA with the TG.ME.OE antibody. 



Figure 33 

11V. Trace of Fraction 34 re-run on R.P. HPLC. 
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Figure 33 

Fraction 34 from previous HPLC (Figure 32) was desiccated 
and rechromatographed as in Figure 32. U.V. Absorbance at 
280nm was monitored. 



4.5 Studies of Sheep Striatal Tryptic Peptides 

All previous experiments were performed on tissue 

from T.Oo mice. A similar line of investigation was 

followed using striatal tissue from sheep. The tissue was 

rapidly dissected after the animal had been sacrificed, 

and frozen in liquid nitrogen. The striata were stored 

at -70°C before use. In this case the initial extract 

was made by homogenizing 10 sheep striata (c.8.8g) in 

30ml 50mM Tris-HCl pH7.0 and centrifuged at 40,000 x g 

for 20min at +4°C. The supernatant was removed and made 

5°/o with acetic acid (v/v) . The pellet was washed with 

another 30ml of the same buffer and the supernatant 

treated the same. The reason for this change in extraction 

conditions was that the membranes in the pellet were to 

be used for an "enkephalinase" preparation. During this 

extraction care was taken to keep all solutions ice cold 

to keep enzymic degradation to a minimum. So effectively 

the 8.8g sheep striata were extracted with a 60ml volume 

of the buffer subsequently made y / o with acetic acid. 

This extract was divided into six 10ml fractions for 

investigation. When the initial extracts were acidified 

a precipitate appeared which was again removed by 

centrifugation as above. Subsequently all procedures 

were identical to those used before. 

Having prepared the tryptic peptide from the protein 

of these extracts it was chromatographed on DEAE-A-25 

as for the mouse. The immunoreactivity profile from this 

step is shown in Figure 34. There is a marked degree of 

similarity between the two elution profiles (see Figure 31) 

in that again four peaks were seen, two of ME and two of LE 



Figure 34 

Sheep Str iatal Tryptic Peptide. DEAE-A-25 
Chromatography. 
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Figure 34 
A tryptic peptide preparation from 1.47g sheep striatal 

i 
tissue was chromatographed on a DEAE-A-25 column (18x0.7cm). 
The developing of the column and the subsequent treatment of 
fractions was identical to Figure 31. 



immunoreactivity showing similar positions. Again the 

individual peaks of immunoreactivity were bulked on PPQ„ 

Peak (2) of Figure 34 was thought to correspond probably 

with peak (2) of Figure 31 which had previously been 

investigated. This fraction from the sheep tryptic 

peptide was run over the HPLC p-Bondapak C-18 column as 

before but on-a linear gradient. The U aV 0 trace and 

ME immunoreactivity are shown in Figure 35• "With this 

linear propanol gradient two peaks of ME immunoreactivity 

are seen, one eluting early in fractions 11 and 12 the 

other which is quite broad.and may represent several 

components elutes in fractions 22 to 26. For further 

purification fraction 26 from this first run was rechrom-

atographed on HPLC with the curvilinear gradient as was 

used for the mouse study. The U.V. trace obtained is 

shown in Figure 36. Once again there is a marked 

similarity with the previous experiment with mouse tryptic 

peptides (cf.Figure 33) with the U.V. absorbance peaks 

in the range of fractions 34-35• Fraction 34 which 

contained the major U.V, peak was rechromatographed on 

the same ooluran as a further purification and the U.V. 

trace obtained is shown in Figure 37. This trace shows 

there are still several components in this area but it was 

decided to perform an amino acid analysis on fractions 

34,35, and- 36 in an attempt to ascertain the amino acid 

composition of the various peaks by subtraction. 

Initially of each fraction was analysed but there was 

insufficient material to obtain a reasonable analysis. 

When the remaining -J was run unfortunately the analyser 

broke down during the analysis of fraction 34 and this 
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Sheep striatal tryptic peptide fraction 2 from anion-
exchange chromatography which showed ME immunoreactivity 
(see._.Figure 34) was rechromatographed on C]_g jJ-Bondapak 
column with a linear propanol gradient (10-40%) over 
30 minutes. Flow rate was l.Oml/min and 1.0 minute 
fractions collected and desiccated. U.V. Absorbance 
-at 280nM was monitored. Fractions redissolved in 200|J1 
H2O from which' 2xl0pl aliquots taken for RIA against 
TG.ME.OE antibody. 



Figure 36 U.V. Trace of Fraction 26 Figure 37 U.V. Trace of Fraction 34 from second 

from f i rs t RP HPLC run. 
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Figure 36 Fraction 26 from previous Ci8 HPLC rechroma-
tographed over the same column but with a curvi-linear 
propanol gradient as in Figure 32. U.V. Absorbance at 
280nm monitored. Shaded fraction processed further. 

Figure 37 Fraction 34 from previous C^g HPLC 
(figure 36 shaded fraction) rechromatographed 
again over the same system. li.V. Absorbance 
at 280nm monitored. 
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sample was lost, Consequently no amino acid analysis for 

any of the fractions was possible. Fraction 35 did 

show low amounts of tyrosine and phenylalanine in equal 

amounts which might represent the tail of fraction 34 

but no conclusions on the amino acid composition can be 

drawn from this. 

4.6 Summary 

Clearly these experiments have demonstrated that 

the digestion of acid-soluble striatal protein with 

trypsin can yield enkephalin-related peptides as assessed 

by immunoreactivity. Both enkephalins are released from 

this larger molecular weight ( >5000D) pool by trypsin 

with the LE form predominating suggesting that they 

exist as the C-terminal pentapeptides of certain precursor 

proteinso It is possible that carboxypeptidase activity 

is present as an endogenous component of the acid soluble 

protein extract and might thus be responsible for further 

processing of the peptides released by trypsin and 

possibly produce the enkephalins. However it is thought 

that the amount of trypsin used would inactivate any 

such endogenous enzymes present. The basic peptides 

produced by trypsin showed predominantly ME immuno-

reactivity and there was appreciable correlation between 

the results obtained from mouse and sheep protein which 

may suggest similar precursor-enkephalin pathways between 

these species. It is unfortunate that the attempts to 

analyse one of these ME immunoreactive basic fractions 

were unsuccessful since, as previously mentioned, 

antibodies to such a molecule might enable a more 

rapid purification of the larger precursor species. 
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One fraction which was consistently seen in these studies 

was the acidic fraction of LE immunoreactivity. This was 

found in the electrophoretic methods (HVPE and IEF) 

and also in the ion-exchange chromatography for both the 

mouse and sheep tryptic fraction. This fraction was 

the subject of further investigation as will be described 

in the following chapter. 



CHAPTER 5 
ACIDIC FRACTION 
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CHAPTER FIVE 

5.1 Introduction 

As seen in the previous chapter a fraction of the 

tryptic peptide which was acidic in nature compared to 

the enkephalins was found from both mouse and sheep 

preparations. It was intriguing that an acidic fraction 

should be produced by trypsin digestion since conside-

ration of this enzyme's activity shows that the majority 

of the peptides produced will have at least one basic 

residue. It also appears that part of this fraction at 

least has a basic C-terminal extension since increased 

immunoreactivity is seen on CPB digestion, Bioactivity 

on the mouse vas deferens was also soon in this acidic 

fraction (Figure 38). Consequently it was decided to 

investigate this fraction further to ascertain the nature 

of this acidity. In parallel to this fraction, produced 

by trypsin digestion of the acid soluble protein, the 

endogenous peptides from striatum were also investigated 

and here too an acidic fraction showing bioactivity was 

observed. 

5.2 Electrophoretic Investigation of Acidic Fraction 

Figures 26 and 27 of the previous chapter show the 

presence of a LE immunoreactive fraction in the acidic 

region produced by these electrophoretic procedures. 

Figure 29 shows the LE immunoreactive profile from an 

acidic fraction chromatographed on reverse phase HPLC, 

and clearly it is distinct from the two enkephalins. 

Further ion-exchange data show (eg. Figures 31>34). 

this LE-immunoreactivity eluting from an anion exchange 
column just after enkephalin. Fractions from this anion 
exchange step were taken for further analysis. It was 
possibe that the acidic nature of this fraction was due to 
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M.V.D. Bioassav of Acidic Fraction from DEAE af ter 
Digestion with CPB. 

Figure 38 

Naloxorie-r evers ib le (partial) depression of MVD preparation 
produced by the acidic fraction of mouse striatal tryptic 
peptide from anion-exchange chromatography following further 
CPB digestion. Fractions 5 and 6 from Figure 30 bulked on 
PPQ and digested with CPB. Redissolved in625pl Sodium 
Acetate buffer pH5.01. 25JJ1 aliquot taken for this bioassay. 

SAMPLE NALOXONE 
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a predominance of amino acid components with acidic groups 

such as glutamate or aspartate. Another possibility-

considered was the presence of an acidic prosthetic 

moiety. Following Figure 26 where the fraction ran acidic 

at pH 6.50 another fraction was run, after further CPB 

digestion, at pH2.10. Under these conditions the LE 

immunoreactivity appeared in two areas. One immuno-

reactive area showed a mobility consistent with a nega-

tively charged fraction even at this low pH while the 

other moved towards the cathode, indicating a positive 

charge at pH 2.10. For the fraction moving negatively 

at this pH this result strongly suggested the presence 

of a prosthetic group attached to the peptide. Xn an 

attempt to identify the nature of the acidic moiety three 

.possibilities were considered — phosphate, sulphate and 

carbohydrate derivatives. Aliquots of this acidic fraction 

were digested with three enzymes — acid phosphatase, 
bo 

aryl sulphatase and neuraminidase— hopefully^remove the 

prosthetic group and then re-run on HVPE at pH2.10 to 

determine any change in mobility after digestion. No 

change was seen for the neuraminidase or acid phosphatase 

digests but there was a change in the distribution of LE 

immunoreactivity following digestion with aryl sulphatase, 

see Figure 39• The fractions were divided broadly into 

acidic (negatively charged) and two basic areas (positively 

charged) and activity is seen in all three. It is 

probable that some of the immunoreactivity seen in the 

other areas corresponds to this other acidic fraction 

and possibly also to a tail of enkephalin from the step-

wise elution of the anion exchange. Consequently the 
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Figure 39 HVPE of Acidic Fraction.Effect of Aryl Sulphatase. 
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Figure 39 Fractions 5 and 6 from Figure 30.bulked on PPQ and digested further with CPB. Redissolved in 
in 625pl Sodium Acetate pH5.01 from which a lOOpl aliquot was taken and further digested with aryl sulphatase 
prior to chromatography on HVPE at pH2.10. Similar aliquot incubated with boiled enzyme was run simultaneously 
Developed for '40 minutes at 3kv. Fractions eluted with 0.5ml water (pH 9.70 with ammonia) and desiccated for 
screening against L^Ab. 
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results are plotted as the percentages of total immuno-

reactivity in each area. Apart from this additional 

immunoreactivity the effect of digestion with aryl sul-

phatase is a significant change in the distribution on 

the HVPE. There is a marked decrease in the immunoreac-

tivity in the acidic region and this is parallelled by 

an increase in the basic region. The tentative conclu-

sion to be drawn from these electrophoresis experiments 

alone is that the acidity is due to the presence of a sulphate 

group covalently linked to a LE immunoreactive molecule. 

5.3 Investigation of Acidic Fraction.Evidence for Sulphation. 
This fraction was further investigated from the 

preparation of mouse tryptic peptide chromatographed on 

DEAE-A-25 (see Figure 31) from which fraction (4) was 

taken. This was digested further with CPB which gave an 

increase in immunoreactivity as has been seen before 

(Figure 26). The resulting fraction was divided into 

two and one half was further digested with aryl sulpha- . 

tase and washed on PPQ. Following this both halves of 

the preparation were chromatographed on reverse phase 

HPLC. The fractions produced were again screeened against 

the L^ antibody. The results are shown in Figure 40. 

Here the effect of aryl sulphatase digestion is quite 

clear. Following only CPB digestion a small amount of 

LE immunoreactivity is seen in the LE elution position 

but after additional aryl sulphatase digestion there is 

a dramatic increase in the amount of LE immunoreactivity 

corresponding to the elution position of LE0 So it seems 

that it is a sulphate modification of LE which is res-

ponsible for the acidic fraction of immunoreactivity seen. 



F i g u r e 40 Mouse Trvptic Peptide.Effect of Aryl 
Sulphatase Digestion on Peak 4 from 
Anion-Ex change re - run on R.PHPLC 
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Figure 40 
Peak 4 from Figure 31 showing LE immunoreactivity, was 
further digested with CPB and washed on PPQ. This was now 
divided and one half was chromatographed directly on th-£ 
analytical R.P.HPLC with a system of EtOH/H20/AcAc. 
100/250/3.5 v/v. 1.0 minute fractions were collected, 
desiccated redissolved in llOjjl RIA buffer from which 2x50pl 
aliquots were taken for RIA against the L^ antibody. The 
remaining half was subjected to digestion with aryl sulphatase 
prior to R.P.HPLC after which it was treated identically 
to the first half. 
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The experiment described above for the mouse preparation 

was repeated for fraction (4) from the sheep tryptic 

peptide from DEAE-A-25 chromatography (see Figure 3^). 

The results are shown in Figure 4l. Once again there is 

apparent LE immunoreactivity in the LE region after only 

CPB digestion but on further digestion with aryl 

sulphatase there is a very large rise in immunoreactivity 

co-eluting with standard LE. When a similar aliquot was 

run over the same HPLC system before and after aryl 

sulphatase digestion and assayed for ME immunoreactivity 

again the only pealcs seen were in the LE position and 

not in the ME position. The immunoreactivity seen in 

the LE position corresponded to the cross-reactivity 

with the ME antibody. With reference to all experiments 

where aryl sulphatase digestion was employed the enzyme 

alone had no direct effect when applied to the immuno-

assay. So for both sheep and mouse preparations of 

tryptic peptide a fraction of LE immunoreactivity is seen 

which is more acidic than the enkephalins and which can be 

separated from the enkephalins on ion-exchange chromato-

graphy. CPB digestion of this produced an increase in 

LE immunoreactivity. HPLC analysis of this CPB digested 

tryptic fraction pre- and post- aryl sulphatase digestion 

showed LE immunoreactivity to elute close to that of 

authentic LE but the immunoreactivity after aryl suphatase 

digestion was greatly increased. It seems from Figure 

4l thai the LE immunoreactivity prior to aryl sulphatase 

digestion eluted slightly earlier than authentic LE whilst 

after aryl sulphatase digestion the LE immunoreactivity 



Figure 4i Sheep Trvptic Peptide.Effect of 
Arvl Sulphatase Digestion on Peak4 
from Anion-Exchange re-run on R.PHPLC. 
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Figure 41 , 
Peak 4 from Figure 34 was treated exactly as described in 
Figure 40. - ' 



was coincident with, standard LE, The explanation of* this 
was apparent when a synthetic standard of sulphated LE 
(LE-S) was obtained. Consideration of the above results 
suggested that the component under investigation was a 
sulphated form of LE. Several other endogenous peptides 
and proteins have previously been shown to have a sulphate 
group esterified to the hydroxyl group of a tyrosine 
residue. It therefore seemed' likely that this component 
was a tyrosyl-O-sulphated leucine enkephalin. Consequently 
this modified form of LE was synthesized by Dr. J. Morley 
and Dr. C0F. Hayward. The correlation between the 
behaviour of this synthetic peptide and the fraction 
under investigation on various chromatographic systems 
could now be established. The various chromatographic 
procedures were calibrated with both LE and LE-S (see 
Techniques). 

A tryptic peptide preparation from mouse striatum 
was chromatographed on a calibrated CM-52 cation exchange 
column developed with a sodium acetate salt gradient. 
From this column the acidic fraction should elute in the 
early tubes before the enkephalins, for which the column 
had been calibrated. The fractions eluting before enke-
phalin from this column were bulked on PPQ and further 
digested with CPB. This fraction was now rechromato-
graphed on a DE-52 anion exchange column eluted with a 
sodium acetate salt gradient. The acidic region from 
this step compared to the enkephalins, which should 
contain any LE-S, was desalted on PPQ for HPLC 
processing. The U.V. trace of this HPLC run on the C-18 
p-Bondapak column is shown in Figure 42, together with 



42 Mouse Striatal TrvpFic Peptide after CPB 
R.P.HPLC of Acidic Fraction.Effect of TFA. 



Figure 42(continued) 
Striatal tryptic peptide preparation 

from 31 male T.O. mice. A fraction acidic compared 
to the enkephalins was selected on the CM-52 column, 
after which this was digested with CPB. This fraction 
was then chromatographed on a DE-52 and again the 
acidic fraction was selected. This fraction was now 
chromatographed on the C^g R.P.HPLC preparative column 
and 1.0ml fractions collected and desiccated. Fractions 
were redissolved in 200pl d H^O from which 2x20pl 
aliquots taken for RIA against the L^ antibody. A further 
60jjl aliquot of each fraction was desiccated and treated 
with TFA, washed on PPQ and desiccated once again. Each 
was. redissolved in 60pl dH20 from which 2x20pl aliquots 
were taken for RIA against L^ antibody. The U.V. 
Absorbance at 280nM was recorded for both the sample 
run and for a standard of LE-S. 
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the calibration run of synthetic LE-S. During the chemi-
cal synthesis of the LE-S it was observed that the sulphate 
group was removed from the peptide on exposure to anhy-
drous TFA. In addition to this, when the synthetic LE-S 
was digested with aryl sulphatase it was found that only 
some 30$ of the sulphate was removed during a 2 hour 
incubation, so clearly this sulphated peptide is not 
a good substrate for this type of aryl sulphatase. 
Compared to this,incubation of the synthetic LE-S with 
anhydrous TFA at 37°C for a period of 90 mins was found 
to convert approximately 90$ of the LE-S to LE. This 
treatment with TFA had no additional effects on the LE 
itself as determined by activity on the mouse vas 
deferens bioassay. As a result of these findings it 
was decided to adopt the TFA procedure for removing the 
sulphate group from the peptide in preference to aryl 
sulphatase digestion. So the dessicated"peptide fractions 
were redissolved in 0.5ml anhydrous TFA and incubated at 
37°C for 90 mins. after which time they were diluted 10 
fold with water and washed on PPQ. Figure 42 shows the 
immunoreactivity profile obtained for the fractions 
eluting in the region of the synthetic LE-S both before 
and after treatment with TFA. Prior to TFA treatment 
several small peaks of LE immunoreactivity can be seen 
eluting in this region, one of which co-elutes with the 
synthetic LE-S standard (tubes 32-33). After exposure 
to TFA the LE immunoreactivity profile changes consi-
derably with a very large increase in tubes 32-33 and 
also a slight increase in tube 36. So in the previous 
experiments the acidic fraction was chromatographed on 
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reverse phase HPLC and LE immunoreactivity was seen in the 
LE elution position both before and after aryl sulphatase 
digestion but with the latter showing vastly increased 
displacement. Here the HPLC system has separated the 
LE immunoreactivity from the elution position of LE and 
once again, following TFA treatment to remove the sulphate 
group, there is a sharp increase in the immunoreactivity 
seen. When the synthetic LE-S standard was chromatographed 
on the reverse-phase HPLC which had previously been used 
it was found to elute between the two enkephalins and 
overlapped appreciably with LE. This may explain why in 
Figures 40 and 4l the immunoreactivity seen, both 
before and after aryl sulphatase digestion, is in the LE 
position. In Figure 4l the elution position of the 
immunoreactivity before aryl sulphatase digestion starts 
slightly before that of the LE standard and corresponds 
well with the elution position of the LE-S standard. It 
is also possible that during the HPLC run which is ^performed 
under acidic conditi.ons some of the LE-S is converted to 
LB,, since another observation made during the chemical 
synthesis of this compound was that the sulphate group 
is susceptible to cleavage under any acidic conditions. 

5.4 Effect of Aryl Sulphatase on LE 
One point which was raised following the observation 

of increased LE immunoreactivity after digestion with 
aryl sulphatase was that this enzyme might not be operating 
as a sulphatase but as a carboxypeptidase A. This secon-
dary action of the sulphatase had apparently been 
observed in other investigations (Morris, Dell, and 
Taylor personal communication). 
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So it was possible that the increase in immunoreactivity 
was due to digestion of an extended LE sequence by this 
carboxypeptidase A activity. If this was so then the 
enzyme should also digest native LE and this was investi-
gated. See Figure 43* No such carboxypeptidase A 
activity." was seen under these conditions with identical 
recoveries of LE after incubation with buffer alone and 
in the presence of aryl sulphatase. The area of LE after 
aryl sulphatase is slightly wider but is still encompassed 
by the range of standard LE. So it would seem that the 
changes observed on aryl sulphatase digestion are in 
fact due to its sulphatase activity and not any 
secondary carboxypeptidase A behaviour. 
0.5 Further Evidence for Sulphated LE. 

Another preparation of this acidic fraction from 
tryptic peptides of mouse striatal protein was chroma-
tographed on C^g |J-Bondapak column and again LE immuno-
reactivity after TFA treatment was seen eluting in the 
LE-S position. This fraction was rechromatographed 
over the same column showing the presence of at least 
two components in the LE-S region as assessed by the U.V. 
absorbance trace at 280 and 254nm. See Figure 44. To 
obtain a separation between these components the sample 
was rechromatographed on a Partisil 10/25 SAX HPLC 
column which had previously been calibrated with ME, LE 
and LE-S. The TJ.Vo trace at 206nm is shown in Figure 45» 
The region corresponding to the LE-S elution position 
from this column was collected and desalted on PPQ. 
Treatment of this fraction with TFA revealed the presence 
of LE immunoreactivity. The remainder of this fraction 



Figure 43 Effect of Aryl Sulphatase on LE. 
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Rf Value 
Figure 43 
lO.Opmole [3H] LE in 500|J1 O.IOM Sodium Acetate pH5.01. 
To one such tube a further 50pl buffer was added, to 
another 50pl buffer containing 0.5U Aryl Sulphatase 
activity was added. Incubated at 37°C for 2 hours after 
which a 10JJ 1 aliquot was taken from each tube and spotted 
on a TLC plate and developed with Ethyl Acetate/Isopropano1/ 
5% Acetic Acid 2/2/1 v/v. 1cm areas of the TLC track taken 
for Liquid Scintillation Counting directly. Marker LE run 
simultane ously on same plate. 
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2nd R-R HPLC of Acidic Fraction. 
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Figure 44 

Acidic tryptic peptide after CPB digestion re-
chromatographed on G^g p-Bondapak column with 
curvi+linear propanol gradient. U.V. Absorbances 
at 280 and 254nM monitored. 
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SAX. HPLC of Acidic Fraction [A], and StandardslB] 

.A. 

f-LE-Sj U.V 206 nm. 

I I I I I I i i i 
40 30 20 10 0 

Elution Time(min) 

B. 

LE-S 

AME 
LE 

U.V. 206nm. 

t i l l I I 1 
30 20 10 0 

Elution Time (min) 
Figure 45 

Fractions 33 - 35 from previous C^g HPLC (Figure 44) 
were bulked in 50pl 20mM Sodium Hydrogen Phosphate, 
2% Methanol pH5.10 and chromatographed on anion 
exchange SAX partisil analytical column. Standards 
of ME, LE and LE-S also chromatographed. U.V. 
Absorbance at 206nM monitored. 
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was treated with. TFA and chromatographed on TLC with a 
solvent system known to separate LE and LE-S. The 
plate was divided into 1cm areas and the silica gel 
eluted with methanol and following desiccation the 
samples screened for LE immunoreactivity. The results 
are shown in Figure 46. Once again several small peaks 
of immunoreactivity are seen from the TLC plate but by 
far the largest corresponds to the LE standard. This 
sample had been over several systems of ion-exchange 
chromatography and two steps of HPLC all of which should 
have excluded LE from this fraction and included LE-S. 
Yet following TFA treatment this fraction clearly demon-
strates LE-immunoreactivity in the LE position on the TLC plate. 
5.6 Summary of Evidence for Sulphated LE in Tryptic 

Peptide Fraction. 
From the evidence of experiments covering electro-

phoresis, ion—exchange chromatography, reverse phase 
HPLC, TLC, enzyme digestions and TFA treatment it would 
seem that this acidic fraction is a sulphated form of LE. 
It co-runs with this standard in all systems tested and 
with LE standard after treatment to remove a sulphate 
group. Although this is only circumstantial evidence 
based on the behaviour of this fraction in the various 
chromatographic systems before and after treatment to 
remove a sulphate group, it is quite considerable when 
taken in conjunction with the observed changes in immuno-
reactivity . In conclusion it would appear that LE exists 
in the precursor protein in the sulphated form followed 
by at least one basic residue and possibly flanked by 
basic residues. Trypsin would cleave this precursor on 
the carboxyl side of the basic residues liberating LE-S 



Figure 4 6 TLC of Acidic Fraction Posf-TFA, 
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Figure 46 

LE-S region marked on Figure 45 washed on PPQ and 
desiccated. Treated with TFA before TLC. Sample 
spotted on TLC plate and developed. Standards 
of LE and LE-S run simultaneously. Plate dried 

2 

and 1cm areas of track taken, eluted with 1.5ml 
MeOH and desiccated prior to screening against L Ab. 
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with a C-terminal basic extension of arginine or lysine. 
Thus CPB digestion gives an increased immunoreactivity 
by removing this basic C-terminal extension. Subsequent 
removal of the sulphate group would release authentic LE 
and again produce an increase in immunoreactivity. 
Having detected this fraction in the tryptic peptides 
from striatal protein a further investigation was under-
taken to look for a similar fraction in the endogenous 
peptide pool of striatal tissue. 

5»7 Endogenous Free Sulphated LE. Ion-Exchange Data. 
Acid extracts of striatal tissue were used as above 

but the peptide fraction from Sephadex gel-filtration was 
selected. As an alternative to gel-chromatography the 
protein was removed by ammonium sulphate precipitation. 
From the peptide preparation the acidic fraction was 
obtained by DEAE ion-exchange chromatography. Material 
showing similar chromatographic properties to synthetic 
LE-S was detected by RIA or bioassay after TFA treatment 
in several systems including silica gel TLC? reverse 
phase, cation and anion-exchange HPLC. Figure 4-7 shows 
the chromatograph of an acidic peptide fraction from 
mouse striatum. In Figure 47 A material eluting at the 
position of synthetic LE-S was bioassayed on the mouse 
vas deferens before and after treatment of the fractions 
with TFA. Opioid activity was assessed by a naloxone 
reversal of the twitch depression. Naloxone reversible 
activity (c.45pmol) was detected in one fraction prior 
to TFA treatment. In the same fraction after TFA treat-
ment appreciably more activity was found (c.200pmol). 
Since the synthetic LE-S only shows bioactivity on this 
tissue in nraol quantities, it was unlikely that the 
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activity found before TFA was due to LE-S, however the 
rise in apparent activity following TFA does suggest that 
LE-S is present in this fraction. This suggested that 
LE-S is co-eluting with another factor responsible for 
the bioactivity seen prior to TFA treatment. Support for 
the existence of both LE-S and another intrinsically ac-
tive opioid peptide in this sample was obtained when an 
identical sample was chromatographed on the same column 
but after treatment with TFA. Two peaks of bioactivity 
were now observed as shown in Figure 4-7B. One peak 
(c.l20pmol) corresponded to the elution position of LE 
and the other earlier peak: (c.40pmol) eluted marginally 
later than marker LE-S. The bioactivity detected in 
Figure 4-7A before TFA treatment was quantitatively the 
same as dete'cted in Figure 47B close to the LE-S elution 
position. The increased bioactivity in Figure 4-7A after 
TFA was also quantitatively similar to the amount of LE 
detected in Figure 47B. So it appears that from the 
broadly acidic peptide fraction obtained from ion-
exchange chromatography two opioid activities can be 
identified. One shows an endogenous bioactivity while 
the other only reveals bioactivity after treatment with 
TFA, when it also co-chromatographs with marker LE. 
This second factor behaves identically to synthetic LE-S 
in these procedures. 

5*8 Iso-Electric Focussing Demonstration of Sulphated LE. 

It was not always possible to detect the second 
acidic opioid showing endogenous bioactivity in other 
chromatographic systems but is could be separated from 
LE-S by isoelectric focussing. The results of such a 
separation are shown in Table 12a. this experiment 
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Effect of TFA on the Endogenous 
Acidic Peptide Fraction. 
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Figure" 47 

480mg mouse striatal tissue. Acid soluble peptide 
was separated from protein on G-25 gel filtration. 
Peptides more acidic than the enkephalins were selected 
on DEAE-A-25 Chromatography, This fraction was 
chromatographed on an analytical Partisi1-10-SCX column 
eluted with lOmM NaH2PC>4/H3P04 pH2.40 at a flow rate 
of 0,5 and 0.4ml/min A and B respectively. Panel A shows 
M.V.D. bioactivity detected in 2.0 min fractions. The 
dashed area indicates activity post-TFA. Panel B shows 
bdoactivity obtained when this acidic fraction was 
treated with TFA prior to chromatography.1.Omin fractions 
collected. U.V. Absorbance at 206nM for sample runs 
was recorded as was the peak elution position of 
standard peptides. 



Table 12a Isoelectrophoretic Separation of Rat Brain 
Opioid Peptides 

pi Leucine-Enkephalin Equivalent Acitivity (pmol) 
Untreated eluate TFA treated eluate 

7.5 110 120 
4.9-5.5 460 425 
2.9-3.2 60 48 

2.5 0 80 

Three whole rat brains were homogenised in 5$ trichloracetic 
acid (lOml/gtissue) and the solubilised peptides were 
absorbed on 200mg of Poropak-Q, after a water wash the 
peptides were eluted with 5ml of methanol. The methanol 
eluate was divided and dried. Isoelectric focussing was 
carried out on horizontal slab gels of Ultradex prepared 
as recommended in the LKB instruction manual. Two runs 
were made with pH gradients of 5 "to 8 and 2.5 to 4.0 
respectively (2$ Ampholines-LKB; 8W constant power for 12h 
at 10°C). At the end of each run the gels were sliced and 
the peptides eluted with 2 ml distilled water. The samples 
were then absorbed onto Poropak-Q which was washed throughly 
with water to remove ampholines and then eluted with 
methanol. The dried methanol eluates were bioassayed 
directly on the mouse vas deferens and after TFA treatment. 
Trace amounts of 

PH] -enkephalins were added to the original 
samples were also used to establish the isoelectric points 
of these peptides, LE=5.4 ( 5 . 2 - 5 . 5 ) , ME=5.2 (4.9-5.3). 
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it was possible to demonstrate the existence of basic 
opioids which migrated to the cathodic wick (pi >7.5)* 
the enkephalins (pI5.0-5o) a more acidic fraction 

(pI2.9-3.1). None of the fractions showed any enhance-
ment in activity after TFA treatment except material from 
the anodic wick where LE-S would be expected to migrate 
with pi, < 2.0. 

Further evidence for the existence of LE-S in the 
striatal peptide pool was obtained using the RIA. Broadly 
the acidic peptides selected from DEAE chromatography from 
both striatal extracts and extracts of whole brain minus 
striatum and cerebellum were assayed directly against the 
L^ antibody and again after further treatment with TFA. 
The amount of immunoreactivity seen in each case is shown 
in Table 12b. Clearly in both cases the immunoreactivity 
seen is increased following TFA treatment. However there 
appears to be a significant difference between striatal 
peptide immunoreactivity and that for the rest of the 
brain. The immunoreactivity in both cases before TFA 
was of the same order, with approximately twice as much 
present in the rest of the brain compared to striatum. 
However after TFA treatment the immunoreactivity seen 
for the striatal peptides is vastly increased ( C.50 
fold) whilst the peptides from "rest of brain" show 
an increase which is less than double the amount observed 
prior to TFA treatment. This strongly suggests that 
LE-S exists in quite high levels in the striatum compared 
to the rest of the brain as is also true for endogenous 
LE (Hughes, e_t al. , 197?) 

The observation of another acidic bioactive fraction 
in the striatal peptide pool is of interest since a 



Table 13? Effect of TFA on LE immunoreactlvitv in 

acidic peptide fractions from striatum and "rest of brain". 

SAMPLE LE equiv. (pmoles) 

PRE-TFA POST-TFA 

STRIATUM 0.20 10.0 

REST OF 
BRAIN 0.39 0.68 

Table 12b 

The brains from four male guinea-pigs were dissected into 
"striatum" and "rest of brain" (i.e. minus striatum and 
cerebellum). Acid extraction was performed and the peptide 
fraction was obtained by ammonium sulphate precipitation 
of the protein, centrifugation and PPQ treatment of the 
supernatant. The acidic peptide fraction was selected by 
CM-52 cat1on—exchange chromatography. Equal sized aliquots 
were taken, divided and one half treated with TFA. After 
PPQ treatment both samples were screened against the L. 
antibody. 
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parallel factor to this may be responsible for the 
bioactivity seen in the acidic tryptic peptide fraction 
(see Figure 38). It is unlikely that there would be a 
sufficient quantity of LE-S in the fraction bioassayed 
in Figure 26 to produce the depression seen on the mouse vas 
deferens since subsequently the synthetic L © - S showed 
poor bioactivity on this tissue. Further investigation of 
this second acidic opioid activity is currently underway. 
5.9- Exclusion of Cholecystokinin 

One possibility which was considered following this 
evidence for a sulphated form of LE occuring in striatal 
tissue was that the immunoreactivity observed might be 
due to cholecystokinin (CCK) - another sulphated neuro-
peptide. The octapeptide sulphated form of this peptide 
occurs in high levels in the cerebral cortex and also in 
the caudate nucleus (Larsson and Rehfeld, 1979; Beinfeld, 
Meyer, and Brownstein, 1981). Consideration of the amino 
acid sequence of CCK-8 demonstrates a degree of sequence 
homology with ME (see Table 22.). The evidence which 
indicates that the fraction investigated in this study 
was not CCK-8 is as follows:-

(i) The antibody showed specificity for LE with 
little cross-reactivity for ME. It is likely from 
sequence considerations that the sulphated 
CCK-8 would show poor cross-reactivity with 
the antibody, this would not be so dramatically 
increased on removal of the sulphate group. 

(ii) The endogenous peptide showed bio-
activity following treatment to remove the 
sulphate group and although CCK-8 has been 
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shown to possess affinity for the opiate 
receptor it shows an extremely low potency 
(Schiller, Lipton, Horrabin, and Bodanszky,1978). 

(iii) Consideration of the chromatographic 
behaviour of this fraction indicates that it 
does not co-elute with CCk-8. Thus its elution 

18 
position from the reverse-phase C p-Bondapak 
HPLC column distinguishes it from CCk-8 
(Morris ejt al., 1980) 

(iv) This fraction was found to co-chroma-
rtograph with synthetic LE-S, in all systems 
tested, and with LE after treatment to remove 
the sulphate group. 

5.10 Possible Physiological Role of LE Sulphation 
This evidence for LE-S in striatal tissue both as 

an endogenous peptide and in a form incorporated into 
a larger protein is of considerable interest. It is the 
first example of the detection of sulphated residues 
within protein structures that may serve a precursor 
neuropeptide role. Sulphation of glycopeptides and 
glycoproteins has been shown to occur early in the 
biosynthetic pathway at the nascent peptide chain stage 
as has glycosylation (Margolis and Margolis, 1970; Berg 
and Young, 1971)• The Golgi apparatus has been implicated 
in such post-translation modifications. It remains to be 
seen whether LE-S can be found in any of the proposed 
enkephalin precursors so far detected in the striatum. 
It is possible that such sulphate modifications could 
affect the processing of such a precursor molecule 
during its conversion to the enkephalins and enkephalin-
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related molecules which have been identified, so a change 

in the degree of sulphation might significantly alter the 

final peptide population obtained from any precursor 
molecules. It has long been established that although 
the ratio of ME to LE in whole brain is fairly constant 
at k or 5*1 this figure varies markedly from 1:1 to 10:1 
in different brain areas (Hughes, at al., 1977). It is 
possible that sulphation might have a role in determining 
this ratio either by affecting the precursor processing 
or by ensuring that copies of LE in the precursor do 
not assume biological activity. Indeed some discrepancies 
in enkephalin precursor studies in striatum have arisen, 
with levels of the two enkephalins found in the precursor 
protein pool showing a different ratio than the endogenous 
peptides. Other possible functions for the sulphate 
modification include a role for facilitating storage of 
the peptides. Concentration of peptides in vesicles 
might be achieved more efficiently if they have a strong 
negative change compared to the relatively neutral 
enkephalin molecule. This might involve other basic 
proteins or indeed the other basic enkephalin-like 
peptides which have been identified, once packaged further 
processing of the peptides might occur to produce the 
enkephalins. It is also possible that the presence of 
a sulphate group on the N-terminal tyrosine residue of 
LE may provide the molecule with protection from certain 
aminopeptidases. Until now cholecystokinin (Dockray, 1976; 

h 
Larsson,and Rehfeld, 1979) and gastrin ( Vander'haegen, 
Signeau, and Gepts, 1975) were the only known examples of 
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sulphated biologically active neuropeptides and with 
these sulphation either has no effect or markedly 
increases biological activity. With LE-S sulphation 
results in an approximately thousand fold decrease in 
bioactivity on the mouse vas deferens. Consequently 
this IrE-S may represent a .reserve pool of LE dependant 
on an aryl sulphatase enzyme to attain its full activity 
or it may possess an as yet undetermined biological 
function of its own. 

From structural considerations it is possible that 
LE-S may have some affinity at a CCK receptor and it 
might be of value to investigate this or indeed test it 
for CCK bioactivity. Should such an affinity be found 
it is possible that sulphation could be important in 
increasing the flexibility of the peptidergic system. 
Thus in the absence of sulphation LE could play a 
standard opioid peptide role i.e. via interaction 
with opiate receptors whereas sulphation effectively 
blocks this activity but may induce a CCK-role for 
the LE-S. An alternative to this could be analogous 
to the system of N-acetylation of peptides found in the 
pituitary, and again CCK may be involved. CCK exists 
in the CNS in a sulphated form which is biologically 
more active than the unsulphated form. It is therefore 
conceivable that as CCK activity is increased by 
sulphation LE activity could be simultaneously 
decreased i.e. one peptidergic system is switched on 
as the other is switched off. It might therefore be 
interesting to look for co-localization of LE and CCK 
in neurons of the striatum. As yet no evidence exists 
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for such a co-localization of LE and CCK although both 
are present in striatal tissue. Clearly these hypotheses 
are highly speculative at present but as the inter-
relationships between peptides are defined then the 
relevance of such possibilities may become apparent. 



CHAPTER 6 

TURNOVER, LABELLING STUDIES 



CHAPTER SIX 

6.1 Introduction 
In order to evaluate "in vivo" turnover of the enke-

phalins it was necessary to establish a method of incor-
porating a radioactive label into the endogenous enke-
phalin pool; A label of Tyrosine was selected as 
it was thought this would show less distribution of label 
throughout the general metabolic system. Additionally 
tyrosine has an active transport system across the blood-
brain barrier (Oldendorf, 1971) so label administered 
peripherally eg. by subcutaneous injection might show 
appreciable accumulation into the CNS. Previously, 
studies on incorporation of label into the enkephalins 
have been performed "in vitro" using brain slices. Some 
studies on "in vivo" enkephalin labelling have been 
performed but with limited success (Sosa, ejfc al. , 1977; 
Yang and Costa, 1979). Compared to "in vitro" labelling 
a parallel study "in vivo" will also reflect the rate of 
use of the endogenous enkephalin pool. 

Two methods of label administration were adopted. 
Firstly it was thought that by obtaining a fairly constant 
level of labelled tyrosine in the circulation a sufficient 
amount might be transported to the CNS by the active uptake 
system to label the enkephalins. In an attempt to enhance 
the degree of tyrosine uptake by the CNS and also to 
ensure all the animals were in a similar nutritional 
state,food was withheld for 18 hours prior to administration 
of label. The tyrosine was given by a series of subcu-
taneous injections during the following day. It was 
thought that such a series of injections would serve to 
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maintain the levels of labelled tyrosine circulating for 
a prolonged period. Animals were sacrificed at times 
after the final injection. The other method of admini-
stering the label was more direct and involved intra-
cerebroventricular (i.e.v.) injection of tyrosine 
using a sterotactic procedure. Full experimental 
details will be given below. 
6.2 Stereotactic Methods 

Male Sprague Dawley rats, 150g, were used. Following 
initial anaesthesia, using fluorothane gas, the animals 
were supported on the stereotactic frame and anaesthesia 
was maintained by means of a mask fitted to the tooth 
bar passing a stream of fluorothane gas over the animal's 
mouth and nose. This attachment was successsful at 
maintaining anaesthesia during the operation. 

The crown was cleared of skin and overlying tissue. 
Using the appropriate stereotactic coordinates (Konig and 
Klippel, 1963) a mark was made on the skull. A small 
hole (l.^mm diameter) was drilled through the skull at 
this point using a hand held drill. A microlitre syringe 
was used for the injection and a sufficiently long needle 
was used to allow penetration through this hole in the 
skull and the underlying brain tissue to the appropriate 
depth. Injection of the label was performed slowly to 
prevent rapid build up of pressure in the CSF and after 
injection the needle was left in position for a short 
period before being slowly withdrawn to avoid loss of 
injected fluid through this channel. The hole in the 
skull was covered with a small square of Parafilm and 
the skin sutured over the wound after the area had been 
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sprayed with, antibiotic. Within 2 hours the animal 
appeared to be fully recovered. 
6.3 Enkephalin Purification Method 

A protocol for purification of the enkephalins was 
adopted for this study and prior to any samples being 
processed the recovery of the enkephalins at each step 
was determined. Use was made of the [3H] ME and [3H] LE 
which were available. These labelled compounds were 
purified on reverse phase HPLC prior to use since they 
are known to degrade to radioactive components other than 
the enkephalins (Vogel, et al., 1978). A tracer of each 
labelled enkephalin plus 5|Jg of each enkephalin to act 
as a carrier was processed through G-25, XAD-2, PPQ 
and R.P.HPLC. After each step aliquots were removed from 
the appropriate fractions for liquid scintillation counting. 
All such counts were corrected for variations in counting 
efficiency using an internal standard. The results 
from this calibration run are shown in Table 13. These 
figures show that ME and LE are recovered in approximately 
equal amounts after extraction and these four steps of 
purification. During all procedures DTT was employed to 
reduce the degree of oxidation of ME. The extraction procedure 
produced ' acid soluble material in the supernatant inclu-
ding protein and the required peptide fraction. The acid-
insoluble pellet was retained and redissolved in 1,0ml 
NaOH for Lowry protein assay and liquid scintillation 
counting to give a measure of the amount of tissue 
dissected and also the amount of label reaching this 
protein pool. Some of the incorporation results obtained 
using this procedure are shown below. 



Table 13 % Recoveries of the two enkephalins through 

various chromatographic steps 
4 

STEP 
°fo Recovery 
from step 

Total °/o 
Recovery 

G - 25 96.61 96.61 
XAD - 2 82.78 79.97 
PPQ 88.38 70.68 
R.P. HPLC 56.14 ME: 40.41 

LE:. 39.71 

Tracer PH ] ME and Ph] LE taken with ppg each 
enkephalin. Processed on G-25 Sephadex coloumn (18x1 cm) 
eluted in 5°/o Acetic Acid at 5°C. Column pre-calibrated 
with BSA and LE. 

XAD -2: 

PPQ: 

R.P.HPLC 

(4x0.7cm). Sample applied in 5% 
Acetic Acid, washed with 20ml 0.1M 
HC1, 20ml H^O (ice cold) eluted with 
20ml 90°/o Acetone. 
(1.5x0.5cm). Sample applied in 
5.0ml H^O, washed with 20ml H20 and 
eluted with 10ml EtoH. 
Sample applied in 50pl H20 eluted with 
Acetonitrile /H20 2/1 (v/v). Pre-
calibrated with enkephalin standards. 
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6.4 Incorporation by I.C.V.Label Administration 

Four male Sprague Dawley rats were injected with 30 pCi 

Tyrosine icv. Two were sacrificed at 20 hours and 
two at 28 hours post-injection. The animals were killed 
by cervical dislocation and striatal tissue rapidly 
dissected into 0.5ml ice-cold IM Acetic Acid, 0.02M 
Hydrochloric Acid and sonicated. This was washed into 
a 15ml centrifuge tube with 4.0ml of the same acid mixture 
and centrifuged at 40,000 x g for 30 min at +4°C. The 
supernatant was then processed as described above for 
the [*̂ H] enkephalin standards. Aliquots from the fractions 
obtained after the final HPLC step were take for liquid 
scintillation counting. Also the acid-insoluble pellet 
was redissolved in 5»0 ml 1.0M NaOH and aliquots taken 
for counting and protein determination. The results 
obtained from this preliminary experiment are shown in 
Table 14. 

The results show that this method is capable of 
incorporating icv. administered tyrosine label into the 
enkephalin pool. However despite the consistent level 
of label incorporated into the acid-insoluble protein, 
as illustrated by the figures for CPM/mg protein, 
there is a broad spread of counts found in the ME and 
LE fractions. However it is apparent that in none of 
these cases do.es the ratio of counts found in the two 
enkephalins reflect the ratio of 5s1 normally accepted 
for the levels of the endogenous striatal peptides 
(Hughes, et al.,1977). 

Two more rats were treated as above but sacrificed 
at 7 hours post-injection. Once again counts were found 
in the two enkephalins after the HPLC step and here also 



Table 14. Incorporation of L̂ HJ Tyrosine into endogenous 
enkephalin of rat striatum 

RAT TIME ENKEPHALIN (CPM) PROTEIN PROTEIN 

No. (Hrs) ME LE CPM .. 
7750 

Mg CPM/Mg. 

1 
2 

20 
20 

2122 
740 

1144 

331 
495 
5 50 

8.75 
8.60 

2829 
3198 

3 
4 

00 
00 

CM 
CM 

1 20 

76 

103 
61 

462 

432 
8.85 
8.40 

2610 

2571 

30pCi L Hj Tyrosine injected icv. and animals 
sacrificed at given times after the injection. Enkephalins 
purified as described above (Table 13) and aliquots from HPLC 
fractions counted. Further experimental details given in the 
text. 
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the ratio of counts found in the enkephalins did not 
relect their endogenous ratio. In fact the counts did 
show a higher level in the LE fraction than ME in one 
extract and approximately equal amounts in the other. 
It was thought that possibly the HPLC step might not be 
completely separating the enkephalins so the fractions 
were further investigated using TLC to give a second 
separation between them. The ME and LE fractions from 
HPLC were run separately on TLC and consecutive areas 
scraped from the plate and counted directly. These 
results confirmed that the HPLC was separating the two 
enkephalins effectively, as counts from the ME fraction 
from HPLC were found only in the ME and O-ME positions 
on TLC whilst the LE fraction from HPLC only gave counts 
corresponding to LE on the TLC plate. The counts in the 
two enkephalins after this additional TLC step were as 
follows:-

(1) ME: 56 CPM LE: hZ CPM 
(2) ME: 58 CPM LE: 159 CPM 

These ME figures include counts found in the O-ME from 
the TLC Plate. It should be noted that ME seems 
particulary susceptible to oxidation during the TLC 
procedure. 

As seen previously with the standard labelled 
enkephalins approximately equal recoveries of ME and 
LE are achieved through the purification steps up to 
HPLCo So the discrepancy between the counts found in 
the two enkephalins and their endogenous ratio in 
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striatal tissue cannot be due to loss of ME during the 
purification procedure. One problem with this procedure 
of icv. injection into rats was that the whole operation 
t.ook approximately 30-4-5 mins for one rat. Consequently 
it was impractical' to operate on a large number of rats 
and also to sacrifice them over a full time course of 
incorporation. As a result this method was abandoned 
for a quicker more convenient method using mice, in the 
hope that incorporation could be achieved from a series 
of injections which could be performed more quickly. 

6.5 Peripheral Administration of Label 

It was decided to investigate the possibility of 
obtaining incorporation into the enkephalins by peri-
pheral administration of labelled tyrosine. Male T.O, 
mice 6-8 weeks of age were used and they were starved 
overnight before injection. In an attempt to keep 
circulating levels of the labelled tyrosine elevated for 
a prolonged period a series of small injections was 
employed. A similar purification procedure for the enke-
phalins was adopted as for the previous study in rats 
with an additional step to separate the acid-soluble 
protein before G-25 chromatography. The procedure is 
detailed in Table 15. The results of such an experiment 
ar.e outlined below. 

T w e l v e male T.O, mice caged in three groups of four. 
1. Injection of 5pCi [3h] Tyrosine in 0.9$ NaCl 

subcutaneously between 11.30-12,00(midday) 
2. Similar injection between 12.30 - 13.00 



Table 15 Protocol for enkephalin purification used 

in the incorporation studies in mice. 

STRIATA dissected into 0.3ml 1M AcAc. 
0.02M HC1• 
Sonicated in 3.0ml Acid Mixture. 
Centrifuged at 40,000 x g for 30min 
at + k C. 

PELLET 1 
(Acid-insoluble material) 

SUPERNATANT 1 + 5|Jg each ME, 
LE. Made to 10°/o 

with TCA 
Centrifuged as above. 

PELLET 2 
(Acid-soluble protein) 
Redissolved in 2.0ml 0.1M 
NaOH. 

Aliquots taken for LSC and SUPERNATANT 2 
Lowry protein determination. 

G I 25 

v XAD - 2 

PPQ 

V 
HPLC 
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3. Similar injection between 15.00-15.30 after 
which food was made available. 

The mice were sacrificed at timed intervals after 
this final injection. A note was kept of the time of 
day when the animals were sacrificed since a diurnal 
variation has been suggested for the enkephalin levels 
(Frederickson,"Wesche, and Richter, 1978; Besser, Clement-
Jones, Linsell, Mullen, Rees, and Shanks, 1980). For the 
first eight mice i.e. the first two groups, half of each 
ME and LE fraction was counted after the HPLC step 
simply to see if label was in fact being incorporated. 
The results are shown in Table l6. 

Once again despite a reasonably consistent degree 
of incorporation into the acid-soluble protein fraction 
between individual mice there is a wide scatter between 
counts seen in the enkephalin fractions. However as 
with the results from the rat experiments the ratio of 
counts seen in the two enkephalins differs significantly 
from the previously determined endogenous ratio of these 
two peptides. In fact for all the first group of mice 
the counts seen in the enkephalins show a higher 
incorporati on into LE than ME. As for the experiments 
with rat striatal extracts it was thought that the 
counts seen in the enkephalin fractions might be over-
lapping between the two enkephalins or might be due to 
labelled components other than the enkephalins. Conse-
quently the remaining half of each fraction was further 
chromatographed on TLC. The entire track was removed in 
lcm fractions which were counted directly. The distri-
bution of counts obtained for the extracts from mice 1 



Table 16. Incorporation of [3HJ Tyrosine into mouse 

striatal enkephalins. 

MOUSE 
NO. 

TIME 1 
post -
inj ection 

(hr) 

CPM 
ME 

CPM 
LE 

DPM/Mg 
"Tc A -pjkV. 
Protein 
(Acid. Sol) 

1 214 756 125 
2 1hr. 494 79 6 175 

3 1 18 225 1 26 

4 60 74 166 

5 71 32 1 54 

6 2hr. 77 48 151 

7 98 69 1 63 -

8 498 14o4 154 

Mice injected subcutaneously with L Tyrosine. 
3 injections of 5pCi each given at intervals. Enkephalins 
extracted and purified as described in Table 15. One 
half of each ME and LE fraction taken for LSC after 
the HPLC step. 

*This time is the period after the final injection of 
theseries. 
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and 2 are shown in Figures 48 and 49. It is quite clear 
from the figures that after HPLC the counts found in the 
ME and LE fractions are in fact due to incorporated label 
into these peptides since counts are only found in the 
corresponding fractions from TLC i.e. counts in the ME 
fraction from HPLC only show significant counts in the 
O-ME and ME fractions of the TLC plate whilst the LE 
fraction from HPLC only gives counts in the LE fraction 
from TLC. The same was found to be true for the fraction 
from the other six mice. So once again for this group 
of mice the counts found in ME and LE did not correspond 
to their ratio as endogenous peptides. In fact in all 
four mice of the first group more counts were found in 
the LE fraction than in the ME fraction. The two subse-
quent groups showed approximately equal counts in the two 
enkephalin fractions.^ See Table 17. It is clear that 
these figures show too much scatter for a valid assess-
ment of enkephalin turnover but the one common observation 
between this study and the previous study in the rat is 
that the counts seen in the enkephalins are not consistent 
with the ratio of the endogenous ME and LE. It is possible 
that this observation may be due to differences in the 
incorporation of label into the two enkephalins or to a 
difference in the "in vivo" turnover between the two enkephalins. 

6»6 Revised. Enkephalin Purification Method 
Further incorporation studies were performed again 

using T.O. mice but the enkephalin purification method 
was again modified in a more rapid procedure. This 
entire method employed 1.5ml micro-cap centrifuge tubes. 
Having killed the mice by cervical dislocation the striata 



F i g u r e 48 

TLC of Labelled Enkephalins. 

90 

60-

£Efcl 
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0J 

1) ME from R.P. HPLC 

1 ' 2 ' 3 ' 4 ' 5 1 6 ' 7 1 8 ' 9 ' 10' 11' 12113 
Fraction No. 
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4001 
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200 -

0J 
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2) LE from R.P HPLC 

1 ' 2 3 4 5 6 7 8 9 110 ' 11' 12 ' 13 ' 
Fraction No. 

Figure 48 
Enkephalin fractions extracted from mouse striatal tissue 
separated into ME and LE on R.P.HPLC analytical column. 
These two fractions were rechromatographed separately on 

2 . . . TLC. 1cm areas of track were taken directly for Liquid 
Scintillation. Counting. 



Figure 49 

TLC of Labelled Enkephalins. 
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Figure 49 
Enkephalin fractions extracted from mouse striatal tissue 
separated into ME and LE on R.P.HPLC analytical column. 
These two fractions were rechromatographed separately 

2 
on TLC. 1cm areas of track were taken directly for 
Liquid Scintillation Counting. 



Table 17 Incorporation of L HJ Tyrosine into striatal 
enkephalins. Counts after TLC. 

MOUSE 
NO. 

TIME1 
(hrs ) 

CPM 
ME 

CPM 
LE 

1 200 1113 
2 1 482 1 182 

3 94 170 
4 30 50 

5 66 8 
6 2 56 30 

7 60 48 
8 240 1 285 

9 16 10 
10 19 54 53 
11 56 63 
12 33 32 

As for table 16 but ME and LE fractions from 
HPLC rechromatographed separately on TLC. ME, 0-ME 
and LE regions taken for counting. ME counts include 
counts found in 0-ME position. 

* As for Table 16. 
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were dissected into 220pl ice cold 5$ Acetic Acid pH. 1.90 
with HC1 containing O.lmg/ml DTT and 10|Jg each ME and LE 
to act as a carrier for the extracted enkephalins. The 
striata were quickly sonicated and kept on ice. A further 
300pl of the acid mixture was added, mixed and centri-
fuged in an Eppendorf 54-13 bench centrifuge at 9000 x g 
for 15 min at +5°C. The supernatant was retained and 
the pellet washed with a further 0.5ml acid mixture, 
centrifuged as before and the second supernatant added 
to the first. This acid-soluble material was now made to 
5$ with TCA and again centrifuged as before. This super-
natant was retained and the pellet washed with 1.0ml 5$ 
TCA (o.lmg/ml DTT), centrifuged and the supernatant bulked 
with the first one. The supernatant fraction from this 
step contains the peptides with the vast majority of 
protein removed. This peptide fraction was now washed 
onto PPQ to remove the TCA. Samples eluted from PPQ were 
desiccated overnight. The first pellet obtained repre-
sents the acid-insoluble material and the second pellet 
of TCA precipitated material represents acid-soluble 
protein. Both these fractions were redissolved in 1.0ml 
NaOH which allowed a Lowry protein determination to be 
performed and also samples to be counted to determine the 
degree of labelled tyrosine incorporated into the protein 
pool. The peptide fraction from PPQ was now redissolved 
in 0.8ml 25mm Sodium Acetate pH 5*10 for processing in 
the batch ion-exchange procedure as previously described 
(see Techniques). Following this, samples were desalted on 
PPQ. The peptide preparation was now redissolved in 50JJ1 
methanol and spotted in individual tracks on a TLC plate, 
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dried well and developed in a system of Ethyl Acetate/ 
Pyridine/Watei/Lcetic Acid 55/21/13/5 v/v +100mg DTT. 
The plate was dried and sprayed with Ninhydrin (l°/o in 
acetone w/v) and this revealed three spots representing 
0-ME, ME, and LE. These three areas were removed from 
the plate and taken for liquid scintillation counting. 
This procedure is schematically represented in Table 18. 
This method was favoured since any oxidised ME formed 
despite the presence of DTT would be retained in the pep-
tide fraction and would show up on the TLC plate when 
exposed to Jfinhydrin. Consequently the ME counts can 
include the proportion in the 0-ME form. Tracer ME and 
LE were processed through this procedure to establish the 
°/o recoveries. The results are shown in Table 1 9 . Clearly 
the TLC step introduces a step with quite a poor recovery 
of the enkephalins, but it also allows a large number of 
samples to be chromatographed simultaneously whereas the 
HPLC requires samples to be processed sequentially and is 
far more time consuming. It was thought possible that the 
actual percentage recoveries of ME and LE might be slightly 
higher than indicated since the radioactive ligands are 
subject to breakdown during storage. However with 
reference to the previous studies where more counts were 
seen in LE than ME it is clear that using this method 
such an observation will not be due to differential 
recoveries of the two enkephalins. 

During this study the mice were given two larger 
injections of PH] Tyrosine at widespread intervals. One 
injection 30|uCi was given subcutaneously at 15.OO hr. 
aft er the animals had been starved the previous day. Pood 



Table 18. Revised protocol for enkephalin purification 
from mouse striata. 

STRIATA 

PELLET 1a<-

Sonicated 
^ centrifuged, 

washed 
centrifuged SUPERNATANT 1 

•^wash 

PELLET 1b 
Redissolved in NaOH 
for Lowry protein assay 
and liquid scintillation 
counting. PELLET 2a 
ACID - INSOLUBLE 

Made 5$ with TCA 
centrifuged. 

SUPERNATANT 2 

MATERIAL 
washed 
centrifuged. 

^ w a s h 
V 
PPQ 

PELLET 2b 
Redissolved in NaOH 
for Lowry protein assay 
and liquid scintillation 
counting. 
ACID - SOLUBLE 

PROTEIN 

V Batch IEX 
Procedure 

PPQ 

TLC 

O-ME ME LE 

Pull experimental details are given in the text. 



Table 19 Percentage recoveries of ME and LE in 

revised protocol described in table 18. 

STEP 
°/o Recovery 
from step 

Total °fo 
Recovery 

Extraction. TCA 

pptn- 84.55 84.55 
I EX +• PPQ 83.71 70.75 
TLC 45.36 ME: 32.50 

LE: 31.38 

Tracer [3H] ME and [3H] LE added to initial acid 
mixture (220pl) before sonication of striata. Processed 
exactly as described in the text and table 18. Aliquots 
taken after purification steps for liquid scintillation 
counting and percentage recoveries determined. 
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was provided at 17.00 hr. A second injection of was 
given at 09.30 hrs the following day after which the 
animals were sacrificed at timed intervals. Once again 
incorporation of label into the enkephalins showed a 
wide degree of variation and indeed many of the mice 
in this study showed counts barely above double the 
background counts. However of the mice that did show 
labelled enkephalins the distribution of counts on the 
TLC plates was such once again to suggest that more 
counts were incorporated into"LE than into ME„ See 
Figures 50 and 51. Even taking the 0-ME and ME regions 
together the counts found do not equal those found in the 
LE position. So once again this phenomenon of more 
incorporation into LE than ME is seen. It is possible 
that the counts in the LE region of these TLC plates is 
due to some other labelled species as these are apparent 
moving to a position close to the solvent front. How-
ever coupled with the data shown in Figures 48 and 49 
from previous studies on mouse striata, where ME and LE 
fractions from HPLC were run on TLC and similar count 
ratios were found, it seems unlikely that this accounts 
for the entire effect. 
6.7 Summary 

Although little in terms of concrete conclusions 
can be drawn from these preliminary "in vivo" incorporation 
studies it does appear that the techniques are 
available to obtain a measure of turnover of the enke-
phalins "in vivo". Also the general trend of the incor-
poration seen from both mice and rats does suggest that 
there may be different turnover rates for the two enke-



Figure 50 TLC of Labelled Enkephalins. 
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Figure 50 

Acid extract of mouse strital 
tissue treated as described in the 
text prior to chromatography on TLC. 

2 

lcm areas of track collected for 
direct Liquid Scintillation Counting. 
The plate was sprayed with 1% 
Ninhydrin to locate the positions 
of O-ME, ME and LE. Mouse 
sacrificed 3 hr post 2nd injection 
of [3H] Tyrosine. 



TLC of Labelled Enkephalins 

O-ME ME LE 
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Figure 51 

Acid extract of mouse striatal 
tissue treated as described in 
the text prior to chromatography 

2 
on TLC. 1cm areas of track 
collected for direct Liquid 
Scintillation Counting. The plate 
was sprayed with 1% Ninhydrin to 
locate the positions of O-ME, ME 
and LE. Mouse sacrificed 6 hr 
post 2nd injection. of [3H] Tyrosine. 

1 1 
12 13 
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phalins "in vivo". The ratio of counts seen in the two 
enkephalins was not found to correlate with the accepted 
ratio of ME:LE as endogenous peptides in the striatum. 
This result differs with incorporation studies "in vitro" 
using brain slices but it must be emphasized that any 
"in vivo" study-will also reflect endogenous release of 
the labelled enkephalins whilst an "in vitro" incorporation 
will simply label the endogenous pool present in the 
neurons of the brain slices. As far as changes in the 
counts found in the two enkephalins are concerned it does 
appear that at early stages of incorporation LE shows 
counts higher than ME and that this situation is reversed 
over longer periods with the counts becoming approximately 
equal and then ME showing more counts than LE. But before 
any conclusions can be drawn a method giving more consis-
tent labelling must be designed. Stereotactic injection 
of label was effective at introducing a large amount of 
label in the vicinity of the enkephalin containing neurons 
of the striatum but the procedure was quite lengthy. For 
the mice the most effective method appeared to be the 
series of small subcutaneous injections over a period. 
This was convenient as a number of mice could be treated 
quite quickly and the results gave a higher incorporation 
than two larger injections widely spaced in time. It is 
possible that the procedure could be!, improved by injecting 
the label as an emulsion to serve as a depot from which 
label would be slowly absorbed giving a steady level of 
circulating tyrosine over a prolonged period. This would 
have the additional advantage that the animals would only 
be subjected to one injection and thus reduce the stress 
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to which they are exposed. This final point may well be 

of importance when considering enkephalin labelling 
"in vivo" in the striatum since this area has been linked 
with emotional reactions. It is possible that the actual 
handling of the animals in the laboratory environment 
could have profound effects on the labelled enkephalin 
under investigation. However a method is presented which 
allows labelling of striatal enkephalins "in vivo" and 
which might be applied to a more thorough investigation 
of enkephalin turnover, especially when precursors along 
the enkephalin biosynthetic pathway have been characterized 
more fully. Studies on enkephalin biosynthesis in the 

adrenal medulla chromaffin cells have shown that p 3s] 
Methionine and [^h]Tyrosine can be incorporated into ME 
and LE (Wilson, Chang-and Viveros, 1980). # Reserpine 
induces the incorporation of these radiolabels into the 
adrenal opioid peptides which can be partially blocked by 
cycloheximide and actinomycin D. Such stimulation of 
opioid peptide biosynthesis both "in vivo" (Viveros, 

bN 
Diliberto Jr., Hazum, and Chang, 1980) and in culture 
was found to produce ME predominating over LE which may 
indicate an independent regulation of turnover of the two 
enkephalins in these cells. 

Results from striatal tissue on the enkephalin 
content of the precursor pool, identified by sequential 
trypsin and CPB digestion, indicate some discrepancy 
between the ratios of MEiLE in the precursor and the 
ratio found for the endogenous peptides (Beaumont, e_t 
al., 1980; Hughes et al,, 1980). Although interpretation 
of such results is"1imited-in the light of the recent 
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findings of other enkephalin-1 ike peptides in the CNS 

related to both ME and LE, which would be digested to 

the enkephalins by this protocol, it may suggest a 

controlled processing of the precursor to produce the 

required ratio of peptides. Taken in conjunction with the 

incorporation results from this study it seems possible 

that there may be a differential turnover rate for the 

two enkephalins in the striatum. 



CHAPTER 7 

DISCUSSION 
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During this study the biosynthesis of the enkephalins 
was approached from a variety of directions. All the work 
was based on a selection of chromatographic techniques 
which were fully characterised for both enkephalins. 
Consequently, with knowledge of the behaviour of the 
two enkephalins in these chromatographic procedures 
they could be employed in a number of different ways. 
Thus the enkephalins themselves could be investigated 
directly, as in the incorporation study and part of the 
precursor study, or alternatively enkephalin-like peptides 
could be investigated with their different behaviour in 
particular chromatographic systems illustrating that they 
were distinct from either of the enkephalins. This 
second approach formed the basis of the study on 
enkephalin precursors. 3!n order to detect the enkepha-
lins and enkephalin-like peptides a series of antibodies 
was used in radioimmunoassay. Thus it was possible to 
chromatograph a given peptide preparation and to screen 
the fractions so produced against certain of the anti-
bodies. With knowledge of the behaviour of the two 
enkephalins in the particular chromatographic technique 
and their respective immunoreactivities with the given 
antibodies it was possible to identify both enkephalins 
and also fractions containing enkephalin-like peptides, 
chromatographically distinct from the enkephalins. 
Having identified such enkephalin-related fractions, which 
in this study were generated from larger protein molecules 
by enzymic digestion, and having separated them from the 
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enkephalins they were further investigated in the same 
chromatographic procedures. During the investigation of 
the acidic fraction of LE immunoreactivity generated by 
trypsin digestion the chromatographic systems were used 
in a different fashion to provide information about the 
fraction under investigation. Thus the fraction was 
subjected to a variety of enzyme activities and also a 
chemical modification procedure and the chromatographic 
behaviour before and after such treatment was compared. 
Any change seen gave a strong indication as to the nature 
of this fraction. So the whole of this study is depen-
dant on the chromatographic systems employed to separate 
the various components of a peptide preparation and the 
RIA supported by bioassay to detect the relevant fractions. 
By using these methods in tandem they provide a powerful 
system for investigating either the enkephalins themselves 
or molecules related to the enkephalins. A similar 
protocol has been employed by a number of other investi-
gators in this field with the additional use of radio-
receptor assay as a screen for the generated fractions 
indicating the presence of opioid peptides (Lewis, e_fc 

a 

al., 1980; Lewis, et al., 1978). 
Having established the chromatographic procedures" 

and the radioimmunoassay methodology an investigation of 
the precursors to enkephalins was possible. It has long 
been accepted that the enkephalins are produced via 
larger molecular weight proteins synthesized at the 
ribosome since both puromycin and cycloheximide inhibit 
incorporation of P H] Tyrosine into the endogenous 
enkephalin pool in both the gut and the striatum 
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(Sosa,^ al., 1977). Additionally, studies of the adrenal 
medulla chromaffin cells (Lewis, ejb ado , 198(5*) as well as 
striatal tissue (Beaumont ,e_t. al. , 1980) and the myenteric 
plexus of the gut (McKnight,et al., 1979), all areas showing 
high endogenous enkephalin content, have demonstrated that 
enkephalin-like peptides can be produced by sequential trypsin 
and CPB digestion of large molecular weight proteins. Details 
of the findings to the date were given in the introduction 
to this study. The current investigation used the entire 
acid-soluble protein pool of striatal tissue (MW >5000) in 
an attempt to identify a common portion of an enkephalin-related 
precursor. Trypsin digestion of this did produce fractions 
showing ME and LE immunoreactivity. Whan this tryptic 
peptide preparation was chromatographed on an anion 
exchange column a distinction between these two immuno-
reactivities was apparent. The ME immunoreactivity was 
found in fractions more basic than the enkephalins .. whilst 
LE immunoreactivity was seen in the enkephalin position and 
and in a fraction more acidic than the enkephalins. 
Unfortunately Although one of the ME immunoreactive 
fractions was chromatographed further no amino acid 
analysis was obtained. Apart from identifying a portion 
of an enkephalin precursor molecule a structural analysis 
of this fraction might have allowed antibodies to be 
raised and so facilitate purification of the precursor 
molecule using immunoprecipitation. At present much 
research effort is being concentrated on identifying the 
enkephalin precursors both in the CNS and the adrenal 
medulla. Appreciably more is known of these precursor 
molecules in the adrenal medulla than the striatum simply 
because the concentration of enkephalin-related peptides 



in the adrenal medulla chromaffin cells is very high. 
Xt is possible that instead of attempting to purify and 
characterize the large MW precursors from the CNS (c90,000D) 
(Beaumont, et_ al•, 1980) more information might be 
obtained from characterizing the smaller precursor mole-
cules (5-10,000D). If such smaller precursor molecules 
could be identified from CNS tissue then it may be 
possible to raise antibodies against part of this pre-
cursor which might also serve to facilitate purification 
of larger precursors by immunoprecipitation. A similar 
procedure of raising antibodies to an extended enkephalin 

£ 
sequence (LE - Arg ) has been employed to demonstrate 
the presence of such enkephalin-related peptides in the 
pituitary (Kangawa, Mizuno, Minamino, and Matsuo, 1980). 
Although such an approach may be less direct than purifi-
cation by classical chromatographic techniques informa-
tion might also be obtained of a range of precursor 
molecules along the enkephalin biosynthetic pathway. 

The initial aim of this study was to perfect a 
system whereby the turnover of the enkephalins could be 
determined "in vivo". Although it is apparent from the 
results given in the radiolabelling study that [3H] Tyrosine 
can be incorporated into the endogenous enkephalin pool 
in striatal tissue it was thought that such a measure 
would be of limited value unless more was known of the 
intermediates along the enkephalin precursor pathway 
(Yang and Costa, 1979). So although with further 
modification of the techniques used in the incorporation 
study it may well have been possible to obtain a more 
accurate assessment of the enkephalin turnover the actual 
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turnover rate observed could easily be dependant on the 
amount of enkephalin present in the precursor pool. Thus 
a large enkephalin precursor pool from which the endo-
genous enkephalins are continually replenished could 
result in a slow disappearance of label from the endo-
genous enkephalin pool, indicating a slow turnover rate. 
Similarly a relatively small enkephalin precursor pool 
would result in a faster disappearance of labelled enke-
phalins suggesting a faster rate of turnover. So clearly 
the observed turnover rate of the enkephalins might be 
highly dependant on the levels of enkephalin precursor 
molecules available for conversion to enkephalins. Ideally 
any turnover study should also follow the path of the 
labelled tyrosine through the intermediate steps of the 
enkephalin biosynthetic pathway. It was for this reason 
that the study of enkephalin precursors was undertaken. 

During the course of this study a number of novel 
opioid peptides containing the enkephalin sequence were 
purifed and characterized by other groups. The identifi-
cation of such components as dynorphin (Goldstein, êt al. , 

1979) CX-neo-endorphin (Kangawa and Matsuo, 1979) and 
6 7 

ME Arg Phe' (stern, ejt al. , 1979), all extensions of 
the enkephalin sequence, suggested that there might not 
be a simple precursor-product relationship for the enke-
phalins. Thus, depending on the requirements of a given 
tissue, the processing of the enkephalin precursor pool 
may be modified to yield the appropriate peptide fractions. 
Parallel studies on the opioid peptide content of the 
adrenal medulla chromaffin granules also demonstrated a 
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variety of opioid peptides also containing the enkephalin 

. a 

sequence (Stern, e_t al. , 1979; Kilpatrick, et_ al. , 1981; 

Mizuno e_t al. , 198(f). Evidence has accumulated to 

indicate that in the adrenal medulla ME at least is 

produced through a precursor system from larger MW 
/ aN 

proteins (Lewis, e_t al. , 1980). However there is also 

evidence that the mixture of opioid peptides finally 

packaged in the chromaffin granules are not processed 

further to yield simply the enkephalins (Viveros, e_t al. , 

1980). So the final product is likely to be a mixture 

of the enkephalins plus a variety of larger peptides 

containing enkephalin sequences. Several of these 

extended enkephalin sequences from both the CNS and 

adrenal gland show a very high degree of potency 

(Kilpatrick, et al. , 198:?; Kangawa and Matsuo, 1979; 

Goldstein, et al., 1979; Inturrisi, Umans, Wolff, Stern, 

Lewis, Stein, and Udenfriend, 1980) compared to the enke-

phalins and on these grounds it has been suggested that 

they may have their own physiological functions and may 

indeed relate to specific classes of opiate receptor 

(Wuster, et al., 1980; Chavkin and Goldstein, 198l). 

Further evidence suggesting that the variety of 
opioid peptides so far identified may have distinct 
physiological roles comes from various considerations 
of facts so far available. The distribution of the two 
enkephalins in different brain areas has long been 
established (Hughes, e_fc al., 1977;Yang, et al., 1977). 
Consideration of the regional distribution of CX-neo-
endorphin shows significant differences to that found 
for the enkephalins (Minamino, Kitamura, Hayashi, 

b, Kangawa, and Matsuo, 1981). «-neo-endorphin was located 
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predominantly in the posterior lobe of the pituitary. 
Relatively low levels of cx- neo-endorphin were found 
throughout the brain with highest levels in the hypo-
thalamus. Similarly the dynorphin distribution study 
showed highest levels in the posterior pituitary 
(Goldstein and Ghazarossian, 1980). Lower levels of 
dynorphin than CX-neo-endorphin were found throughout the 
brain and again the distribution between areas varied. 
See Table 20. So although these two peptides are struc-
tured to suggest they may be intermediates to LE from a 
larger precursor these distribution studies do not 
support this. 

Another opioid peptide identified in the CNS is 
6 7 

ME- Arg - Phe' (ME-RF) found in human, rat and 
bovine striatum in comparable or greater concentrations 
than LE (Rossier, Audigier, Ling, Cros, and Udenfriend, 
1980). Distribution studies of this peptide using immuno-
histochemistry have revealed differences in areas 
containing these peptides (Dockray and Williams, 198 2) 
Thus in the hypothalamus both ME and ME-RF ant is era 
revealed similar distributions of nerve fibres. 
Conversely in the globus pallidus dense fibre networks 
of ME immunoreactivity were found with few ME-RF 
fibres. However this was reversed in the caudate-putamen 
where many ME—RF cells were seen whilst no ME cells were 
observed. It must be emphasized that this study was 
based on immunohistochemical techniques so possibly 
unidentified peptides are being detected, but cross-
reactivity with both the enkephalins and various 



Table 20. Distribution of opioid peptides in mammalian 
brain 

CX- Neo-endorphin: 

Dynorphin: 

Enkephalin: 

hypothaiamu£§>striatum = hippo-
campus > midbrain = medulla-pons> 

cortex> olfactory bulb> 
cerebellum. 

hypothalamus» medulla-pons = 
midbrain> hippocampus > striatum> 

cortex > cerebellum. 

striatum»hypo thalamus > thalamus = 
hippocampus> medulla-pons -> cortex> 

cerebellum. 
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enJkephalin-related hexa- and hepta-peptides as well as 
^-endorphin were tested. So again there appears to be 
differences in the distribution of two similar opioid 
peptides, suggesting a differential processing from a 
precursor and having dist.iruct physiological roles. So 
it seems possible that from a common set of precursor 
molecules the required opioid peptide or mixture of 
opioids could be processed depending on the activity of 
the processing enzymes. The recent evidence for co-
localization of CX—neo-endorphin and dynorphin immuno-
reactivity in hypothalamic neurones suggests they may 
be produced from a common precursor ("Weber, Roth, and 
Barchas, 1981). Taken in conjunction with the finding 
that these two opioid peptides have different distri-
butions through the CNS there is a possibility that the 
processing of the precursor may dictate whether one or 
both of the opioids is produced. So it would appear that 
in the hypothalamus, where both peptides show relatively 
high levels compared to other brain areas, both peptides 
are processed from the precursor. Once again the inter-
relationship between these opioids, the enkephalins and 
the precursors must be elucidated before the physiolo-
gical importance becomes clear. It is interesting 
that the hypothalamic neurones in which CX-neo-endorphin 
and dynorphin were found, the paraventricular and 
supraoptic nuclei, also contain vasopressin immunoreactivity 
and that the enkephalins have also been identified in the 
synaptic terminals of these cells (Martin and Voigt, 1981 ). 
Such a possible correlation between vasopressin and 
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opioici peptide neurones is very intriguing with, the 
identification of neurophysin, vasopressin, cortico-
tropin and ^-endorphin within a large M.W. precursor 
from bovine neurohypophysis (Lauber, Nicolas, Boussetta, 
Fahy, Beguin, Caraier, Vaudry, and Cohen, 198l). It 
is possible therefore that vasopressin and these other 
opioids may be produced along a similar precursor 
pathway. Another peptide which has recently been 
demonstrated to be co-localized with the enkephalins is 
substance P (SP) ( Erichsen, Reiner, and Karten 1982). 
This is apparently present in certain neurones of the 
avian brain with LE, although co-localization is not 
absolute. Interestingly SP has also been found with 
opioid peptides in the adrenal medulla (Saria, Wilson, 
Molnar, Viveros, and Lembeck, 1980). So here also is 
the possibility of two physiologically distinct peptides 
sharing a common precursor. However until the relationship 
between these enkephalin related peptides and the enke-
phalins is determined, a situation which may well 
become clearer as the enkephalin precursors are identi-
fied, and the physiological relevance of these enkephalin 
related peptides is established the whole enkephalin 
precursor pathway and its involvement with other peptides 
will remain uncertain. 



The investigation of enkephalin precursors in this 

and many other studies utilized two enzymes, trypsin and 
/ a 

CPB, to digest the larger MW proteins (Lewis, et_ ad. , 1980; 
Beaumont, eifc al., 1980). Such treatment yielded enkephalin 
related peptides as determined by RIA and their chroma-
tographic behaviour. A similar protocol has been adopted 
for studies on enkephalin precursors in the adrenal 
medulla where enzymic digestion liberates enkephalin from 
the larger precursors as assessed by radio-receptor assay 
(Lewis, £t al. , 198(5*). However here it has been used 
simply to detect which protein fractions contain the 
enkephalin sequences. Further chromatography of the 
proteins to homogeneity has allowed full characterization 

/ - a 

of the entire precursor molecule (Kilpatrick, et al., 1981; 
Lewis, et al. , 1980*). As emphasized previously the 
adrenal medulla chromaffin granules allow such a procedure 
because of the large quantities of enkephalin—containing 
peptides available. As far as studies on precursors in 
the CNS are concerned progress is being made on their 
purification. Again they are being followed by enkephalin 
RIA after enzymic digestion. However care must be 
exercised . in interpreting data on the peptides produced 
by trypsin and CPB digestion of the precursor molecules 
when the sequences of other opioid peptides, eg. dynorphin 
and 0<-neo-endorphin, are considered. These two peptides 
contain a .LE sequence followed by a pair of basic amino 
acids. Clearly trypsin digestion of a precursor molecule 
containing such a sequence would not liberate either of 
these molecules but would probably produce a LE molecule 
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with a single basic extension. So use of this double enzyme 
digestion might mask precursors of these peptides. It is 
for this reason that the sequencing of the larger MW 
enkephalin containing proteins of the CNS may well throw 
some light on the relationships between the enkephalins 
and the exikephalin-like peptides. An alternative approach 
would be to study the enzyraic activities present in the 
areas being investigated for enkephalin biosynthesis. It 
is possible that digestion of the extracted precursor 
molecules with an endogenous trypsin-like enzyme might 
produce a more relevant mixture of peptides and give 
some clues to the interrelationships between the various 
opioid peptides. Such an approach has been adopted for 
CCK where a trypsin-like activity has been identified which 
shows some specificity for particular cleavage sites in 
the larger molecular forms of this peptide (Strauss, 
Mal-esci, and Yalow, 1978). Using exogenous trypsin 
introduces a fairly non-specific digestion step cleaving 
the proteins between or adjacent to basic residues in the 
primary sequence. Although such a processing system 
has been proposed for a number of peptide hormones 
(Steiner, 1976; Gainer, at al., 1977; Steiner, at al., 
1974) it is-likely that the endogenous enzyme responsible 
for this processing would show a more specific cleavage of 
the precursors which might be more physiologically relevant. 
Additionally it is possible that such an endogenous 
enzyme might not mask the presence of enkephalin related 
peptides containing double basic residues if it does have 
an inherent specificity for particular cleavage sites 
along the precursor molecule. So in summary the use of 
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of these enzymes the points of cleavage could also be 

modified and in this way only the required parts of the 

precursor might be processed through to the pentapeptide 

stage. So variation of the levels or the activities of 

these processing enzymes between different brain areas 

could result in the different ratios of ME:LE seen. As 

a corollary to this it may be that the precursor 

proteins themselves are modified in a way which might 

dictate the points at which the processing enzymes can 

act. By varying the degree of modification of the precur-

sor protein the amount of either enkephalin being 

completely processed to the pentapeptide could be 

controlled. The final point at which control on the 

endogenous enkephalin levels may be exerted is on the 

peptides themselves. Once the precursor has been, 

processed to liberate the two enkephalins the levels 

which remain in the biologically active form may be 

altered by chemical modification. These possible 

enkephalin biosynthetic control points aire shown in 

Table 21. 

One form of chemical modification which has been 

established for the inactivation of other opioid peptides 

is N-acetylation of the amino terminal tyrosine residue. 

Thus the existence of N-acetylated forms of ^-endorphin 

and endorphin fragments in both the pituitary and the 

brain has been demonstrated (Smyth, Massey, Zakarian, 

and Finnie, 1979). It is thought that this may 

introduce a flexibility into the system of peptide 

expression whereby a cell may produce activated 



Table 21. Possible.regulation points of enkephalin biosynthesis 

to give varying .ME;LE ratios. 

ME.LE NEURONE ME.LE PRECURSOR POSSIBLE CONTROL 
LOCATION LOCATION POINTS ME/LE RATIO 

PROTEIN PROCESS- Dependant on 

1) SAME SAME ING. INACTIVAT- endogenous pep-

ION OF PEPTIDES. tide levels. 

TRANSCRIPTION-

TRANSLATION. PRO- Dependent on 

2) SAME SEPARATE TEIN PROCESSING. endogenous 

- — 
INACTIVATION OF peptide levels. 

PEPTIDES. 

PROTEIN PROCESS- Dependent on 

3) SEPARATE SAME ING. INACTIVAT- levels of ME/ 

ION OF PEPTIDES. LE per cell and 
« ratio, of ME 

and LE cell 

number. 

TRANSCRIPTION - Dependent on 

4) SEPARATE SEPARATE TRANSLATION. PRO- levels of ME/ 

TEIN PROCESSING. LE per cell and 

INACTIVATION OF ratio of ME and 

PEPTIDES. LE cell number. 
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N-acetylated forms of MSH and inactivated endorphins or 

variable amounts of activated and inactivated peptides. 

In addition to this an N-acetylated form of LE has 

recently been found in the neurointermediate pituitary 

but not in the brain (Seizinger, Hollt, and Herz, 1981). 

Once again this form of LE is inactive in terms of opioid 

activity. During this present study evidence was 

accumulated to indicate that a sulphated form of LE 

existed in striatal extracts both in the precursor 

protein and in the endogenous peptide pool (Unsworth, 

Hughes, and Morley, 1982). It is possible that sul-

phation may have a role in determining the relative 

amounts of the two enkephalins which are fully processed 

from the precursor. The presence of a covalently linked 

sulphate group on the precursor may affect the proteolytic 

cleavage of the precursor molecules and control the areas 

which are processed fully, or alternatively such a 

modification may ensure that the LE copies from the 

precursor do not acquire biological potency. It is 

interesting to note that no ME was seen in a sulphated 

form and that it is this enkephalin which predominates 

oyer LE in the striatum. It would be interesting to see 

if any correlation between the levels of LE-S and the 

ratio of ME:LE exists between different brain areas as 

this might indicate which role it was playing. One 

interesting feature in this field of discussion as to 

why the two enkephalins exist in different ratios in 

various brain regions, is the observation that ME and LE 

exist in separate neurones as established by immuno-

histochemistry (Larsson, e_t al., 1979)° In addition to this, 



evidence from the adrenal suggests ME and LE exist in 

the same precursor molecule (Kilpatrick, et al., 1983?; 

Lewis, , et al. , 1980°). Although as yet no direct 

parallel can be drawn between precursor studies in the 

adrenal'medulla and the brain it is possible that a 

control of the precursor processing mechanism could 

explain both observations. This is represented by 

situation (3) in Table 21. Thus in a ME-containing 

neurone only the precursor ME is processed completely 

while the LE-containing cell only processes LE from 

the precursor. There is some evidence that ME and LE 

may subserve different physiological functions(Gibson,et al. 

198l) so the distinction between ME and LE systems 

may be very important. 

One interesting observation as far as the sequences 

of a variety of neuropeptides are concerned is the 

comparison between their primary sequences. Some of 

these are shown in Table 22. 

The sequence homology seen between these neuropeptides 

is also being investigated in terms of physiological 

activities. Comparison of the sequences of CCK-8 and 

ME shows an appreciable degree of sequence homology, 

This is further emphasized when the more, recently 

discovered opioid peptide ME-RF, shown to have a potent 

analgesic effect, (inturrisi, ejb al. , 1980) is compared 

to CCK-8 which has no significant opioid activity 

(Schiller, êfc al., 1978).€ In addition to this the C-

terminal tetrapeptide of ME-RF has the same sequence as a 

recently identified neuropeptide from invertebrate origin. 



Table 22 Primary sequences of various neuropeptides 

PEPTIDES SEQUENCE 

Met Enkephalin 

Leu Enkephalin 

LE-Sulphate 

CCK-8 

Gastrin(C-terminal) 

ME-Arg6-Phe7 

Phe-Met-Arg-Plie 

CCIC-4 

Y-G-G-F-M 

Y-G-G-F-L 
(S) 
Y-G-G-F-L 
(S) 

D-Y-M-G-W-M-D-F-NH. 
(s) 

A-Y-G - W-M-D-F—NH, 

Y-G-G-F-M-R-F 

F-M-R-F-NH, 

W-M-D-F-NH, 

REFRENCES 

(Hughes, et al., ±915) 

(Hughes, et al,, 1973) 

(Unsworth, et al,, 1982) 

(Doclcray, 1976.) 

(Vanderhaegen, et al., 1975) 

(Stern, et al., 1979) 

(Price and Greenberg, 1977iDockray, et al.*198l) 

(Rehfeld and Goltermann, 1979) 



This amidated tetrapeptide has also been demonstrated 

by immunohistochemistry in the mammalian CNS (Dockray, 

Vaillant, and Williams, 1981). Here its activity on 

single neurons in the brain stem of the rat was compared 

to that of MB—RF (Gayton, 1982). Whilst M - R F 'shoved 

predominantly depressant effects on neuronal firing 

cJf enkephalin. (Frederickson and Norris, 1976),FMRF. amide 

had predominantly excitatory actions on the same cells. 

Naloxone was found to antagonize the depressant action of 

ME-RF, indicating an opioid effect, but had no effect on 

the excitatory response to FMRF amide. These results 

raise the possibility that ME-RF and FMRF amide arise from 

the same precursor with the post-tran^ational processing 

system dictating which peptide finally predominates. It 

is interesting to note the convergence of sequence homo-

logy from larger CCK forms to the C-terminal tetrapeptide 

and from a larger enkephalin-like peptide to this C-

terminal tetrapeptide. These sequence similarities 

between CCK peptides and the opioids seem to manifest 

themselves in competition between CCK peptides and LE 

for enzymic degradation pathways (Deschodt-Lanckman, 

Bui, and Christopher, 1981), which may explain the 

observation that CCK-8 can produce a naloxone reversible 

analgesia (Zetler9 1980), by reducing the rate of 

endogenous enkephalin degradation. Although the 

significance of these sequence homologies and physiological 

activities is not totally clear it may represent the 

evolution of a common peptide form to the variety of 

forms so far identified with a wide range of distri-

bution and functions. 
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A1though it is impossible to assign any physio-

logical role to LE-S it may well be involved in the 

differential processing of the precursor ensuring the 

LE does not achieve biological potency. Alternatively 

it could represent a readily available reserve pool of 

LE stored in a biologically inactive form but which 

could become viable in the presence of an aryl sulphatase 

activity. The other possibility is that LE-S has an 

endogenous activity of its own distinct from that of 

the other opioid peptides as it shows much reduced potency 

in terms of opioid bioactivity on the mouse vas deferens 

and guinea pig ileum bioassay compared to LE. 

Relatively little is known of the role of sulphate 

in protein metabolism. It has been demonstrated in a 

number of proteins esterified to the hydroxyl group 

of a tyrosine residue (Bettelheim, 1954, Dziewiatkowski 

and DiFerrante, 1957). Similarly the enzymes responsible 

for transfer of sulphate groups have been studied ie. 

the sulphotransferasses and the sulphatases (Gregory 

and Robbins 1960, Segal and Mologne, 1959, Gregory 

and Lipmann, 1957). Indeed these enzymes are present in 

significant levels in brain tissue (Dodgson, Spencer and 

Wynn, 1956, Perumal and Robins, 1973). One aspect- of 

sulphate metabolism which has been studied is in connection 

with steroids (Perumal, e£ al., 1973; Lakshmi and 

Balasubramanian 1981). Many steroids and steroid hormones 

exist as their sulphate esters in circulation and are 

thus in easily transportable and water-soluble forms. 

The implication is that desulphation to the free steroids 

occurs in specific areas of the brain where they exhibit 
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their hormonal action. Thus the biological expression 

of the steroid's activity is dependant on the presence 

of a sulphatase in the specific brain areas. It may 

therefore be possible that a parallel situation exists 

with the LE-S which is biologically inactive in the 

sulphated form. Consequently LE-S may serve a hormonal 

role, perhaps via the CSF, with the areas of its expression 

dependant on the aryl sulphatase activity, acting to 

modulate neuronal activity in these areas. Such a 

modification may be more important for a molecule such 

as dynorphin which is known to be extremely hydrophobic 

in nature and shows a large amount of non-specific 

binding to membranes (Ho, Cox, Chavkin and Goldstein, 

1980). 

The significance of peptides in the CSF is also 

a matter of speculation. The observation of changes in 

opioid peptide levels in the CSF which correlate to some 

clinical states suggests they may be of importance but it 

is not known whether this phenomenon is the cause of 

the clinical syndrome or an effect of the clinical state. 

If the CSF simply represents a "sink" into which released 

opioids diffuse after neuronal release, then these changed 

levels may merely reflect an increased rate of release 

of opioids acting post-synaptically with the elevated 

post-synaptic effect responsible for the pathogenesis 

of the clinical state. Alternatively peptides in the 

CSF may be of physiological importance in which case it 

is possible that the elevated levels found could be 

directly responsible for the clinical symptoms. There 

are some grounds to favour the second of these possibilities 
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since icv. administered ^-endorphin has been shown to 

reproduce behavioural effects similar to those encountered 

in some psychotic states eg, catatonia (Bloom, Segal, 

Ling and Guillemin, 1976, Jacquet and Marks, 1976). 

However quite high doses were required to produce such 

effects» The fact that opioids are found in the CSF 

and administered opioids produce behavioural changes 

tends to suggest that they may subserve some physio-

logical function. 

In addition to opioids several other peptides 

have been found in the CSF. Both gastrin and CCK have 

been located in human CSF although again the role they 

serve is not clear. (Rehfeld and Kruse-Larsen, 1978). 

Another peptide system which has been studied in the 

CNS after initially being elucidated in the periphery 

is the renin-angiotensin system (RAS). This system 

was originally investigateel i_n the kidney and subsequently 

all components of the RAS were demonstrated in the 

brain (Yang and Neff, 1972, Ganten and Speck 1978) 

which supports the APUD concept of all peptide hormone 

producing cells being derived from the neural ectoderm. 

(Pearse 1978). Angiotensin II (ANG II) of this system 

was shown to raise blood pressure by stimulation of 

ANG II - sensitive sites in the brain. There seems to 

be a distinction between the cardiovascular effects 

mediated by circulating ANG II and those produced by 

i.c.v. administered ANG II. This was taken to mean that 

the central and peripheral effects of ANG II are mediated 

by distinct populations of receptor and that the blood. 
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brain barrier prevents circulating ANG II from reaching 

the CSF. Additionally ANG III - Angiotensin - (2-8) 

heptapeptide - has been identified in the CSF of dogs 

and also shows activity in the adrenal gland and in the 

brain. This shows distinct parallels to the situation 

found for the opioid system with similar peptides sub-

serving peripheral and central roles. It is possible 

that the CSF could serve as the medium for established 

neuropeptides to act hormonally within the CNS. Thus pep-

tides released into the CNS could modulate the respones 

of given neuronal groups to other neural inputs (Barchas, 

Akil, Elliot, Holman and Watson, 1978). However until 

the origins of the peptides found in the CSF and their 

sites of action, if any, are established, their physio-

logical function will remain obscure. 

Clearly any theories on the possible significance 

of LE-S are highly speculative and more work needs to 

be performed on its distribution in brain areas and CSF 

before any conclusions can be made. Similarly the 

distribution of LE-S in the larger enkephalin precursors 

may give some indication as to its role in the bio-

synthesis of the enkephalins. But at present the work is 

at a very early stage. 

Since the initial discovery of endogenous opioid 

peptides, they have been implicated in a number of 

physiological interactions with many established trans-

mitters and other peptidergic systems. As a consequence 

of this any mechanism which could effect the levels of 

the enkephalins in particular areas might be of importance 
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in modifying other transmitter systems. Such an effect 

is especially important when the second system has been 

implicated in a given pathological disorder. Such 

systems with which opioid peptides have been connected 

are shown in table 23. Clearly such a list indicates 

the broad range of physiological functions which the 

endogenous opioids may modulate. This emphasizes, the 

potential of any study leading to a means of modifying 

the endogenous levels of the opioid peptides, which 

as a secondary response might alter the activities of 

such a wide range of other transmitter and hormone 

systems. As mentioned above little is known about the 

control mechanisms of enkephalin biosynthesis although 

pharmacological agents such as haloperidol (Hong, Yang, 

Gillin, DiGiulio, Fratta and Costa, 1979) and. reserpine 

(Wil son, et al., 1980) have been shown to increase the 

rate of enkephalin biosynthesis in the striatum and ad-

renal medulla respectively. It is probable that as 

the enkephalin precursor pathway is establised certain 

points of biosynthetic control will become apparent, 

as was the case for the pro—opio-me.lanocortin system 

of the pituitary (Mains, Eipper and Ling, 1977; Peng-

Loh and Gainer, 1979). A suitably structured pharma-

cological agent could act at such a regulation point 

to manipulate the endogenous levels of the enkephalins, 

and as a secondary effect at a given site could mani-

pulate another given transmitter. This possibility 

could be important in pathological conditions with which 

the second system has been implicated. 



Table 23 Transmitter systems which have been shown to be affected by opioids. 

Acetylcholine (Jhamandas, et al., 1977) 

Noradrenaline (Watson, et al., 1980;Johnson, et al., 1979) 

Dopamine (Johnson, Sar, and Stumpf, 1980; Pollard, et al. , 1977) 

ACTH (Delpozo, Martinperez, Stadelmann, Girard, and Brownwell, 1980) 

GH (Casanueva, Betti, Vellani, Cocchi, and Muller, 1980;Bruni, Van Vugt, Marshall, and Meites, 1977; 

Kato, et al., 1981) 

PRL (Bruni, et al., 1977; Kato, et al., 1981; Grandison and Guidotti, 1977) 

LH (Bruni,et al., 1977; Cicero, Schainker, and Meyer, 1979; Quigley and Yen, 1980; Lightman, 

Jacobs, Maguire, Mcgarrick, and Jeffcoate, 1981) 

ADHi (Bisset, Chowdrey, and Feldberg, 1978; Micevych and Elde, 1980; Iversen, Iversen and Bloom, 1980) 

Oxytocin (Micevych, et al., 1980) 

FSH (Bruni, et al., 1977; Grossman and Moult, 1981) 

TSH (Bruni, et al., 1977; Grossman, Stubs, Gailiard, Delitala, Rees and Besser, 198l) 

SP (Hokfelt, Ljungdahl, Terenius, Elde, and Nilsson, 1977; Jessel and Iversen, 1977) 

Gas trin (SkovOlsen, Kirkegaard, Petersen, Lendorf, and Christiansen, 1981) 

Insulin (Ferri, Spampinato, and Costa, 1979;Green, Perrin, Pedley, Leslie and Pyke, 1980) 

Sero tonin (Van Loon, and De Souza, 1978; Koenig, Mayfield, McCann, and Krulich, 1979) 

Cor ti cos terone (Gibson, et al., 1980) 
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Th e opioid peptides themselves have been implicated 

with several pathological disorders. The standard 

approach has been to establish the disorder in terms 

of the observed symptoms and then look for changed 

levels of the opioid peptides in given areas. (Lindstrom, 

et al., 1978; Terenius, 1978; Terenius, Wahlst'rOm, 

Lindstrom and Widerlof, 1976). Clues have also been 

obtained by administering opioids themselves and also 

narcotic antagonists to generate behavioural changes 

similar to those of certain disorders (Bloom, e_t al. , 

1976). Changes have been observed in the endorphin 

content of human CSF which correlate with clinically 

defined psychotic states. Difficulties may be encount-

ered when diagnosing such mental disorders since there 

may be appreciable overlap of certain symptoms between 

different classes of psychiatric condition. In addition 

to mental disorders changed levels of opioid peptides 

may also be linked with chronic pain and analgesic 

mechanisms (Terenius, 1978), Huntingdon1s disease 

Emson, Arregui, Clement-Jones, Sandberg and Rossor, 

1980), Parkinson's disease and stress responses (Rossier, 

French, Rivier, Ling,Guillemin and Bloom, 1977̂ 5 Rossier, 

Guillemin and Bloom, 1978; Arrigo-reina and Ferri, 

1980; Morley and Levine 1980). 

Studies on human CSF taken from patients showing 

defined psychotic behaviours, such as schizophrenia 

and manic depression, showed changes in the endorphin 

levels in given chromatographic fractions (Lindstrom, 

et, al., 1978; Terenius and WahlstrQm, 1978). 



The endorphin levels were assessed by radioreceptor 

assay. The schizophrenic group demonstrated an elevated 

level of one endorphin fraction which returned towards 

normal levels on treatment with neuroleptic drugs or 

propranlol. This decrease was paralleled by a clinical 

improvement in the patient's condition. Similarly the 

patients diagnosed as manic depressives showed elevated 

levels of this endorphin fraction in their CSF. Such 

evidence strengthens the case for an involvement of 

opioid peptides directly or indirectly in the patho-

genesis of certain psychiatric conditions. Although 

these studies did not indentify the opioids responsible 

other investigations have reported changes in tissue 

levels of enkephalin following treatment with antipsychotic 

drugs (Hong, Yang, Fratta and Costa, 1978) and lithium 

(Gillin, Hong, Yang and Costa, 1978). In these cases 

the levels of enkephalin were found to be elevated in 

the neostriatum, globus pallidus, and nucleus accumbens 

of rats but not in the hypothalamus or hindbrain, Xn 

addition to this, treatment of hallucinating schizophrenics 

with the opiate antagonist naloxone resulted in a reduction 

or loss of the hallucinations (Gunne, Lindstrom and 

Terenius, 1977). So clearly there is increasing evidence 

that the endogenous opioids are linked with certain 

mental disorders. 

As might be expected of a group of molecules 

which are the endogenous ligands for opiate receptors 

they have been closely correlated with conditions of 

chronic pain and analgesia. Prior to the first identi-

fication of the enkephalins it was shown that electrical 
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stimulation of areas -within the brain stem of rats 
produced analgesia (Reynolds, 1969). In particular * 
stimulation of the periaqueductal grey matter in both 
rats and cats was found to produce high levels of 
analgesia (Mayer and Price, 1976.). Such studies 
were extended to patients with severe chronic pain where 
a short period of electrical stimulation (15 - 45 mins) 
of areas adjacent to the third ventricle produced pain 
relief for several hours (Adams 1976; Richardson and 
Akil, 1977)* This response could also be antagonized 
by naloxone in some patients. Further to this the patients 
which demonstrated a naloxone reversible pain relief 
on stimulation also showed increased endorphin levels 
in CSF following stimulation (Akil, Richardson,Barchas 
and Li, 1978; Akil, Richardson, Hughes and Barchas, 
1978). There is also some evidence that in patients 
with severe chronic pain reduced levels of an unidenti-
fied endorphin are present in the lumbar CSF compared to 
healthy subjects (Terenius, et_ al., 1978). Although 
the actual mechanisms are unknown there is sufficient 
evidence to implicate the endogenous opioids with con-
ditions of chronic pain and also analgesia. Acupuncture 
is another method by which analgesia can be induced. 
This can be achieved either by classical techniques 
using needles or by electrically stimulated surface 
electrodes. In either case the analgesia produced is 
found to be reversible by naloxone (Mayer, Price and 
Rafii, 1977) and elevated endorphin levels are seen 
in the CSF (Sjolund, Terenius and Eriksson, 1977). 



So here also there is evidence that the endogenous 

opioid peptides may have a role to play in analgesia 

and which has been exploited by the Chinese for several 

thousand years. 

Two other pathological states with which the 

enkephalins have been connected are Huntingdon's disease 

(Emson, a£. , 1980) and Parkinsonism. For the former 

it has been shown that ME and Substance P levels both 

decrease in the substantia nigra and the globus pallidus 

of human brain. However this effect was thought to 

be associated with a general neuronal loss from the 

striatum of pathways which normally project to the 

globus pallidus and substantia nigra. In this case the 

changes in ME levels observed would appear to be a 

secondary effect of the pathogenesis of this disease. 

Parkinson's disease is characterised by a decrease in 

striatal dopamine content and this can be treated by 

replacement therapy using L-DOPA. The endogenous opioids 

may be connected with this since it has been shown 

that there are opiate receptors exerting an inhibitory 

influence on the dopaminergic neurones of the rat striatum 

(Pollard, Llorens-co.rtes and Schwartz, 1977). So it is 

possible that modification of enkephalin levels in the 

striatum could affect the degree of inhibitory influence ' 

on the dopamine neurones and hence dopamine release. 

The opioids have also been implicated in the response 
b 

to stressful situations (Rossier, et_ al. , 1977; Rossier, 

et al., 1978; Arrigo-reina, et al,, 1980; Morley, et al., 

1980). It was observed that acute stress produced analgesi 
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in rats and that this analgesic effect was partially 

reversed by naloxone (Akil, Madden 1V, Patrick and 

Barchas, 1976). Further to this an increased level of 

brain opioid material measured by radioreceptor assay 

was seen'in parallel to the stress-induced analgesia 

(Madden 1V, Akil, Patrick and Barchas, 1977). This 

effect is apparently not due to ME levels increasing 

in the brain or to increased levels of p~endorphin in 

tbe brain (Rossier, et ai.. 1977^ Fratta, Yang, Hong 

and Costa, 1977). Changes in response to stress have 

been demonstrated for p-endorphin levels in the plasma 

which increase five to sixfold with a slight decrease 

found only in the hypothalamus. No changes in p— 

endorphin levels were found in any other brain regions. 

Several other studies have produced evidence for the 

involvement of an opioid system in the reaction to 

stressful conditions. In parallel to studies on p— 

endorphin levels in the hypothalamus, LE immunoreactivity 

was also found to be reduced in this area following 

exposure to a stressful situation (Rossier, ert ad., 

1978). Secondary to changes in opioid levels themselves 

in response to stress, the enkephalins have been shown 

to affect plasma corticosterone levels in ether-stressed 

mice (.! ."Gibson ££ ad., 1980 ). So there is appreciable 

evidence to link stress with changes in the endogenous 

opioid peptides, although the actual mechanism of stress-

induced analgesia is not understood, and there may be 

some link with the steriod response to stress. 
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In addition to these situations outlined above where 

the opioid peptides have been involved with a number of 

pathological conditions they have also been linked with 

cardiovascular control, (Wei, Lee and Chang. 1980;Scholer, 

Unger, Rockhold and Ganten, 1980) , respiratory control 

(Fleetman, Clarke, Dhingra, "Chernick and Anthsonisen, 

1980; Grunstein, Hazinski and Schlueter, 1981) temperature 

regulation (Tseng, Wei, Loh and Li, 1980) and sexual 

behaviour (Meyerson and Terenius, 1977). Consequently 

it is apparent that the opioids are widely involved in 

physiological regulation ranging from hypothalamic -

pituitary control to cardiovascular regulation. It 

is possible that any imbalance in this system of opioids 

may manifest itself in a variety of ways such as mental 

illness, disrupted motor neuron control as in Parkinson's 

disease, chronic pain or aberrant levels of pituitary , 

hormones. Although in some cases the suggested involve-

ment of opioids is speculative, as the picture becomes 

clearer the significance of any mechanism by which the 

endogenous levels of given opioids can be altered will 

become apparent. The study of enkephalin biosynthesis 

and turnover may indicate points at which a pharmacological 

agent could act to alter the endogenous levels of the 

enkephalins and ultimately such manipulation of levels 

could become of therapeutic value in treating pathologi-

cal disorders with which the opioids have been connected. 

Additionally experiments where -che endogenous enkephalin 

levels can be varied might clarify their involvement 

with other systems. 



The role of the enkephalins and enkephalin-related 

peptides in the adrenal medulla is somewhat uncertain. 

They are apparently stored in the adrenal medulla chromaffin 

granules along with catecholamines with these two components 

being released together (Viveros, e_t al. , 1979). A wide 

range of enkephalin containing peptides has been identified 

from the chromaffin granules. Additionally enkephalin-

like peptides have been identified in sympathetic nerves 

(Viveros, et al., 198$). It appears that the peptides 

released by exocytosis of "ther adrenal chromaffin granules 

consist of a mixture of enkephalins and larger sequences 

with the pentapeptides being in the minority (Lewis, 
a aN 

et al., 1980; Viveros, e_fc ad., 1980). ME has been shown 

to circulate in the human plasma (Clement-Jones, Lowry, 

Rees and Besser, 1980*) which may be of adrenal origin 

since a gradient of ME concentration has been shown in 

the adrenal vein. The site of action for these circulat-

ing opioid peptides is a subject of speculation. Many 

of the large enkephalin containing peptides only demon-

strate opioid activity after enzymic digestion so it 

could be that they circulate as protected forms of the 

enkephalins with their sites or time course of action 

dictated by the distribution of the appropriate proteo-

lytic enzymes. It is likely that these opioid peptides 

exert their action in the periphery possibly acting 

hormonally outside the CNS. Such peripheral effects 

might include a participation in regulation of carbo-

hydrate metabolism (Deshpande and Mitchell, 1980) or 
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possibly regulation of corticosterone synthesis in the 

adrenal gland itself, a role which has been suggested 

for P«endorphin (Shanker and Sharma, 1979)- Is is 

anatomically possible that opioids released from the 

adrenal medulla may affect the regulatory function of 

the adrenal cortex. The presence of direct medullary 

arteries in mammalian species (Coupland and Selby, 

1976) may produce an inverted portal system of blood 

flow to carry opioids released from the medullary 

chromaffin cells to the corticosterone-producing cells 

of the adrenal cortex, in contrast to the major cortico-

medullary portal system. This opioid peptide pool 

which is released in response to stress (Viveros, 1975) 

concomitantly with the catecholamines may play a part 

in stress-induced analgesia. Although the permeability 

of these peptides across the blood-brain barrier is 

not known some modified opioids have been shown to have 

significant penetration into the CNS (Papoport, Klee, 

and Pettigrew and Ohno, 3-980). However such permeability 

across the blood-brain barrier has not been conclusively 

demonstrated for other peptides (Ganten, et al., 1978; 

Debas, Yamada, Oldendorf and Passaro Jr., 1981), so 

it may be that there is some degree of discrimination 

as to which peptides can pass from the blood into the 

CNS. Peripherally administered CCK has been shown to 

produce satiety assessed by an inbition of food 

intake in a variety of animals ( Gibbs, Young and Smith 

1973) arLCi humans (Kissileff, Xavier Pi-Sunyer, 

Thornton and Smith 1981). The site of action 



of these peptides to mediate this effect appears to be 

afferent vagal fibres of the abdomen (Smith, Gibbs, 

Jerome, Pi-Sunyer, Kissileff and Thornton, 1981). So 

it appears that in this case peripherally administered 

CCK exerts its central effect by means of a vagal input 

to the CNS. It is therefore possible that peripheral 

opioid peptides may exert a central action via such an 

afferent input. The role of these adrenal opioids 

needs to be investigated much further before any 

physiological function can be assigned to 

them. 

Although a great deal of research effort has been 

devoted to this field of peptide physiology relatively 

little has been firmly established as to the physio-

logical functions of the endogenous opioids. As stated 

above they have been implicated in a wide range of physio-

logical systems and also with several pathological conditions, 

but to a great extent the role they serve in these systems 

is largely speculative. The field has expanded very 

rapidly over the last six years since the identification 

of the two enkephalins and during this time a great deal 

of information has accumulated but relatively little has 

actually been established. The physiological relevance 

of the recently identified enkephalin-like peptides 

such as dynorphin (Goldstein, at al., 1979) and (X-neo-

endorphin (Kangawa e_fc ad., 1979)- remains to be elucidated 

but in spite of this results are being accumulated 

connecting these opioids with other physiological systems 

and various receptor classifications (Chavkin, et al,, 1981; 

Kato, Matsushita, Katakami, Shimatsu and Imura, 1981; Katz, 
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1980; Hollt, Haarmann, Seizinger and Herz, 1980). I 

feel ihai much of this work is rather premature until 

evidence has accumulated to indicate the physiological 

relevance of these peptides. Thus release of these peptides 

from the areas where they are located could be studied, 

as was done for the enkephalins (Henderson, jrt ad., 1978). 

This would at least demonstrate that they can be physiolo-

gically released from the cells where they are located, 

suggesting that they are.in fact one of the relevant 

products. This may be particularly true for the two 

opioids mentioned since their primary sequence is such 

as to suggest they may be precursors to LE. The basis 

for their existence as peptides of distinct physiological 

importance is their potency on the Guinea pig ileum-

bioassay and in receptor assay systems (Kangawa, _et al«, 

1979; Goldstein, et al., 1979). But potency alone does 

not automatically indicate that the peptide is ever 

released to exert its potent action at the receptor. 

Until the precursor studies have advanced in the 

CNS it is likely that the interrelationships between 

the enkephalins and other opioid peptides will remain 

uncertain. The primary sequences of the precursors and 

the endogenous enzymes responsible for their processing 

may well indicate such a relationship and it could 

well be that the importance of the enkephalins and these 

other opioids varies between areas. Once more is known 

about the enkephalin biosynthetic pathway and its 

control then possibly.the means to pharmacologically 

manipulate the endogenous enkephalin levels will become 

available. Such a technique might be of therapeutic 
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value in some cases and will possibly clarify the role of 

the enkephalins in the various physiological mechanisms 

with which they are tentatively connected at present. 

This present study gives some information on the 

enkephalin precursor molecules in the striatum, showing 

ME immunoreactive species, distinct from the enkephalins, 

can be formed from the acid-soluble protein of striatal 

tissue on trypsin digestion. There also appears to be a 

distinction between ME and LE at this point with the ME 

immunoreactive species being predominantly basic in 

nature, although some ME is formed, whilst LE immunoreact-

ivity occurs in the LE form and in a more acidic fraction. 

Evidence was obtained to suggest that the acidic LE 

immunoreactivity was due to a tyrosyl1-0-sulphate LE, 

with no corresponding form of ME being observed. The pre-

liminary experiments on radiolabelling of the enkephalins 

"in vivo" also suggested a distinction between ME and LE 

systems, These results tend to support the observation 

of distinct ME and LE containing neurones in the striatum 

(Larsson, ££ ad., 1979) suggesting they may have different-

ial physiological roles (Gibson, ejt al. , 1980) • Such 

a differentiation between ME and LE systems may explain 

the wide range of ME:LE ratios seen between brain areas 

(Hughes, et al., 1977) and it is possible that the LE-S 

represents some form of regulation dictating the degree 

of formation of LE from the precursor. However the role 
of LE-S, the varying ratios of ME:LE, the "in vivo" 

turnover of the two enkephalins and the relationship 
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between the enkephalins and the other opioids will remain 

areas of speculation until more information is obtained 

on the enkephalin precursors and the biosynthetic path-

way. 
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Abbreviations 

M.V.D. Mouse Vas Deferens 
RIA Radioimmunoassay 
i.c.v. Intracerebroventricular 
TLC Thin Layer Chromatography 
R.P.HPLC Reverse Phase High Performance Liquid 

Chromatography 
HVPE High Voltage Paper Electrophoresis 
IEF Isoelectric focussing 
PPQ Poropak-Q 
TCA Trichloracetic Acid 
TFA Trifluoracetic Acid 
DYT Dithiothreitol 
BSA Bovine Serum Albumin 
CPB Carboxypeptidase B 

Pep tides 

ME Methionine Enkephalin 
LE Leucine Enkephalin 
ME-R Methionine Enkephalin- Arg 6 

ME-K Methionine Enkephalin- Lys 6 

ME-RR Methionine Enkephalin- Arg 6 - Arg7 

ME-RF Methionine Enkephalin- Arg 6 - Phe7 

ME-RGL Methionine Enkephalin- Arg 6 - Gly7 

LE-S Tyrosy1-0-Sulphate Leucine Enkepha 
CCK Cholecys tokinin 
FMRF Phe1 - Met2 - Arg3 - Phe4 -NH2 

GH Growth Hormone 
SP Substance P 
TSH Thyroid Stimulating Hormon e 
FSH Follicle Stimulating Hormo n e 
ACTH Adrenocorticotrophic Hormo n e 
PRL Prolactin 
ADH Anti-Diuretic Hormone 
LH Luteinising Hormone 
ANG Angi o tens in 
RAS Renin-Angiotensin System 
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Amino Acid Code 

A Alanine 
C Cysteine 
D Aspartic Acid 
E Glutamic Acid 
F Phenylalanine 
G Glycine 
H Histidine 
I Isoleucine 
K Lysine 
L Leucine 
M Methionine 
N Asparagine 
P Proline 
Q Glutamine 
R Arginine 
S Serine 
T Threonine 
V Valine 
W Tryptophan 
Y Tyrosine 


