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S

STELLINGEN

De conclusie van von Holt, Voelker en von Holt, dat het gerecht-
vaardigd schijnt volgens Wilzbach gemerkte insuline te gebruilken
in bilologische proeven, wordt niet gesteund door de resultaten
van de hydrolyse van het gemerkte insuline.

C. von Holt, I. Voelker, L. von Holt
Biochim. Biophys. Acta 38 (1960) 88

Huang Wei-yuan, Hsu Jin-wen en Sun Shie-cherng hebben nlet bewe-
zen, dat bij hun poging tot synthese van 24-iso-B-sitosterol (Y-
sitosterol) voornamelijk B-sitosterol ontstaan zou zijn.

Huang Wei-yuan, Hsu Jin-wen, Sun Shie-cherng
Acta Chimice Sinice 32 (1966) 57

Als in de formule van Deblje voor de di¥lectrische consbtante van
vioeistofmengsels de uitdrukking g _: ;
e]' /3 - 1, wordt een formule verkregen die een betere overeen-

stemming geeft met de experimentele resultaten en eenvoudiger is

wordt vervangen door

toe te passen.

H. Looyenga, Molecular Physics 9 (1965) 501
E. Bock, E.F. Dojack, Can. J. Chem. 45 (1967) 1097
F.I. Mopsick, Journal of Research of the N.B.S. 71 A (1967) 287

Pearson beweert ten onrechte, dat de veranderde vloeistofsamen-
stelling vlak biJ het oppervlak van een gesuspendeerd deeltje in
een dichtheldsgradi#ntkolom het oppervlakte-energie-effect van

Kawal en Keller te niet zou doen.

J.R.A. Pearson, Polymer 9 (1968) 283
T. Kawal, A. Keller, Phil. Magazine 8 (1963) 1973

De methoden, die gebruikt zijn om het pH-optimum van lipoxidase
te bepalen, leiden tot aanvechtbare resultaten.

G.R. Anes, T.A. King

J. Sei. Pd, Agric. 17 (1966) 301




6. De methode van Belfield en Goldberg voor de bepaling van 5'-nu-
cleotidase In serum is een verbetering ten opzichte van de ge-~
bruikelijke bepalingen en kan een belangrijk hulpmiddel zijn bij
het aantonen van primaire of metastatische levertumoren.

A. Belfield, D.M. Goldberg, Nature 219 (1968) 74
X, Smith, H.H. Varon, G.J. Race, D.IL. Paulson, H.C. Urschel,
J.T. Mallams, Cancer 19 (1966) 1281

7. De wettelijke normen voor het lozen van radioisotopen in afvel-
water missen in ten minste enkele gevallen een redelijke basis,

8. De duinen van Voorne-Putten zijn, nationaal zowel als internatio-
naal gezien, zo belangrijk als natuurmonument, dat aantasting er-
van door verdere ultbreiding van de Maasvlakte onaanvaardbaar is.
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) CHAPTER 1
INTRODUCTION
1.1. Wilzbach's method

In 1956, Wilzbach introduced a radiation-induced exchange method for the
labelling of organic substances with trltiuml) 2) . An organic compound (ges,
liquid or solid) is allowed to remain in contact wiih Curie quantities of pure
tritium gas during a perlod of several days to several weeks. Under the influ-
ence of its beta-radiation, part of the hydrogen atoms are substituted by tri-
tium atoms:

RH + T2 ﬂ-rzdiatio RT + other products

2

Usually less than 1 % of the tritium gas present is incorporated per day. The
specific activities obtained are in the range of 0.1 - 10 mCi/mmole. )

The major problem in applying this method is that of purifying the label-
led product. Due to such reactions as isomerization, hydrogenation and racemi-
nation, radioactive by-products may evolve in amounts exceeding 10-100 times
the radioactivity found in the product desired. These by-products are then
often found in chemically unimportant quantities and their specific activities
may be extremely high. Other by-products are due to fragmentation and polymer-
ization, but these can usuaelly be removed easily. Several excellent review? -6)
summarize results obtalned upon application of the Wilzbach method.

1.2. Mechanism of the Wilzbach labelling process

Many investigations have been reported that focus attention on the mech-
anism of the Wilzbach labelling of gases (methme7), ethanes), ethyleneg),
10) , C-6 hydrocarbonsll) s toluenela) . In thiz respect, the follow-

ing general remarks have been madesg

eyclopropane

(a) FPor many of these gas reactions, it has been found that the number of T-
atoms incorporated in organic molecules 1s egual to the number of exclted
ions generated by thls nuclear reaction:

T, = Het' + &

The process based on 1t, 1s called decay-induced labelling. That decay-
induced labelling is involved can be concluded from the G,I,-value, which
gives the number of T-atoms, incorporated into organic molecules per 100 eV
of energy sbsorbed by these molecules. Per desintegrating Tz-molecule, a
mean energy of 5500 eV is absorbed by the system. If the T-atom of each
He‘1‘+-ion is incorporated into an orgsnic molecule, a GT-value of 200/5500 =



0.018 will be found. For methane, for instance, the following sequence of
decay~-induced reactions is proposed7)s

1. Hert s, — m,;r** +He (-89 <amH, < -67)

o, ~ Gt +E, (29 <aH, < W)

2. CH2'1‘+ ra, - °£‘4T+ +Hy, (aH, = - 20)
021{4'1"" +e —_ (ﬁan + CH;* (AHr = =134)
caa'x:’f +G G + Gl @GR~ O )

+ + GLT (BH, ~ 0 )

or 3. a " s, — o
Similar reactlons are proposed for toluene.

The decay-induced labelling is independent of temperature and unimportant
(1ow GT-value) as a mechanism for tritiation of liquids and solids at room
'bemperat‘.u::'e]‘3 .

At low temperatures (77 °K), decay-induced labelling seems to be the most
important meehanismlu) .

(b) Reactions between ionized or excited Ta-molecules or atoms with the organic

compound are also possibles
>4.6 ev
T2 AN 2T’ (or 2 T.*)
213.5 eV
V.V V.V T+ (or T+*) +e
™ ee” ——3 s

(T** and T are respectively a tritium radicel and a tritium lon with an
excess translation energy.)
These tritium atoms or ions may cause reactions likes

T'# +RH — RD + H'* '

(¢) Exchange with T2 of excited or ilonized molecules, formed by interaction of
these molecules with beta-particles, seems to be an important mechanism.
Schematically:

RH AAMAS  RH + @
RH e~ R

RH++'I‘2 — R emT
RH*+T —> R +HT
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Riesz and Wilzbaohu) consider the reactions mentioned under (o) as mainly

responsible for the nature and the distribution of the carbon skeletons of
labelled and unlabelled products. The correspondence between the products of
gamma-ray radlolysis of benzene and n-hexane and the products obtalned in ihe
Wilzbach tritiation of these substances is an argument for this assumption.

The multitude of parameters involved, even in the case of methane, mekes
mechanistic studies very difficult. For larger molecules little is known about
the ions and the exclted states that can be present and sbout thelr reactivity.
Por the heterogeneous Wilzbach labelling, additionsl complications may be
caused by surface phenomena, influence of the crystal lattice and traces of
impurities. Labelling of a great number of solid substances has led to the
following observationss

. (1) Chemjical structure and distribution of tritium in a molecule

No relation has been reported between the distribution of tritium in a
molecule and between its chemical structurelS)ls), except for the follow-
ing features:

~ Certein chemical bonds, especially C-J bonds, are very sensitive to
radiation. Compounds with such bonds are preferentially labelled through
replacement of iodine by tritiuml!’.

- Saturation of double bonds takes place preferentiaily. Depending on the
type of olefinic system, varylng degrees of addition are fau:mil8 ).
Usually this is an important process, for instance with fatty acid

19) and some steroidsao), where most or all of the incorporated

activity was found in the hydrogenated product.

esters

- In most cases, substitution in aromatic systems takes place more readily
than in aliphatic systemsn)ls).

(2) Stereochemistry of the Wilzbach substitution process

Knowledge ebout the stereochemistry of the tritlum substitution in the
Wilzbach process is of practical importance, becanse racemic or diastereo-
isomeric labelled products are often difficult to separate from the de-
sired substance. Several studies were undertsken by different investiga-
tors to determine the extent of racemization taking place in the tritia-
tion of organic compounds. The results of the tritiation of (orystalline)
(-)inositol and (1iquid) hexa-O-methyl(-)inositol, carried out by Angyal
et al., are given in Table 1 21)22).
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Table 1 Results of tritiation of (-)inositol and of hexa-O-methyl(-)inositol

substance OH

>
[H HO
OH OH
(-)inositol myo-inositol allo-inositol muco-inositol
relative 1.0 0.09 0.06 0.03

activity

substance | hexa-O-methyl hexa~-0-methyl hexa~0-methyl hexa-0-methyl]
(~)inositol myo-inositol allo-inositol muco~inositoll

relative 1.0 0.65 0.47 0.33
activity

They proved by degradation that (-)inositol and hexa-0-methyl(-)inositol
were nearly equally labelled at each of the six carbon atoms of the rin523)a
whereas myo-inositol contained tritium only at C-1. Assuming that allo-ino-
sitol and muco-inositol also contained tritium only at the inverted carbon
atom, they caleulated the ratios of inversion to retention in (-)inositol ap-
proximately as 1 s+ 4, 1 ¢ 12 and 1 ¢ 6 at C(1), C(2) and C(3). For hexamethyl-
(-)inositol, these ratios are approximately 2 ¢ 1, 1 ¢ 1 and 1.5 8 1, respec-
tively.

Inversion in both compounds is greatest at C(1), where an axial hydroxyl
is converted intc an equatorial one, A similar study was carried out by Craw-
ford and Garnett with (erystalline) (+) and (~) oct-2-ylhydrogen phthalate and
with (liquid) (+) octan-e-olzu). They observed predominant retention of con-
figuration with (+) and (-) oct-2-ylhydrogen phthalate, whilst octan-2-cl ra-
cemized to the extent of 80 %. For L-mandelic acid (crystalline), tritiated
by the Wilzbach method, Riesz found about 30 % inversion when the O -hydrogen .
was substituted by tritiusz). Brown et al.as) had not found inversion in the
Wilzbach-labelling of 1,2,3,5~tetra-0-acetyl~-D-ribofuranose, but it is quite
possible that tritiated isomers were removed through their purification proce-
dure. Evansz” found (partial?) inversion of L-methionine, L-proline and L~
tryptophan during Wilzbach labelling. Simon56) observed high degrees of inver<
sion when the OH-group in tartaric acid was replaced by tritium (78 - 98 %);
in the calcium and copper salts retention prevalled (about 25 % inversion).

In meso-tartaric acid, substitution of the carbon bound hydrogen caused 12 %
inversion.



(3)

(%)
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However, the data now available are still too scarce to draw general con-
clusions, At present, inversion in the liquid phase seems to be more im-
portant than in the solid phase. It is likely that intermolecular hydrogen
bonding in erystal lattices restricts configurational changes during the
labelling process.

Crystal structure and distribution of tritium in a compound

The relation between the distribution of tritium and the crystal
structure of a compound is very obscure. From a recent publication about
the Wilzbach tritiation of sugars, one might infer that tritium is the
more evenly distributed in a molecule as the crystal structure of the com-
pound is the more 1rregular28).

Effects of exposure time, Ta-pressure, surface area and temperature

Different authors found that the amount of tritium incorporated in a
compound increased linearly with the exposure time20)29)3) | an exponen-
tlal increase has been found for cholic aoidz' 1) .

According to Rieszll) » GT-vaJ.ues for hydrocarbons are roughly propor-
tional to the pressure of tritium. Wilzbach found, however, that the la-
belling of benzoic acid, was independent of tritium pressure, but the for-
mation of labelled by-products almost proportionel to this pressureja).
Garnett and I.aw:D ) found a linear relationship between the specific activ-
1ty of phenanthrene and the square of tritium pressure.

Rosenblum and !lleriwe‘l'.her;3 ) found no obvious relation between crystal
size and the specific activity of labelled compounds. They suggest that
surface structure is more important than surface extent. Ebertae) » however,
mentioned for saccharose an increase in specific activity of the glucose
part with a factor of 2 when the crystal size increased from 0.08 to 1.5mm.
Wenzel et al.y") found that increasing the surface of salicylic acid with
factors of up to J.O6 by absorption of the compound on charcoal, 5-100 times
higher specific activities were obtained. It is possible, however, that
absorption on a carrier substance changes the reaction mechanism. Garnett
and Laﬁn) found an exponential dependence of the specific activity of
phenanthrene and the surface area of the sample.

Little information 1s available about the influence of temperature.
W:I.lzbaehje) mentioned, for benzoic acid, that an increase in temperature
from - 15 °C to + 60 °C doubled the amount of tritium incorporated per day,
while the tritium incorporation in by-products remained the same. Ebert and
Richterae) found for the activity in the glucose part of saccharose at
- 195, - 80, + 20 and + 60 °C respectively 1.3, 10.2, 13.7, and 31.5 x 10~
uCl/mg. The first three values lie on a straight line in an Arrhenius plot,

2



the last value shows a deviation to higher activities.
1.3. Purpose of our investigation

The Wilzbach method for the labelling of organic compounds may well be
seen as a last resort; it may sometimes prove useful when it is impossible or
very difficult to label a compound. by other methods (direct synthesis, catal-
yzed exchange in solution). Examples of possibly useful applications lie in
the field of peptides and proteins.

So far, various investigators, including the present author, have label-
led quite a number of amino acids, peptides and proteins by the Wilzbach meth-
od. A selection from their reported work is given in Table 2. In our opinion,
the value of the Wilzbach method for the labelling of amino acids is limited.
For most compounds, chemical synthesis or catalyzed exchange in solution are

the methods of choice. For some amino acids, where exchange in solution glves .

bad results, the Wilzbach method 1s a useful substitute.

In the field of peptides and proteins, the Wilzbach method is more important
because chemical synthesis or catalytic exchange are often very difficult or
impossible.

A major disadvantage of the gas-exposure method, however, is the qiffi.
culty to establish the radiochemical purity of a tritiated product. The main
eriterion, used to esteblish this radiochemical purity, is the coincildence of
the radioactive and the biclogically active pesk in chromatographic and/or
electrophoretic studies. This coincidence of both peaks is a necessary, but
not a sufficient, condition for radiochemical purity. Radiochemical impuritles
which are due to 1somerization, racemization or hydrogenation may be difficult
to detect and t6 remove. For instance, little is known about the effectiveness
of the usual purification methods for removal of traces of highly radioactive,
diastereo~isomeric forms of peptides and proteins.

The objective of our work under report is to obtain more information about the
importance of racemization and hydrogenation caused by T-substitution and ad-

dition in the solid phase. As model compounds were chosen several amino acids

and adrenocorticotropic hormone.

Chapter 2 of this thesis gives a general outline of procedures used and
of results obtained with Wilzbach tritiated I,-amino acids. We determined, for
several amino acids, the amount of radiocactive D-amino acid formed during the
tritiation of a pure L-amino acid. In order to calculate also the degree of
inversion that accompanies substitution of 1!-! by 31-1, the distribution of tri-
tium in two amino acids (valine and alanine) was determined., The importance of
radiochemiocal impurities caused by hydrogenation was studied qualitatively by
thinlayer radiochromatography. Part of this work has been published else-
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'her352)54) .
Chapter 3 describes the tritiation of adrenocorticotropic hormone. A dis-
cussion of the results given in Chapters 2 and 3 is presented in Chapter 4, All

experimental detalls are reported in Chapter 5.

Table 2 Wilzbach labelled peptides, proteins and amino acids

substance author reference
lysozyme } Steinberg 1957 25
ribonuclease Leonis 1963 55
lysine-vasopressin Fong 1959 36
human albumin

y-globulin } Feny 1959 i
Y,-globulin Rajam 1959 38
insulin von Holt 1960 29
blood serum albumin Ghanem 1962 4o
oxytoein Du Vigneand 1962 L)1
tetanus toxin Speirs 1962 42
L-valyl-L-leucine Burnett 1963 43
thymus polypeptide Frimmer 1964 4y
bovine plasma albumin Hill 1964 45
adrenocorticotropic hormone Nishizawa 1965 46
DL-m-tyrosine }

DL-phenylalanine Winstead 1960 &7
L-fysine

L-leucine

L-isoleucine

L-phenylalanine

L-tryptophene Sato 1961 b
DL~valine

IfL-methionine

DL,-threonine

8-hydroxy- y -aminobutyric acid | Verly 1963 48
L-cysteine Klubes 1963 49
DL-leucine Wenzel 1961, 1964 50, 51
L-valine

DE-valine } Parmentier 1965 52
L-methionine

L-tryptophane Evans 1966 53
L-proline

L- and D-phenylalanine

L- and D-proline

L-tyrosine Parmentier 1966 54
L-glutamic acid

L-alanine



http://L-i.Yei.ne

14
CHAPTER 2

RACEMIZATION AND HYDROGENATION OF AMINO ACIDS UNDER WILZBACH CONDITIONS

This chapter presents a general outline of the procedures used and of the re-
sults obtained., For detalls on experiments, see Chapter 5.

2.1. Determination of radiocactive D-amino acid, formed during Wilzbach tritia-
tion of the corresponding L-amino acid, by a reverse isotope dilution
method .

The inactive amino acids were checked on optical purity. After labelling
these amino aclds by exposing them in the solid state to pure Ta-gas, labile
tritium atoms were removed. The products obtained were carefully purified by
repeated crystallization and by thin-layer chromatography until the purified
product consisted only of D- and L-amino acid. Before purification, an equal .
amount of inactive D-amino acid had been added to the tritiated L-acid, in or-
der not to remove traces of active D-amino acid by the crystallization proce-
dure., The purified acid was dissolved and the distribution of the radlioactivity
between the L- and the D-aclid was determined by a reverse isotope dilution
method. The principle of this method is as follows.

We call the amount of D-acid oy with a total activity AD’ and the amount
of L-acid mL, with an activity AL This mixture of L- and D-acid 1s divided
into three equal parts. To portion I is added an amount MD of inactive D-acid,
to portion II an amount ML of inactive L-~acid and to portion III an amount of
Mm of inactive DIL-acid.

My = My, = My, Mp2> mp + my,

By repeated crystallizations, we remove all L-acid in portion I, and all D-acid
in portion IX. The speclific activities of the three portions are now:

1 1 1
38 3 S, + A)
& = 1 A A A;L and &y = :r; AD)
My +5m, M +5my Mg, + 500p + oy '

The percentages of activity present in D- and L-amino acid, thus obtained, are
given in good approximation bys

%p &y
—— x ]OO and by —=— x 100, respectively.
g 1,
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Essentially, this method was first applied for amino acids by Rittmbergt)
and later by several other authors?)2)13)6)7) | me metnod must be used care-
fully, for co-precipitatlon of traces of D-acid with the L-acid, and vice versa,
may introduce conslderable errorsT). However, by carrying out the reverse iso-
tope dilution as described here, co-precipitation can easily be detected; then
ay +ay will exceed ay .

In general, the results of this method can be influenced by:
(1) the D-amino scid content of the L-amino acid that 1s to be tritiated ;
(2) rediochemical impurities in the labelled amino acids;
(3) chemical and optical impurities in the inactive D-, L- and DL-smino aclds

used in the isotope dilution;

(4) incomplete separation of the enantiomers by the crystallization procedure;
(5) the accuracy of the dilution and counting procedure.

The combined influence of factors (2), (3), (4) and (5) is reflected in the
deviation of the expressions 1oo(aD + aL)/aDL from 100. Errors ceused by fac-
tors (2), (3) and (4) tend to make this sum higher than 100. By far, the
largest uncertainties are caused by factor (1).

A number of pure L-amino acids were tritiated by the Wilzbach method, next
purified and, finally, the amount of activity in the D-enantiomer was deter-
mined. The results are given in Table 3.
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Table 3 Results of the reverse dilution analysis, with estimated maximum

deviations
amino acid tritiation| carrier added percentage of activity
tritiated time
(days)
L-phenylalanine 8 IL-phenylalanine | [100]
L-phenylalanine | 96.6 +3 ] 9.3
D-phenylalanine 2.7 + 0.5 "
D-phenylalanine 8 DL~phenylalanine | [100]
L-phenylalanine 2,2+ 1 9.7
D-phenylalanine | 97.5 + 3 } 9.
L-tyrosine 8 IL-tyrosine [100]
(first exp.) L-tyrosine 9.3+ 3 | o7.4
D-tyrosine 1.1 + 0.4 *
L-tyrosine 8 IL-tyrosine {100]
(second exp.) L-tyrosine %59+ | o7.7
D-tyrosine 1.8 + 0.4 *
L-proline 8 DL-proline [200]
L-proline 92.6 +3 ] o7.2
D-proline 46 +1 b
D-proline 8 DL-proline {100]
L-proline 4o+ ]101.1
D-proline 97.1+3 ’
L-glutamic acid 8 DL-glutamic acid | {100]
L-glutamic acid| 88.9 +3 ] 100.8
D-glutamic acid 11.9+1 *
L-alanine 8 DL-alanine [100]
(first exp.) L-alanine 78.5 + 3 } o7.8
D-alanine 193 % 2 *
L-alanine 8 DL-alanine [100]
(second exp.) L-alanine 76.5 + 3 ] 9.5
D-alanine 23.0%2 .
L-alanine 1 IL-alanine {100]
(third exp-) L-alanine 75-8 _"_'. 3 } 99 5
D-alanine B37%2 .
L-valine 8 DL-valine f200]
L-valine Bhr2 g
D-valine b2%05 .
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2.2. Distribution of tritium in alanine and valine

To determine the degree of inversion that accompanies the substitution of
a hydrogen atom by a tritium atom, it is necessary to determine the radio-
activity present on the g-~site both of the D- and the L-amino acid. This was
done for alanine-BH and Valine-’ﬂ. After determination of the radioactivity
present in the L~ and D-amino acid by a reverse isotope dilution method, 'these
pure L~ and D-acids were racemized by heating them with a mixture of acetic
acid and acetic anhydride, following the procedure given by Greensteln and
Winitzs) .
The proton exchange at the 0i~-site proceeds via the intermediate 5-oxazolone,
after acetylation of the amino acids

H 0 H 0
R-¢-0Zn R-C-c?
B:/"H-n/ /‘a{ = mt+n \o + O
AN éo X7

) g
s %5

Under the influence of a weak base, 5-oxazolone splits off its proton at the
asymmetric carbon atom, due to the stabilization of the formed anion.

After this exchang;a procedure, and removal of the solvent, the acylamino
acid was purified by erystallization and the specific radiocactivity measured.

For valine, it was proved by Crawhall and Smy'l‘.h9) that this procedure re-
moved all the radioactivity at the g-position; moreover, hydrogen atoms in
group R do not exchange under these conditions.

For alanine, we proved the same by refluxing inactive L-alanine with
acetic acid and acetic anhydride. The acetic acid was labelled with tritium in
the -COCH group. The acetylalanine formed was hydrolyzed with HCl, and the
alanine purified and measured. The specific activity found was 0.37 WCL/milli-
mol. If only the a-hydrogen had exchanged with tritium, the specific activity
should have been 0.39 (LC1/millimol; the difference between both figures lies
well within the experimental error.

The results of our determination of the tritium distribution in labelled
D- and L-valine and D~ and L-alanine are presented in Table 4. All figures are
given as a percentage of the total activity present in D- and L-amino acid.
From this table 1t can be seen that tritium labelling of L-alanine and L-valine
caused 20 and 10 % inversion, respectively.
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Table 4 Distribution of tritium in valine and alanine

amino acid carrier percentage of | percentage of | percentage of)
tritiated added SH-sctivity | H-sctivity | “H-activity
remeining af-| in o-H
ter removal
of a~H
L-valine DL-valine | [100] 79.8 20.2
Gy L-valine 95.4 775 7.9 '
o’ CHOHMH,COOH | 1, vanine po 196 a4 17199 45 1297
L-alanine DL-alanine| [200] 4.8 55.2
(!l‘l3 COCH L-alanine 78.5 6.4 42,1
D-slenine| 193 19T8| g9 13:3| 104 1525

2.3. Formation of hydrogenated amino acids

In the aromatic amino aclds that were tritiated, possible radiochemlcal

Impurities might consist of hydrogenated products. To check this assumption for

ptienylalanine and tyrosine, hexshydro-8- phenylalanine and hexahydrotyrosine
were prepared as reference substances. By means of these reference substances,
and through thin-layer chromatography of the unpurified tritiated amino acids
in several solvents, for phenylalanine as well as for tyrosine, presence of a
large amount of the corresponding radioactive hydrogenated amino acid could be
proved. Figures 1-4 give four radiochromatograms from tritiated, unpurified

tyrosine. For each of the four solvents used, a radiocactive peak coincided with

the peak of hexshydrotyrosine. The absence could be proved of radioactive B-
cyclohexylalanine; this compound might have been formed by simultaneous hydro-
genation of the aromatic nucleus and substitution of the hydroxyl group.

For phenylalanine, presence of hexshydro-B-phenylalanine was proved by
two~-dimensional thin-layer chromatography. A rediochemical impurity, assumed
to be hexahydro-S-phenylalanine, was isolated from a preparative chromatogrem
of unpurified phenylalanine by elution with water. B-Cyclohexylalanine was
added as a carrier and a two-dimensional thin-layer ohromatogram was made. The
plate was sprayed with ninhydrin reagent. Only one coloured spot was visible;
it coincided with the radioactive spot.
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CHAPTER 3

WILZBACH TRITTATION OF CORTICOTROPIN (Ocp-ACIH)

To get more insight into the practical problem of obtalning a radlochemic-
2lly pure "Wilvbach labelled" peptide, we thought it would be useful to carry
out a Wilzbach lsbelling of a naturally occurring peptide hormone. After remov-
al of radioactive fragmentation and polymerization products, we have thus triled
to prove the presence of important radiochemical impurities of about the same
molecular weight (~4500) as corticotropin has itself. Corticotropin was chosen
as a model compound, because it was available to us in a rather pure form.
Moreover, if a reasonable product could be obtained, several applications would
then be feasible.

3.1. Outline of procedure '
3.1.1. Tritiation and purification

A sample of natural pig corticotropin, mainly consisting of the A., I\2 and
A3 fractions obtained by De Jager et al .1) » Temained in contact with 3 Ci of
tritium gas during 8 days. After this time, labile bound tritium atoms were re-
moved by dissolving the sample in a large excess of water. The water was re~
moved by vacuum evaporation at room temperature.

The normal procedure, after a Wilzbach tritlation, is a purification by
chromatography . The product is then assumed to be radiochemically pure if the
peak of the desired material contains all radiocactivity. This is a necessary,
but not a sufficient, condition for radiochemical purity. Radiochemical impur-
ities cen be present due to racemization, isomerization and hydrogenation and
little is known about the effectiveness of chromatographic methods in the sep-
aration of these very closely related molecules with high molecular welghts.
Clearly, the possible presence of a considerable amount of radioactivity in,
for instance, diastereoisomeric or hydrogenated forms of the labelled peptide
might reduce the value of a biologlical tracer substance very seriously. We
chose a purification by means of a Sephadex colum. We realized that such a ‘
purification could result in removal of fragmentation end polymerization prod-
ucts. We supposed that rediochemical impurities caused by racemization, hydro-
genation and isomerization - reactions giving molecules with about the same
molecular weight as corticotropin - were not likely to be removed. It was
hoped that the presence or absence of these molecules could be seen more
clearly after a partial hydrolysis as is described below, in 3.1.2. The radio-
chemical purity of the product after purification over Sephadex was evaluated
by electrophoresis on cellulose acetate, followed by autoradiography.
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3.1.2. Partial hydrolysis of tritiated corticotropin

It seemed reasonable to expect that at least some of the smaller peptides,
resulting from possible radiochemical impurities in our tritiated corticotro-
pin, would differ enough from the peptides obtained from corticotropin itself
to enable a chromatographic and/or electrophoretic separation. By meking a pep-
tide map of the hydrolysate, and an autoradiogram of this map, spots on the
autoradiogram not corresponding to a spot on the peptide map after chemical de-
tection, very probably would have to be attiributed to radiochemical impurities.

Partial hydrolysis of corticotropin was accomplished by use of HCl, and by
using trypsin . The main component of the material that had been tritiated by
us was found to consist of Olp-AGJ.‘H (corticotropin A, B-corticotropin, ACI'H-Al).
The amino acld sequence of this component is as followss

‘ H-ser-tyr-ser-met-glu-his-phe-arg-| try-gly-lys-pro-val-gly-lys- lys-z-arg-':-arg-
12 3 4 5 6 7 8 '9 1011 12 13 1% 15 1161718

pro-val-lys-| val-tyr-pro-asp-gly-ala-glu-asp-glu-leu-ala~-glu~ala-phe-pro-leu-
19 20 21 2223242526272829%31323334553637

glu-phe-CH NH2
383
Indicated are the cleavages by trypsin; the dotted lines designate minor cleav-
agesa) .
3.2. Results

Our results were obtalned with two different batches of purified plg cor-
ticotropin, indicated here by numbers 1 and 2 (donated by N.V. Organon, Nether-
lands). Bateh 2 was found to be more extensively purified than Batch 1.

Both batches had been tritiated, and were next purified, in the same way.
After purification, Batch 1 was partially hydrolyzed by HCl, Batch 2 by tryp-
sin. The resulis are given in Figures § - 10.

Figure 5 showss
(2) an electropherogram of unlabelled corticotropin (Batch 1);

(b) an electropherogram of tritiated corticotropin (Batch 1) before purifica-
tion;

(e) an autoradiogram of electropherogram (b);

(4) an electropherogram of tritiated corticotropin (Batch 1) after purification
over Sephadex G-50 (material of the main peak, indicated in Fig. 7 a);

(e) an autoradiogram of electropherogram (d).
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Pigure 6 shows:

(a) an electropherogram of unlabelled corticotropin (Batch 2);
(b) an electropherogram of tritiated corticotropin (Betch 2) after purifica-
tion over Sephadex G-50 (material of the main peak, indicated in Figure
T b);
(e) an autoradiogram of electropherogram (b).

After purification of unlabelled corticotropin (Batch 2) over a Sephadex
G-50 column, an electropherogram was obtained that was exactly identical (by
chemical detection) with that of labelled corticotropin after purification
(Figure 6 b).

Figure 7 shows the purification of corticotropin (Batches 1 and 2) over
a Sephadex G-50 column. Electropherograms and autoradiograms were made from
the material of the main peaks (5d, 5e, 6 b, 6 ¢). ‘

Figure 8 shows an autoradiogram of the peptide map from the acid hydro-
lysate of corticotropin (Batch 2). Indicated are the spots that could be de-
tected by spraying with ninhydrin reagent, or by means of ultraviolet light.
Figure 10 a is a photograph of this peptide map.

Fig. 9 is an autoradiogram of the peptide map from the trypsin hydro-
lysate of corticotropin (Batch 2). Again, the spots that could be detected
by niphydrin, or by U.V., are indicated. Figure 10 b is a photograph of the
corresponding peptide map. The peptide map of the trypsin hydrolysate of un-
labelled corticotropin, purified over Sephadex, was found to be identical
with the peptide map given in Figure 10 b.

From Figure 7 it will be clear already that our labelled and unlabelled
material in the main peak behaved at least partially different; Figures 8
and 9 show that a substential amount of the radioactivity, present on the
peptide maps, does not coincide with chemically detectable spots. A minimum
estimate for the amount of radioactivity not attributable to a chemically
detectable spot for the acid hydrolysate, is about 40 % of the total activity
present in these spots. .
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Fig. 8 Autoradiogram of the "peptide map", obtained after partial,
acld hydrolysis of labelled, purified corticotropin. Indicated
are the spots that could be detected with ninhydrin reagent,
or by U.V.

(contact print of the original autoradiogram)
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Fig. 9 Autoradiogram of the peptide map, obtained after partial
hydrolysis. (by trypsin) of labelled, purified corticotropin.

Indicated are the spots that could be detected with ninhydrin .
reagent, or by U.V,
(contact print of the original autoradiogram)
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CHAPTER &

DISCUSSION OF RESULTS

4.1. Results obtained with amino acids
4.1.1. Mechanism of racemization and hydrogenation processes

For amino aclds we have demonstrated that the Wilzbach method causes for-
mation of labelled racemized and hydrogenated products. Especially hydrogena~
tion is an important process. As the purpose of this investigation was purely
practical, we did not study the mechanism of these processes. From Chapter 1
1t will be cleer that mechanistic studies are very difficult. Even the reac~
tions of solid glycine caused by Y-radiation are very complicatedl) , and it
can be expected that the reactions of other amino acids, under the influence
of radiation and in the presence of T2’
the question arises if a plausible explanation of the racemization and hydro-
genation can be given. As to the racemization process, each mechanism that we
propose must serve to explain the following factss

will be far more complicated. However,

(1) The optical rotation of L-alanine before and after the irradiation is
practically the same.

(2) The percentage of activity found in D-alanine after Wilzbach tritiation of
L~alanine 1s independent of the reaction time.

(3) When, after exposure of pure L~alanine and L-valine to '1‘2, the activity
distribution in the resulting labelled L~ and D-alanine and L~ and D-va-~
line was determined, in D-alanine->H the tritium was found to be distrib-
uted roughly in a 1 ¢ 1 ratio over the alpha place and the G.Hj-group s in
D-valine-jﬂ a similar ra&o wes found for the distribution of tritium over
the alpha place and the w’:a{-sroup.

(4) The inversion in L-valine fs less than in L-alanine,

The first two facts exclude the possibility that D-alanine->H is formed
by a quick racemization of L-alanine under the influence of intense beta-radi-
ation accompanied by a much slower substitution of hydrogen by tritium. So it
seems probable that the racemization is caused by the labelling process. Fur=-
ther evidence for this mechanism comes from observation (3): the possibility
that a molecule D-a.lan:lne-)ﬂ, lebelled on the ¢t-place, is labelled in the GHZ-
group in a second, independent labelling process, is negliglble, as with the
ebtained specific activities only about one out of every 50,000 alanine molec-
ules consists of D-almine-’l-l. So it is likely, that in the racemization proo-
cess two tritium atoms ere introduced (nearly) simultaneously into the moleo~
ule,
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The numerous electron spin resonance studies of irradiated amino acids,
performed in the last ten years, give only informetion about stable radicals
in the crystal. We mention the studies of Miyagawa and Gordyz) and Miyagawa
and It'.oh3 ) about irradiated alanine and the publication of Shields about ir-
radiated valinesu) . In alanine, the stable radical (1-13(.}1000-. and, in valine,
the radical (CH,),CCH(ML)"C00” were identified. These radicals, formed at
room temperature, are the final products of a chain of events, involving sev-
eral intermediate species. Even ESR-studies of amino acids irradiated at low
temperatures only give information about relatively stable radicals. For L-
alanine irradisted at 80 %K, a radical was found with the unpaired electron
localized mainly on the carboxylgroupS), while for DL-valine at this tempera-
ture the initial radical seems to be (GH3)2Q'I(.HOOO' 6) . Electron spin res-
onance studles of 3H-labelled solid amino a.cids7 » and of amino acids exposed
to thermal hydrogen atomss), show that, generally, under these conditlons,
the same stable radicals are formed as by X-ray or y-ray irradiation. It is
obvious that reactions of these stable radicals camnot account for the label-
ling pattern of alanine and valine.

V.Ie suppose that under the influence of the tritium bete-radiation the
most important primary chemical process will be a rather indiseriminate proc-
ess of C-H-bond ruptureg) » The total homolytic dissociation energy for this
bond rupture will consist of two partss the bond dissociation energy and the
sei)a.ration energy of the two radicals R° and H'. The contribution of the sep-~
aration energy to the total dissociation energy will be small; t.l;e motion of
the hydrogen atom les not severely restricted in a crystal lattice. So a num-
ber of reactive radicals will be formed by C-H-bond ruptures

RE* —» 'R* + H¥

The °R¥ radical has an excess vibrational energy, the H-atom an excess trans-
lational energy. Quite a number of reactions are possible for the °‘R¥* radicalg
recombination, disproportionation, intramolecular hydrogen transfer to-at-
tain the energetically most favourable structure, or intermolecular hydrogen
transfer. Combination of R* with H®° or T* will be a far more important proc-
ess than combination of two large R’ radicals. The reorientation necessary
for this last process will be energetically more unfavourable than dispropor-
tionation, where only a hydrogen shif't is necessary, or than combination’ with
a hydrogen atom, It is likely that, in the spurs of the beta-rays, the radic-
al density 1s high enough for disproportionation reactions. (The total number
of alanine molecules in an experiment is about 7 x 1020, About 1.5 x 10
molecules D-alanine-’ﬁ are formed, when each molecule D-alanine is labelled
with two tritium atoms. We estimate the total energy dissipation in alanine.
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as 10% eV, With an estimated G-value of 1 for a 'R(uﬁ;)coo' radioal this

means that about 1018 of these radicals are formed during the total irradia--
tion time of 8 days. We suppose (see below) that D—alanine-aﬂ is formed via a
disproportionation reaction of ‘R( +)000™ radicals. So it is necessary to as-
sume that several per cent. of the 'n(m;)coo‘ radicals react via dispropor-
tionation reactions. This is possible only when the primary radicals are formed
in clusters, as is generally assumed.)

Concluding, we assume that the following reactions of L-alanine under
Wilgbach~conditions lead to labelled alaninet

(1) alanine ~~- o, (N, ) 000 N aiam(m})*coo’

(2) alantne ~~~  CEG(NE,) 000 = m,or(mb)”coo'

(3) alanine . A~A m,é(m,)*coo‘ —_ me-c(m;)coo' .
L= () 00" 2 G ICT(M, ) 000

The radicals 'mam(mj)*coo‘ and mjé(m})*coo‘ may be formed directly or by
intramolecular and intermolecular hydrogen| displecements.

We suppose that in the orystal lattice racemization by reaction (2) is
not very important. In reaction (3), disproportionation leading to the unsat-
urated intermediate i1s not only possible between two é(m3)+coo' radicals,
bt also between two 'mem(m-r})*ooo' radicals or between a 'maa-x(m,)%oo'
and a a:,c(maj)"coo' radical. In reaction (3), axz-c(m3)+ow', once formed,
readily takes up tritium. We suppose this, becasuse it is known that tritium
adds quickly to double bonds. This racemization mechanism explains the even
distribution of tritium in D-alanine and D-veline over Ithe @~place and the
rest of the molecule, The mechanism of the addition of '1‘2 to a double blgl)ld
under the influence of its own radiation is still rather obscure. Peng
found, for the addition of tritium to oleate, 60 % participation of tritium
1on molecules and 40 % participation by tritium radicals. Nystrom)) found
evidence for a free radical process in several unsaturated systems. We have ‘
postulated in reaction (3) a mechanism whereby Te adds to an activated double
bond .

The fact that the percentage of D-alan:lne-a{ does not depend on the irra-
diation time suggests that, in the clusters of primary radicals, a constant
fraction of these radicals reacts by disproportionation.

For valine, a similar scheme can be drawn, The reactions under (3) are
then relatively. less important, because in reaction (1) the radicals

()00 (M1,) 000 4 wel. a0ty (01,)H-H08L) 000" play  role.
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We emphasize that the mechanism suggested here for the racemization proc-

ess 1s only a plausible one; other mechanisms are feasible. If 1t could be
proved that in D-alanine-"H two tritium atoms are located in each labelled
molecule, this would provide strong support to the proposed mechanism. As to
this latter question, one can oxidize alanine with ninhydrin without loss of
tritium from the a-placela). The resulting acetaldehyde can be analyzed by
mass spectrometry. By choosing sultable experimental conditions, D-alanine may
be isolated with sufficliently high specific activity to detect the presence of
CH,TC :: in the mass spectrum of acetaldehyde. [0.10 % of the P+} mass peak

of labelled acetaldehyde may be de'beminedl}); we think it 1s possible to 1so-
late labelled acetaldehyde with about 1 % of its molecules doubly labelled.]

With regard to the mechanism of the hydrogenation of phenylalanine and
tyrosine under Wilzbach conditions, we have found a large amount of tritium
in products that behaved chromatographically like hexahydrophenylalanine and
hexahydrotyrosine. As we mey expect that the chromatographic behaviour of
partially hydrogenated products does not differ very much from that of the
fully hydrogenated compounds‘m) , 1t is possible that both fully and/or par=-
tially hydrogenated, labelled products were presemt.[Af‘ter Wilzbach tritlia-
tion of polynuclear aromastic hydrocarbons, Lijinskil and Garc:l.a17) found sev-
eral partially hydrogenated products (di- and tetrahydro reduction products) of
high specific activity.]

The initiating reactlons

R R
. T
=
. H
seems very probablels)ls) . Disproportionation and combination resctions of
this radical can lead to partially hydrogenated productss

R

R R
Disproportiona- T H (HT
tion H ) H +H —_— .
H H H(T)
R
Combination 3 H T CE
H

-
-

-
THT A
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Once formed, the purtially hydrogenated products may be further hydrogenated
by similar processes. Direct addition of T, to activated aromatic nuclei mey

2
also play a role.

4.1.2, Practical implications of results obtained with amino acids

From our results, and those of E.Vansls) » we conclude that partial racemi:
zation is a common phenomenon during the Wilzbach tritiation of amino acids.,
Moreover, all other studies dealing with racemization of other types of com-
pounds indicate that partial inversion during the labelling procedure is a
genersal process. Obviously, this is a disadvantage of the Wilzbach method.,
For simple substances this disadvantage is mostly not insurmountable. A more
serious disadvantage is the large amount of activity incorporated in hydro-
genated products. This essy (partisl) saturation of phenylgroups was rather
unexpected. In our opinion, the value of the Wilzbach method 1s restricted to .
a number of relatively simple compounds for which labelling by other methods
is laborious. A good example of such a compound is L-proline, which cannot be
labelled satisfactorily with tritium by the common process of catelyzed ex-
change in solution. High specific activitles can be obtained with the Wilz-
bach method; moreover, the labelled proline contains surprisingly little
radiochemical impurities and i1s easy to purify.

4 .2. Results obtained with corticotropin

The essence of our experiments carried out with ACTH was to detect wheth-
er any difference between the chemical and radiochemical behaviour of peptide
molecules, tritiated by the Wilzbach method, could be found. After removal of
radiocactive fragmentation and polymerization products by Sephadex filtration
(Figs 7a and 7b, Chapter 3), products were obtained which appeared radiochem-
ically pure by an electrophoretic criterion. These products were partially
hydrolyzed, and peptide maps were made of the hydrolysates. Autoradiograms of
these peptide maps revealed that a substantial amount of the radiocactivity did
not coincide with chemically detectable spots (Figs 8 and 9, Chapter 3). Ob-
viously, radiochemical impurities were present in the purified product with ‘
about the same molecular weight as corticotropin itself.

The experimental procedure used does not give any details about the type
of impuritie.s that were present. To assume that at least part of these impur-
ities are caused by racemization and hydrogenation processes seems reasonable.
Compared with amino aclds, the picture may be compliocated by molecular re-
arrangements. Our conclusion is that the Wilzbach method is not suited to ob-
tain labelled peptides and proteins of known radiochemical purity. Results,
obtained in the past with Wilzbach labelled peptides and proteins, may be



considerably in error due to the presence of radiochemical impurities.



CHAPTER 5

EXPERTMENTAL PART
5.1. Experiments relating to Chapter 2
5.1.1. Materlials used

The amino acids used (L-, D- and IL~forms) were obtained from Fluka
(puriss. quality) except D-, L- and DL-proline and D-, L~ and IL~alanine;
these were obtained from Calbiochem (puriss. quality). The optical purity of
the amino acids was checked by determination of the opticael rotation.

L-phenylalanine  [& ]g'* -33.2°% em1-2  1in water

+35.7°, ¢ = 0.8 - 2.2 in water

D-phenylalanine s [o ]g“

L~tyrosine s [ ]go w -~ 8.8° cwmb in 6.3 N HCL
D~tyrosine s [a ]12)0 =+ 7.8°, c = 3.50 in 6.3 N HCL
L-proline g [o ]12)0 =-8%36° cml in water
D-proline t [a ]go =+82.9% c= 1 in water
L-glutamic acid 1 [ ]gl‘ =+ 31.7% c w 2.7 in 1.73 N HCL
D-glutamic acid 1 [« ]S“ == 31.6°% c = 2.7 in 1.73 N HC1
L-alanine s [a]§3'5 -t WA, o a5 in 1 N HQL
D-alanine s [ ]?'5 -3 cu5b in 1 N HOL
L-valine s [a ]ﬁ” =+285% c=3 in 6 N HOL
D-valine : [« ]gl --29.3% cu3 in 6 N HC1

(¢ = grams of solute per 100 ml of solvent)

The optical purity of L-phenylalanine, L-tyrosine, L-glutamic acid and I,-
valine was also checked by enzymatic analysis with L~amino-oxidase. This anal~ ‘
ysis indicated a D-amino acid content of L-valine and L-phenylalanine of less

than 0.5 %. L-tyrosine was completely digested; 4.1 % L~glutamic acid was found
after the digestion. In a separate,identical check experiment with an optically
very pure standerd sample of L-glutamic acid, 4.1 % of this standard sample was
also not digested in the reaction time chosen. The amino acids were used with-

out further purification; they were all chromatographically homogeneous.
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5.1.2. Exposure to tritium gas

Exposure to tritium gas was performed in an apparatus whose essence had
been described by Wenzell); it is shown in Figure 11. We used a modification,
in which the uranium tube was replaced by an ampoule filled with molecular
sieve, type 4 A. The tritium gas can easily be stored in this molecular sieve
for short periods, and, if necessary, removed by sealing the ampoulez). The
tritium gas had been obtained from the Radiochemical Centre, Amersham, in 3 C
portions. The isotopic purity of the gas was about 98 %, its volume 1.2 ml at
N.T.P. Each 3 C portion of the gas was used only two or, at most, three times.
About 100 mg of the finely powdered, and thoroughly outgassed, amino acid was
exposed for 7 - 8 days to 3 C tritium gas, at a pressure of about 20 Hg, at
room temperature.

5.1.3. Purification of labelled amino acids

To remove lablle bound tritium atoms, the labelled substances were dis-
solved in a large excess of water (for tyrosine, first experiment, 6 N HCL was
used). The solvent was removed under vacuum. To each of the labelled L-amino
aclds, an exactly equal portion of the corresponding inactive D-amino acld was
added (for tyrosine, lst experiment: D-tyrosine-HCl) and to each of the label-
led D-amino acids an exactly equal amount of inactive L-amino acid. The prod-
ucts so obtained were crystallized as followst

Phenylalanine 4 x from ethanol-water

Tyrosine t 1st exp.3 1 x from 6 N HCL, 3 x from water
2nd exp.s 2 x from water

Proline H 1 x from ethanol-ether

Glutamic acid @ 6 x from water

Alanine s 2 x from ethanol-water

Valine H 4 x from ethanol-water

After crystallization, the labelled amino acids were purified further by
preparative thin-layer chromatogrephy. Thin-layer plates (20 x 30 cm) with
silica gel H were prepared (thickness 1 mm) and dried overnight, then 1 h at
110 °c. Per plate, 5 mg of an amino acid was dosed in a band. The amino acid
was dissolved in 0.5 ml of water, or, for tyrosine, in 0.5 ml 1 N HCl. Chro-
matograms were developed with butanol/acetic acid/water 3 3 1 1 1, and then
dried at a temperature of at least 50 °C. The distribution of redioactivity
over the chromatogram was determined with a Berthold scanner. The amino aeclds
were removed by extracting the silica gel with hot water; the water was removed
under diminished pressure. For tyrosine, the extraction was done with 40 ml of
hot water, acldified with 5 ml 0.l N HCl. As and when necessary, the isolated
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products were chromatographed a second or a third time. Depending on the yield,

and on the activities of the amino aclds, we started the first chromatogrephic
purification with 5 mg (dosed on one plate), or with 10 mg (dosed on two pla-
tes). In this latter procedure, the extracts were added together after the
first chromatogram had been made. L-glutamic acid was purified only by crystal-
lization from water, as we had the impression that purlfication over 8102 caus-
ed additional impuritlies. Radlochemical purities of the final products were
better than 99 %; except for D-phenylalanine (99 #) and for L-glutamic acid

(97 #). These figures were estimated from the second or the third preparative
chromatogram, or from an anslytical thin-layer or paper chromatogram. These
paper and thin-layer chromatograms were also developed with butanol/acetic
acid/water 3 1 1 ¢+ 1 (ascending technique; Whatman paper no. 1, or a silica gel
H thin-layer of 0.20 mm thickness). Radicactivity distributions on the analyt-
ical paper chromatograms were determined by cutting the peper in pieces of %
cm, and counting in a liquid seintillation counter (5.1.7.). From the thin-
layer plate, the silica gel was removed in bands of % cm, and the activity of
each band was counted (5.1.7.).

We did not measure the precise specific activitles of the undiluted, la-
belled amino acids. The tritiated amino acids were considered pure only after
chromatographic purification and were then immediately diluted with.carrier.
The yield of this purification was not determined, and, as a consequence, the
dilution factor was not known exactly. The specific activities of the impure
substances, however, were known from determination by liquld seintillation
counting, see 5.1.7., and based on the purities determined from the radio-
chromatograms, the specific activities of the pure amino acids were estimated.
The results are given in Table 5.

Table 5 Specific activities of some tritiated amino acids, labelled by the
Wilzbach method. Exposure time 8 days, with 3 Cci E[‘2

amino ascid spec, activity
uC1/mg)

(exposure 1 aay)

L-alanine 60
L-valine 51
L-proline 148
L-phenylalanine 91

L-glutamic acid 27

L-alanine T .
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5.1.4. Reverse dilution analysis

The amino acids, obtained after the purification, were dissolved in about
6 ml of water. For tyrosine, 0.1 N HClL was used. If necessary, this solution
was flltered over a G-3 glass filter and then divided in three portions of
about 2 ml. These three portions were weighed, and a welghed amount of respec-
tively L-, D- and DlL-amino acid was added as a carrier (about 200 mg; for pro-
line about 300 mg). Thelfractions were crystallized till the sum of the specif-
ic activities (corrected for slightly different dilutions) of the D- and the L~
fractions was equal to the specific activity of the DL-fraction; then the fraec-
tion with the lowest specific activity was crystallized further to prove its
constant specific activity. Specific activities were determined by liquid scin-
tillation counting (5.1.7.).

Crystallization procedures

Phenylalanine ¢ 3 - 5 x from ethanol-water

Tyrosine t 5 - 6 x from water

Proline H 12 x from absolute ethanol
Glutamic acid s 6 x from water

Alanine t 2 - 3 x from ethanol-water
Valine H 4 x from ethanol-water

Given is the number of crystallizations, necessary to maeke the sum of the
specific activities of the D- and the L-fraction approximately equal to the
specific activity of the DL-fraction.

The results of the reverse isotopic dilution are given in Table 3, Chapter
2.

5.1.5. Determination of tritium distribution in alanine and valine

Portions of 100 mg of radioactive D-, L- and Dl-alanine, resulting from
the reverse isotopic dilution analysis, were boiled for 10 minutes with 2.5 ml
acetic acid and 0.24 ml acetic anhydride. After cooling, the acetic acid was
removed under vacuum at a temperature of 40 °c. When the acetylalanine was
dry, water was added and removed under vacuum. This was repeated four times.
Benzene was added and dis{:illed off under vacuum to remove the last traces of
water. The residue was purified by crystallization from acetone. Yieidst 70 -
77 %. The samples were counted in a liquid scintillation counter. The results
are given in Table 4, Chapter 2. To establish whether treatment with acetic
acld and acetic anhydride did not remove radiocactivity from the (}Hj-sroup of
alanine, a reversed exchange was carried out. Radioactive acetic acid (CH.,’OOOI‘)
was made by treatment of acetic anhydride with HTO. Acetic anhydride (Mey and
Baker, p.a) was doubly fractionated over sodium acetate3 ) . The acetic acid
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content, as Jjudged by MR, was less than 0.5 #. The anhydride (102.4 nmol)
was stirred with HTO (102.4 mmol) for four hours at 40 %c; 1t was used after
standing another 12 hours at room temperature. Its absolute specific activity
was determined in triplo and found to be 0.433 WCi/mmol. 82.4 mmol of this
radioactive acetic acid, 2.29 mmol L-alanine and 5.1 mmol acetic anhydride
were used for an inverse exchange reaction, carried out in the same manner as
described for the exchange of alanine-jﬂ. The total amount of exchangeable
hydrogen present was 4 x 2.20 + 82.44 = 91.6 milli-atom, and the total activ-
ity 82.44 x 0.433 = 35.7 WCi. So the specific activity of the exchangeable
hydrogen was 0.39 uCi/milli-atom. After isolation and purification, the
acetylalanine contained an activity of 0.609 UCi/millimol. The acetylalanine
was hydrolyzedu) by refluxing 100 mg for 2 hours with 4.5 ml 2 N HC1. This
was removed under vacuum. Water was added to the residue and evaporated under .
vacuum (3 x). The residue was treated with 2 N HCl and the resulting alanine-
HCl was counted, after drying, in a liquid scintillation counter. A specific
activity of 0.37 iCi/mmol was found, corresponding with the exchange of only
one hydrogen atom.

Radiocactive D-, L- and Di-valine, resulting from the reverse isotople
dilution analysis, were diluted with a two-fold amount of the corresponding
inactive amino acids. About 1 mmol valine was then treated, in the same man-
ner as described for alanine, with acetic acid (19 mmol) and acetic anhydride
(16 mmol). The aeetylvaline was crystallized from water and the activity de-
termined by liquid scintillation counting. The results are given in Table #,
Chapter 2.

5.1.6. Detection of hydrogenated products in tritiated phenylalanine and
tyrosine

Hexahydrophenylalanine and hexahydrotyrosine were prepared to serve as
carrliers, or as reference substances.

Hexahydrophenylalanine. 206 mg DL-phenylalanine was dissolved in 30 ml
4 N NC1, and 237 nmg P‘l;()2 added. Reduction was carried out in a hydrogenation ‘
apparatus, under stirring. After uptake of the calculated amount of hydrogen,
the solution was filtered off and the solvent evaporated under vacuum. The
product was crystallized from 6 N HCl, yield 180 mg. Analysiss C 51.8 %,
H 9.1 % (theoreticallys C 52 %, H 8.9 #). Only one spot was visible after
thin-layer chromatography. (Solvent butanol-acetic acid-water 3 3 1 ¢ 1, nin-
hydrin detection.)

Hexahydrotyrosine was prepared by reduction of L-tyrosine’ ), 1.68 & Pto,
was suspended in 65 mL Hy0 and reduced by Hy. 2.18 g L-tyrosine was added,
with 4 ml 0.1 N NaOH. The reaction was carried out in a hydrogenation apparatus.
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The total hydrogen uptsake exceeded that calculated for the.formation of hexa-
hydrotyrosine. A chromatogram of the reaction mixture showed the presence of
several impurities. The main impurity consisted of hexahydrophenylalanine. 12mL
1 N HClL was added to the reaction mixture. After evaporation, 22 ml absolute
ethenol was added and the solution saturated with dry HCL. Next, 19 ml absolute
ethanol was added and the solution refluxed for two hours. After evaporation of
the alcohol, the residue was dried over KOH. This esterification procedure was
repeated two times. The residue was dissolved in 5 ml H,0 (cooled) and 3.3 g
K'.2C}O3 was added at a temperature of - 3 to - O %¢. The solution was extracted
with four portions (10 ml) of cold ether, the ether was removed and the residue
extracted five times with 5 ml pentane. After evaporation of the pentane, the
residue was crystallized from ether and then from ethylacetate. The product had
& melting point of 76 -~ 76.5 °C (uncorrected).

Cs 61.5 %; Hs 9.7 %5 Nt 6.4 % (calculateds Cs 61.4 %; He 9.8 %; N: 6.5 %).

The ester was hydrolyzed by heating 48 mg for four hours with 4 ml water
at 95 %c. After addition of 0.5 ml HC1 cone., the solvent was evaporated and
the residue dried over KOH under vacuum. The product was homogeneous &s Judged
by thin-layer chromatography (butanol~acetic acid-water 3 : 1 ¢ 1, ninhydrin de-
tection).

C: 46.9; Hs 8.1; N: 6.2 (caloulateds Cs 48.3; Hy 8.05; Nt 6.26)

Scanning of the preparative chromatograms of tritiated phenylslanine re-
vealed an important redioactive peak, not detectable by ninhydrin. This impur-
ity was isolated from the preparative chromatogram (5.1.3.) by elution with
water. After evaporation of the water, the residue, mainly S10,, was extracted
with ethanol. Hexahydroalanine was added, as a carrier, and a two-dimensional
thin-layer chromatogram was made. About 50 ug substance was dosed on a thin-
layer plate of 20 x 20 cm, with a thickness of 0.25 mm. Development in the first
direction was done with pyridine/water/tert.amylalcohol 35 3 30 3 35, in about
five hours. After drying, development in the second direction took place with
butanol-acetic acid-water 3 ¢ 1 ¢ 1 in 4% hours. After drying, the sctivity dis-
tribution over the chromatogram was determined by scanning (5.1.7.), and final-
1y, the plate was sprayed with ninhydrin reagent. Only one coloured spot was
visible, which coincided exactly with the radloactlve spot.

For tyrosine, four one-dimensional chromatograms were mede with four dif-
ferent solvents. Tyrosine-}!{ (not purified, only labile Bﬂ-atoms removed) was
chromatographed on thin-layer plates (silica gel H, 20 x 30 om, thiclmess 0.25mn)
with tyrosine and hexahydrotyrosine as reference substances. In most experiments
spots of 2 {41 were applied, containing 20 ug of the substance.
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The solvents used weres

(1) t-butanol-methylethylketon-water 2 t 2 ¢ 1;

{2) propanol-water 20 t 9;

(3) methylethylketon-pyridine-water-acetic acid 10 ¢ 15 ¢ 15 1 2;
{4) butanol-water-acetic acid 3 ¢+ 1 ¢ 1.

Development timest about 20 hours; chemical detection by spraying with ninhy-
drin reagent; radloactive detection by scanning (see 5.1.7.). The results are
given In Chapter 2, Figures 1, 2, 3 and 4.

5.1.7. Radioactivity measurements

The amino aclids were measured by dissolving 0.5 - 2 mg of the acid in
1 ml of a hyamine hydroxide 1.0 M solution in methanol (purchased from Nuclear
BEnterprises Litd., Bdinburgh, Scotland); when the amino acid was completely .
dissolved 6 ml seintillation liquid was added. (Composition: 200 ml ethanol
p.a., 800 mL toluene p.a., 5 g 2,5~diphenyloxazol, (FPO) and 0.5 g 2,2'-p-
phenylen-bis-(5-phenyloxazol), (POPOP)). The measurements were carried out in
an automatic 1iquid scintillation counter (Tritomat 6020, Isotope Development
Ltd.; later in a Tri-Carb 3375, Packard).

Activity distributions on paper chromatograms were determined by cutting
the chromatograms in strips of é— cm. These strips were put in the measuring
bottles, as far as possible in the same positions, and covered with 5 ml of a
seintillation mixture (compositions 60 g naphtalene p.a., 4 g PPO, 0.2 g POPOP,
100 ml ethanol, 20 ml ethyleneglycol; added up to a volume of 1000 ml with p-
dioxane p.a.). Activities on most analytical thin-layer chromatograms were
measured by removing the silica gel H in bands of % cm, covering the gel with
the dloxane-scintillation mixture, and counting in the seintilletion counter.

Activity distributions on preparative thin-layer chromatograms, and on
analytical thin-layer chromatograms with sufficient activitlies, were determined
with a Berthold "Difnnschicht-scanner 1B 2720%. Activities, as measured on
chromatograms by one of the methods described above, give only approximate esti-
mations of radiochemical pwrities.

5.2. Experiments relating to Chapter 3
5.2.1. Material used

Two batches of the sdrenccorticotropic hormone used had been donated by
N.V. Organon, Oss, Netherlands. Both batches consisted mainly of the A,, Aa
and A3 fractions described by De Jagers) ; they had been prepared from pig ante~
rior pituitary powder by bsichwise purification over carboxymethylcellulose
using pyridine-aceti~ acid as a buffer system. Batch 2 (indicated by Organon as
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lot no. 27517-P2) was found to be more extensively purified than Batch 1 (in-
dicated as lot no. 1027).

5.2.2. Exposure to tritium gas

Of Batch no. 1, 60 mg was exposed to 3 C1 of tritium gas for 8 days at
room temperature. The product was dissolved twice in 15 ml distilled water, to
remove labile bound tritium (~250 mCi). ’

Of Batch no. 2, 96 mg was exposed to 3 Ci1 of tritium gas for 7 days at
room temperature. The product was dissolved in 50 ml distilled water. (Lablle
bound tritiums A, 150 mCi).

5.2.3. Purification over Sephadex

We used a Sephadex G-50 (fine) column with a length of 145 cm and a diam~
eter of 2 cm (water regain, L 5.0 + 0.3 g/g, bed volume per g dry gel 10 ml).
The void volume, Vo’ (elution volume for a substance that is completely exclud-
ed from the gel), was determined with Blue Dextran and found to be 185 ml. The
to%\l volume of the gel bed was 455 ml. The inner volume, Vi, can be calculated
as'’t

Wr.d .
Vi-w:-_'_—i(vt-vo)-ﬂulml

(d = density of the gel in the swollen condition, = 1.07)

Purification of Batch 1t about 50 mg of the irradiated product was dissolved in
1.5 ml water; this sample was applied on top of the column and eluted with
0.02 n acetate buffer (pH 5.2)8).

Purification of Batch 23 about 80 mg was dissolved in 5 ml water and eluted
with 0,02 n acetate buffer.

In both experiments, the irradiated product did not dissolve completely in
the buffer; a sticky brown solid remained undissolved. Fractions of 5 ml were
collected and measured in a Zeiss spectrophotometer at 280 R The radioactivity
of each fraction was determined by measuring 5 K1 in a liquid scintillation
counter (5.1.7.). The elution curves are given in Chapter 3, Figures 7 a and
7 b. Elution volume for Batch 13 305 ml; for Batch 2¢ 315 ml.

Ve - Y
A}

(K, =

3 » Kd Batch 1t 0.50; Batch 2: 0.54; Ky Batch 2, unlabelled: 0.52)

The fractions of Batches 1 and 2 that were used for further experiments are in-
dicated in Figures 7 a and 7 b. The volume of these fractions was for Batch 1
reduced to about 2 ml, and for Batch 2 to about 10 ml. After removal of insol-
uble material, both solutions were desalted over a Sephadex G-15 colum (length
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85 cm, dismeter 1.5 cm, water regain, wr, 1.5, bed volume per g dry gel 3 ml;
void volume, V_, determined with Blue Dextran, 62.5 ml; inner volume v, = 62 ml;
total bed volume 150 ml). Fractions of 5 ml were collected and measured in a
Zelss spectrophotometer at 280 R ; elution volumes of 80 ml for Batch 1 and 90
ml for Batch 2 were found. The hormone fractions were evaporated to dryness

and used in this form for electrophoresis and partial hydrolysis. Complete de-
salting was not obteined, and the resulting product contained some sodium ace-
tate,

The yield of corticotropin after purification over Sephadex G-50 was
about 40 ¥; after desalting over Sephadex G-15 the overall yield was about 10-
20 %; so 1t was found that adsorption is quite considerableg)lo).

After a passsge of labelled meterial, both colums were carefully washed
out, until the radiocactivity in the effluent was negligible. .

5.2.4, Electrophoresis and autoradiography of corticotropin

Electrophoresis of corticotropin was carried out on strips of cellulose-
acetate (2.5 x 17 cm, Gelman Sepraphore 111). We used a Shandon universal
electrophoresis apparatus (after Kohn) Mk II. Per strip we applied 1-2 A solu-
tion (2 mg corticotropin, dissolved in 20 A of a vercnal-formamide buffer.
Composition of buffer solutions 105 ml 0.2 m veronal, 45 ml 0.2 N HCL, 100 ml
formamide, 350 ml distilled weter; Py = 8.2.)

Before application of the corticotropin, the strips were swollen for 15
minutes in the buffer solution in a refrigerator. Electrophoresis was carrled
out immediately after equilibration (30 minutes, ~ 200 V, ~ 1.5 mA per strip).
The wet strips were coloured in a bath of 0.5 $ amido black 10 B in methenol-
water-acetic actd 5 3+ 5 3 1 for five minutes, After washing in methanol-water-
acetic acld 5 ¢ 5 ¢ 1, the strips were photographed while they were still wet
and then dried on a siliconated glass plate under filter paper, Autoradio-
graphy of the strips was carried out with Kodak No Screen X-ray films, the ex-
posure times of most strips were about one week.

5.2.5. Partial hydrolysis of labelled corticotropin ’

In an acid hydrolysis of Batch 1, 3 mg labelled corticoiropin, purified
over Sephadex as described in 5.2.%., was hydrolyzed for five hours in 2 ml
freshly distilled, constant boiling HC1 (5.7 N) at 75 °C. The hydrolysis was
carried out in sealed evacuated tubes. These tubes were carefully cleaned in
boiling HCl. After hydrolysis, hydrochloric acld was evaporated under vacuum.
The residue was dissolved in 0.5 ml water, and the water evaporated; this
treatment was repeated four times.
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In a hydrolysis of Batch 2 with trypsin, about 8 mg of purified, labelled
corticotropin was dissolved in 8 ml water. The Py of the solution was adjusted
to 8 by means of 0.1 N NaOH. The solution was stirred for 25 min at 37 °c, and
trypsin was added (0.08 mg in 10 pl, Worthington, 2 x crystallized, charge
TRSF 789). For 2} hours the temperature was maintained at 37 °C and the Py &b
8 vy adding, as the hydrolysis proceeded, 0.01 N NaGH. Mext, the solution was
acidified with 0.1 N HCL to Py 3. The reaction mixture was freeze-dried.

5.2.6. Peptide maps of corticotropin hydrolysates.

Silica gel-G plates (20 x 20 cm) were prepared and activated for one hour
at 100 °c. The plates were sprayed with buffer (500 ml pyridine, 20 ml acetic
aald, ¥500 ml water, Py = 6.4) and, next, saturated with the same buffer solu-
tion by means of thick paper strips (Whatman 3 MM) attached to two sides of the
plates and hanging in the buffer sclution which was contained in two electrode
vessels. 2 A of the sample (a saturated solution of the hydrolysate in the
pyridine~-acetic acid buffer) was applied to the plate. Electrophoresis was car~-
ried out for 40 minutes (v 1200 V, ~ 40 mA) and, thereafter, the plate was
dried at 60 °C. After drying, the plate was activated for 20 minutes at 100 .
Chromatography in the second direction was carried out with butanol-pyridine-
acetic acld-water 15 t 10 1 3 3 12 as a solvent, for three hours. Autoradiograms
were made on Kodak No Screen X-ray film, with exposures of about one month.
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SUMMARY

In 1956, Wilzbach introduced a radiation-induced exchange method for the
labelling of organic substances with tritium. The organic compound (gas, solid
or liquid) is allowed to remain in contact with Curle quantities of pure trit-
ium gas during a period of several days to several weeks. The major problem in
applying the method is the purification of the labelled product. Due to such
reactions as isomerization, hydrogenation and racemization, radioactive by-
products may be present in chemically unimportant quantities, but with ex-
tremely high specific activities.

The purpose of the present investigation was to obtain information about
the importance of racemization and hydrogenation of amino acids and peptides
in the solid phase caused by tritium substitution and addition. As a peptide,
adrenocorticotropic hormone was chosen. In Chapter 1, a survey is glven about
the relevant literature.

Chapter 2 describes how pure L-amino acids were labelled by the Wilzbach
method. After a rigorous purification, removing all radiochemical impurities
except the corresponding, labelled D-amino acid, the amount of radiocactivity
present in the D-amino acid was determined by a reverse isotope dilution meth-
od., 1 - 20 per cent. of the radiocactivity in the pure amino acid was present
in the D-enantiomer, depending on the structure of the compound. In tritiated
alanine and valine, the distribution of the radioactivity over the Q-place
and the rest of the molecule was determined in the L~ and in the D-enantiomer,
With the values then obtained, the degree of inversion caused by substitution
of the alpha-hydrogen by tritium could be calculated. In L-alanine, tritium
labelling caused 20 % inversion, and in L-valine, 10 % inversion.

After Wilzbach tritiation of phenylalanine and tyrosine, a major part of
the incorporated radicactivity was found in (partial) hydrogenation products
of these aromatic amino acids.

In Chapter 4, a mechanism is proposed for the racemization process in
amino aclds as well as a mechanism for the incorporation of tritium in (par-
tial) hydrogenated aromatic amino acids.

Chapter 3 describes the tritiation of adrenocorticotropic hormone by the
Wilzbach method. This tritiation was carried out to get more insight into the
practical problem of obtaining a radiochemicslly pure Wilzbach labelled pep-
tide. After removal of radioactive fragmentation and polymerization products
by Sephadex filtration, a product was obtained that appeasred radiochemically
pure by an electrophoretic oriterion. This product was partislly hydrolyzed,
and peptide maps were made of the hydrolysates. Autoradiograms of these pep-
tide maps revealed that a substantial amount of the radioactivity did not
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coincide with chemically detectable spots. Obviously, radiochemical impurities
were present in the purified product with about the same molecular weight as
corticotropin itself, presumably caused by racemization, hydrogenation and iso-
merization. We conclude that in general it will be very difficult, or even im-
possible, to prove rigorously the radiochemlcal purity of any polypeptide or
protein, labelled by the Wilzbach method. Results that were obtalned in the
past with Wilzbach labelled peptides and proteins may be considerably in error
due to the presence of radiochemical impurities.
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SAMENVATTING

In 1956 werd door Wilzbach een algemene methode aangegeven om organische
verbindingen met tritium te merken. Hiertoe wordt de organische verbinding
(als gas, vloeistof of vaste stof) gedurende een periode, ulteenlopend van en-
kele dagen tot enkele weken, in contact gebracht met Curle-hoeveelheden van
zuiver tritiumgas. Onder invloed van de beta-tritium-straling vindt uitwisse-
ling plaats van waterstof voor tritium. Het voornaamste probleem bij de toe-
passing van deze methode is de zulvering van het gemerkte produkt. Ten gevolge
van bijvoorbeeld isomerisatie, hydrogenering en racemisatle kunnen radioactie~
ve bijprodukten asnwezig zijn met extreem hoge specifieke activiteiten, ter-
wijl chemisch gezien, de aanwezigheid er van niet of nauwelljks waarneembasar

. is.

Het doel van dit onderzoek was om gegevens te verkri)gen over de mate,
waarin racemisatie- en hydrogeneringsreacties bij aminozuren en peptiden, die
volgens Wilzbach worden gemerkt met tritium, een rol spelen. In hoofdstuk 1
wordt een overzicht gegeven van de literatuur, die betrekking heeft op dit on-
derwerp.

In hoofdstuk 2 wordt beschreven hoe zuivere L-aminozuren volgens de Wilz-
bach-methode werden gemerkt. Na een zuivering, waarbij alle radiochemische
verontrelnigingen werden verwijderd, behalve gemerkt D-aminozuur, werd het
percentage gemerkt D-aminozuur in het verkregen produkt bepaald door middel
van een isotopenverdunningsmethode. 1 ~ 20 procent van de totale radiocactivi-
teit in het zuivere aminozuur was aanwezig in de D-enantiomeer, afhankelijk
van de structuur van de verbinding. In volgens Wilzbach gemerkt alanine en va-
line werd bovendien de verdeling van de radioactiviteit over de alpha-plaats
en de rest van het molecule bepaald, zowel in de L- sls in de D-enantiomeer.
Uit deze gegevens valt af te leiden, dat in L-glanine en in L-valine substi-
tutie van waterstof op de alpha-plaasts door tritium respectievelljk 20 en 10%
inversie vercorzaskt. Na Wilzbach-triti¥ring van fenylalanine en tyrosine

. werd een groot deel van de radioactivitelt, opgenomen door de vaste stof, te~
ruggevonden in (parti¥le) hydrogeneringsprodukten.

In hoofdstuk 4 wordt een mechanisme voor de racemisatie van aminozuren
onder invloed van El.‘2 voorgesteld. Tevens wordt aangegeven, op welke wijze men
zich de inbouw van tritium in de fenylkernen ven tyrosine en fenylalanine,
onder gelijktijdige (parti&le) hydrogenering van deze kernen, kan voorstellen.

In hoofdstuk 3 wordt de triti¥ring van corticotropine beschreven. Deze
tritidring werd uitgevoerd om inzicht te krijgen in het probleem, of het moge-
11)k is een peptide, gemerkt volgens Wilzbach, rediochemisch zuiver in handen



48

te krijgen. Na verwljdering van radioactieve afbraak- en polymerisatieproduk-
ten door middel van filltratie over Sephadex, werd een produkt verkregen dat,
te oordelen naar het elektroferogram, radiochemisch zuiver was. Dit produkt
werd partieel gehydrolyseerd. De peptiden in de hydrolysaten werden gescheiden
op dunne lagen met behulp van electroforese in één richting en chromatografie
in de tweede richting. Autoradiogrammen van deze "fingerprints" toonden aan,
dat een belangrilk deel van de radiocactiviteit niet samenviel met chemisch
asntoonbare vlekken, Blijkbaar waren in het gezuiverde corticotropine radio-
chemische onzulverheden aanwezig met ongeveer hetzelfde molecuulgewicht en
vermoedelijk ontstasn door racemisatie, hydrogenering en isomerisering. Onze
conclusie is, dat het in het algemeen uiterst moeilijk of zelfs onmogelljk zal
zijn om de radiochemische zuiverheid van een polypeptide of eiwit, gemerkt
volgens de Wilzbach-methode, te bepalen. Eerdere resultaten, verkregen met
volgens Wilzbach gemerkte eiwitten en peptiden, kunnen tot geheel verkeerde .
conclusies hebben geleld, ten gevolge van de aanwezigheld van radiochemische
verontreinigingen,
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