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8.1. INTRODUCTION

Since the early 1960s labelled compounds employed in immunoassay techniques, both
radioimmunoassay and imrnunoradiometric assay, have involved radioisotopes typically 3H
(tritium) and 125Iodine. With the advent of increasingly stringent governmental regulations
regarding usage and disposal of radioisotopes and the impetus of research towards improved
immunoassay sensitivity following the discovery of monoclonal antibodies and their application
to excess reagent immunometric assay methodology, radioisotopic labels are gradually being
replaced by non-isotopic labels: enzyme, fluorescence and chemiluminescence. Non-isotopic
labels also have the attraction of longer shelf life but radioisotopic labels will continue to be
widely applied particularly in limited reagent, radioimmunoassay methods for heptens (steroids,
drugs, thyroid hormones) where non-isotopic labels do not confer analytical advantage. Similarly,
laboratories may be unable to re-equip with the expensive capital equipment necessarily implied
by the alteration in assay end point.

8.2. CHOICE OF RADIOISOTOPE (Figs 1, 2)

Radioisotopes have been central to biochemical research particularly the use of 14C probes
in metabolic studies and today the increasing usage of 32P in genetic studies. However,
immunoassay techniques have in the majority relied upon essentially three isotopes; 3H (tritium),
131I and 125I (iodine). Organic compounds of biochemical interest could be labelled with tritium
by isotopic exchange and remain useful today particularly in the immunoassay of steroid
hormones. Unfortunately, 3H, a emitting radionuclide, has a low specific activity and requires
liquid scintillation counting which is expensive in terms of scintillation fluid and often requires
tedious and time consuming preparation procedures. Radioiodine is available in two emitting
isotopes I25I and 131I offering in addition to ease of counting, a much higher specific activity.
Since 131I is only available at 20% isotopic abundance with a counting efficiency of 30% and a
half life of 8 days the alternative isotope, 125I, is preferred in the preparation of high specific
activity protein, polypeptide and peptide hormone labels in immunoassay. Radioiodine has also
achieved importance in steroid immunoassay due to the advent of conjugation labelling. The
preeminence of radioiodine isotopes is due to the relative ease by which they can be substituted
into tyrosine and histidine amino acid constituents of proteins.

8.3. RADIOIODINATION

The process of radioiodination is dependent upon the nature of the compounds for labelling.
If the compound contains stable atoms of iodine e.g. iodothyronines (thyroid hormones), then
radioiodination is achieved either by isotopic exchange or the radioiodination of a suitable
precursor. Labelled tri-iodothyronine and thyroxine can be prepared by labelling di-
iodothyronine, T2, or tri-iodothyronine, T3, respectively. If the compound of interest is lacking
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in stable iodine atoms then radioiodination can proceed by one or two routes. Either direct
iodination by covalent linkage to carbon atoms, e.g. electrophilic substitution into tyrosine
residues, or indirect iodination by covalent linkage of a prelabelled compound or a compound
capable of post linkage labelling, e.g. Bolton and Hunter reagent for peptides and conjugation
labelling for steroids.

8.4. MECHANISM OF RADIOIODINATION (Figs 3,4)

The chemistry of radioiodination is complex. Radioiodine in the form Na 125I is available
in alkaline solution (0.1 mol.L NaOH) without carrier and reductant. Radioiodination proceeds
via three phases; firstly, oxidation of iodide to molecular iodine, secondly, substitution of
hydrogen at aromatic groups by electrophilic substitution at unsaturated carbon atoms (tyrosine
and histidine residues of peptides and proteins) followed by reduction of excess oxidised iodine
and oxidising reagent. Molecular iodine is highly reactive generating numerous complex chemical
reactions which are poorly understood in dilute solution. However, it is thought that the H2OI+

cation is the principal reactive species in electrophilic substitution at unsaturated carbon atoms.

8.5. RADIOIODINATION METHODS

Methods of radioiodination can be categorised into direct methods dependent upon either
chemical or enzymatic oxidation of iodide and indirect methods dependent upon conjugation
labelling.

8.5.1. Direct methods

8.5.1.1. Chemical oxidation

(a) Chloramine T

Of the chemical methods chloramine T oxidant [1] was the first to gain widespread usage
for the production of high specific activity radioiodinated compounds. (Fig. 5) Incorporation of
radioiodine, hence high yield and high specific activity, is largely governed by the concentration
of the reactants, consequently iodinations are performed at microlitre (ul) volumes. Small conical
based reaction vessels are bet employed. Excess chloramine T is reduced by the addition of
sodium metabisulphite (Na2S2O5) and free iodine is reduced to iodide. Post iodination, excess
unlabelled sodium iodide (Nal) or potassium iodide (KI) is added to act as a carrier for the high
specific activity 125I iodide together with carrier protein (usually 0.5-1.0% bovine serum albumin,
protease free) in a suitable buffer (0.1 mol/L phosphate, pH7.4) prior to separation of iodinated
and free iodine species by an appropriate technique. The chloramine T reaction has an optimum
of pH7.5 with reduced yield above and below this Fig.. Consequently a strong buffer, usually
0.25-0.5 mol/L phosphate pH7.4, is required particularly since commercial radioiodine is
supplied at alkaline pH. (NaOH at pH8-10). Iodination of histidine residues is favoured at higher
pH (pH8.O-8.5).

The advantages of Chloramine T are a technically simple and rapid method widely
applicable to the majority of peptides, giving high specific activity. One of the major
disadvantages is that the compound to be labelled is in direct contact firstly with the oxidising
agent and secondly with the reducing agent. This inevitably leads to a degree of iodination
damage which may vary according to the nature of the species iodinated. This damage can take
the form of polymerisation, (aggregation), and oxidative damage to sulphydryl groups
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(methionine residues) and disulphide bonds (cystine residues). Reducing agents may also lead
to reductive cleavage of disulphide bridges. Since the reaction is so rapid (15-30 s) it is difficult
to exert any degree of control other than to reduce the concentrations of the various reactants.
Variations of the chloramine T method have been to optimise the concentration of oxidant to the
minimum required for the individual peptide and to substitute cysteine as reducing agent [2]. Both
manoeuvres are claimed to reduce iodination damage.

However, the fact that alternative iodination methods were developed suggests that
practitioners believed that better quality products could be obtained. Variations of the chemical
oxidation methods were largely designed to overcome these limitations.

(b) Chlorine gas

Chlorine gas produced from the oxidation of sodium chloride by Chloramine T has been
used to generate iodine from Na125I to effect radioiodination without direct contract with the
oxidising agent [3]. Iodination by this method is achieved within 10 minutes but reducing agents
are still required and any improvement in label quality would be achieved at the expense of
increased radiation hazard due to the possible escape of volatile 125Iodine.

Another chlorine containing compound 1, 3, 4, 6 tetrachloro-3a, 6a-diphenylglycoluril,
trade name Iodogen, has also achieved wide usage [4] (Fig. 6). This material is insoluble in
aqueous solution, but freely soluble in chloroform or dichloromethane. Consequently, the active
compound can be deposited in solid phase form, following evaporation of the solvent, at the site
of the iodination. Since subsequent reaction may only occur at the aqueous interface during
radioiodination intimate contact between protein and oxidising agent is minimised.

Advantages of this technique are the use of a mild oxidising agent in sparingly soluble solid
phase format and the absence of reducing agent since the reaction can be stopped by simple
aspiration from the reaction tube. Higher yields and greater stability of iodinated compounds have
been claimed for this method. Disadvantages are greater expense and the requirement for the
preparation of solid phase reaction tubes together with a significantly longer incubation time.

Other workers have employed N-Bromosuccinimide a compound closer to iodine in the
electrochemical series as a very mild chemical oxidative iodination reagent with good success
rates in terms of high yields and retention of immunological activity at high specific activities [5].

8.5.1.2. Enzymatic oxidation

(a) Lactoperoxidase

An extremely gentle oxidation reaction is provided by the presence of a trace quantity of
hydrogen peroxide together with the oxidoreductase enzyme lactoperoxidase, commercial
preparations of which are prepared from bovine milk. [6] High specific activity radiolabelled
proteins can be prepared and the method is widely used. Advantages again relate to negligible
concentration of oxidising agent and the lack of a need for reducing agent since simple dilution
can be used to halt the enzymic reaction. Both factors suggest this methods should minimise
iodination damage. Also the rate of reaction, hence yield and specific activity, can be controlled
effectively by manipulation of H2O2 addition. Further additions at intervals, c. 10 min, can
improve specific activities. Good stability and consequently a longer shelf-life of product thought
to be due to iodination only at surface tyrosine residues are claimed for this method.
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Disadvantages are the pHdependency of the reaction and self iodination of the enzymes
complicating post iodination purification. The method as a consequence of its gentle reaction is
slow, 30 min.

(b) Solid phase Iactoperoxidase

Prepration of the lactoperoxidase in a solid phase format can mitigate most disadvantages
[7] (Fig. 7). Liquid phase lactoperoxidase iodinations were conventionally conducted at pH5-6
the optimum for activity of the enzyme but significantly suboptimal for the incorporation of
radioiodine into tyrosine residues, pH7.5. Linkage of the enzyme to solid phase particles
stabilises the preparation allowing radioiodination at the optimum, pH7.5, for radioiodine
incorporation. A short post iodination centrifugation removes the solid phase enzyme and
prevents contamination of product with iodinated free enzyme. The requirement for the
preparation of solid phase lactoperoxidase may be regarded as a significant disadvantage but due
to the low concentration of enzyme required to effect iodination a single preparation provides
supply for a number of years in a busy clinical laboratory. This method has been used
successfully for both the iodination of protein antigens in radioimmunoassay and monoclonal
antibody preparations in immunoradiometric assay and is the preferred method of the author.

8.5.2. Indirect methods

Direct iodination methods cannot be used if the candidate protein or polypeptide either does
not possess tyrosine or histidine or has these residues buried within the tertiary structure sterically
hindered from reaction. Similarly iodination, due to the relatively large molecular size of the
iodine atom, may reduce or abolish binding to the specific antibody as a consequence of
incorporation at the epitope or alternation in tertiary structure of the native protein. Also the
candidate protein may be irretrievably damaged by exposure to the oxidation and reduction
environment of the reaction. Conjugation labelling procedures must then be contemplated,
although in the latter case alternative iodination procedures should be investigated.

(a) Conjugation labelling of proteins - Bolton and Hunter reagent

Conjugation labelling of proteins and peptides can be conveniently undertaken using N-
succinimidyl 3- (4hydroxy 5- (1Z5I) iodophenyl)propionate (Bolton and Hunter Reagent) [8] (Fig.
8). This material is available commercially overcoming the major disadvantage of complex
synthesis, iodination and purification of the reactive ester. Separation of the labelled protein and
unreacted labelled hydrolysis product (3- (4-hydroxyphenyl)propionic acid) can be accomplished
gel filtration. However, since the hydrolysis product adsorbs to bovine serum albumin, 0.2%
gelatin is preferred as a protein carrier during gel filtration.

(b) Conjugation labelling of steroids

Steroid hormones may also be iodinated by the conjugation of pre or post iodinated
tyramine or histamine (Fig. 9). The linkage chemistry must be chosen to be compatible with that
adopted for the preparation of the hepten conjugate during antibody production. Antibodies tend
to have a high avidity for the linkage or 'bridge' groupings used in conjugation of carrier protein
to the hapten to form the immunogen with the consequent result that the antibody has a greater
avidity for the label that for the free steroid giving reduced assay sensitivity if the 'bridge'
groupings. For example, antibody raised to progesterone l l a hemisuccinate and progesterone
l l a glucuronide conjugated to iodinated tyramine as label. For further details and a review
article the reader is referred to Corrie and Hunter, 1981 [9].
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Conjugation labels are expensive to produce and time consuming giving lower yields and
limited specific activity due to the complex chemistries involved. Similarly, complex post
iodination purification is required and the extra manipulations inevitably lead to an increased
radiation hazard. Conjugation labels have, however, provided a significant advance towards the
efficient radioimmunoassay of steroid hormones, but with the advent of immunoradiometric
assays using labelled antibodies for the analysis of proteins and peptides the method of Bolton
and Hunter is rarely required.

8.6. Post-iodination purification

Post-iodination the iodinated protein, peptide, steroid must be isolated from the undesired
original reactants and products. (Figs. 10,11,12) In its simplest form the iodinated species must
be separated from the free unreacted 125Iodine. Reality is rarely this simple due to the variable
effects of original impurities in the compounds to be iodinated, particularly with proteins and
peptides, and the degree of iodination damage. Also, it is at the purification stage that assessment
of specific activity is calculated. A survey of the literature readily shows that the majority of
physiocochemical separation procedures available to biochemistry have been used for post
iodination purification; electrophoresis, gel-filtration, ion-exchange chromatography, thin layer
adsorption chromatography and high performance liquid chromatography. In general, gel-
filtration chromatography on an analytical grade gel appropriately chosen for the correct
molecular weight range e.g. Ultrogel, Sephacryl, is used for proteins and polypeptides with thin
layer chromatography or HPLC reserved for conjugated hapten labels e.g. steroids. Iodination of
purified monoclonal antibody with solid phase lactoperoxidase results in very little higher
molecular weight, aggregated, material. Here, antibody can be separated from free unreacted
iodine in a form adequate for immunoradiometric assay by a small desalting column of Sephadex
G25. These columns can be purchased prepacked and in a disposable format.

8.7. Specific activity

The specific activity of an iodinated material is a measure of the incorporation of
radioiodine and quoted as unit radioactivity per unit mass, generally uCi/ug (SI units MBq/mg).
As a general guide it is not recommended that incorporation greater than one iodine atom per
protein molecule be exceeded. This degree of substitution represents the minimum alteration
possible, providing a situation where theoretically the activity of the iodinated protein should be
maintained post iodination. The immunoreactivity of proteins rapidly deteriorates as the
incorporation of iodine is increased, the degree of which can be antibody dependent. Substitution
levels of 1 atom 125I per molecule will give specific activities the order of which is governed by
their molecular weight e.g. growth hormone (20 000 daltons), 110 uCi/ug. (SI units, 4070
MBq/mg); IgG (150 000 daltons), 15uCi/ug (SI units 555 MBq/mg).

All methods of calculating specific activity of radioiodinated compounds make assumptions
which have varying degrees of validity. It is essential that the mass of compound is known
accurately together with the amount of 125Iodine used in the iodination. The latter is best
calculated by accurate pipetting of a known volume of radioiodine and using the commercial
suppliers data for the activity taking into account any radioactive decay which may have occurred
since the activity date. The specific activity of the iodinated compound can then be calculated by
apportioning the mass of iodinated compound and amount of radioiodine incorporated from the
separation profile of the iodination mixture. Obviously the more product identified on the
separation profile the more questionable becomes the accuracy of the specific activity assigned
to the purified iodination product, but a working figure has value since the comparison of data
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between iodinations gives a good indication of the variability or alternatively the stability of the
iodination procedure.

In an alternative procedure the specific activity of an iodinated compound can be calculated
by self displacement in a radioimrnunoassay. The principle is simple: increasing quantities of
labelled antigen are incubated in a standard radioimmunoassay i.e. x, x, x the original quantity
of labelled antigen added. The increment in mass of tracer and hence mass of tracer can then be
interpolated from the standard curve. Providing the efficiency of the counting of radioiodine is
known the activity can be equated with the mass of protein and the specific activity calculated
[10].

8.8. ASSESSMENT OF RADIOLABELS

Choice of a particular iodination method in comparison with alternative methods for a
particular compound, antigen or antibody, can only be made according to the quality of the
iodinated product in which case an assessment of the immunological behaviour of the labelled
compound is required. Essentially, the condition of identity in immunological behaviour must be
established between labelled and unlabelled compounds. In radioimmunoassay systems for
radioiodinated antigens the percentage binding from radioactivity counting after separation for
increasing masses of labelled antigen, calculated form the specific activity, should be
superimposable with the standard curve elaborated from increasing masses of unlabelled antigen
in the normal manner. Any deviation from this ideal suggests a lack of identity in immunological
behaviour.

In immunoradiometric assay the latitude for increasing masses of labelled antibody is
reduced due to the high count rates often used, circa 100 00 copm, and a different approach must
be used. Again the specific activity of the labelled antibody preparation must be known. A
standard curve is prepared at approximately 10 times the usual quantity of radioactivity. The mass
of antigen giving this count rate is known from the specific activity. A further standard curve
prepared at the normal quantity of radioactivity (1 times the mass of antigen) plus 9 times the
mass of unlabelled antigen should be superimposable if immunological identity is maintained.

8.9. STORAGE OF RADIOLABELS

As a general rule, loss of imrnunoreactivity and the accumulation of free iodide leaching
from the iodinated compound are time dependent. Iodinated labels should be stored in the
presence of protein (usually bovine serum albumin, protease free) and a bacteriostat (usually
0.05% sodium azide, or thiomersal), but the temperature of storage is a matter of controversy.
Iodinated antibodies can be stored successfully at normal refrigerator temperatures, +4°C, but a
wide variety of recommendations have been suggested for other iodinated compounds. It is not
generally recommended to store at -20°C unless previously flash frozen in a solid CO2/ethanol
mixture and freezing and thawing during multiple usage should be avoided. Other
recommendations are to store in 50% propylene glycol at -20°C, where freezing does not occur,
or alternatively at -70°C. Laboratories involved in the distribution of labelled materials usually
lyophilise to comply with transport and safety regulations. Since storage conditions are likely to
vary with iodinated compounds it is best to determine optimal conditions by use of appropriate
control experiments.
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RADIOISOTOPES IN BIOCHEMISTRY

Radioisotope

1 4 C

3H
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125J

131T
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P
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Energy
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RADIOIODINE

SOURCE
DILUENT
SPECIFIC ACTIVITY
CONCENTRATION
PURITY
ISOTOPIC ABUNDANCE
HALF LIFE
COUNTING EFFICIENCY

Na125I carrier free
0.1 molar NaOH
17Ci/mg(lmCi = 58.8ng)
lOOmCi/mL (lmCi = 10 ul)
99%
95%
60 days
70-80%

MECHANISM OF RADIOIODINATION

1 OXIDATION OF RADIOIODINE:

2 (Na125I) v = ^ 2 Na+ + 21

Reactive
Cation

Oxidising Agent

v
2 Na+ + I2 + 2e"

+ H2O

-> H.or + r

HOI + H+

hypoiodous acid
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2. ELECTROPHILIC SUBSTITUTION (AROMATIC GROUPS)
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CHLORAMINE-T

Vol

Protein (2-5 ug) 10 ul
Buffer (0.5 mol/L phosphate pH7.4) 10 ul
Na 125I (0.5-2.0 mCi) 5 ul, 10 ul, 20 ul
Chloramine T (6-16 ug) 10 jal

Mix for 15-30 seconds

Sodium metabisulphite (6-14ug) 10 ul-100 ul
Buffer (0.05 mol/L phosphate, 1% KJ, 100 ul

1% BSA, protease free)

L-cysteine (56 ug) 10 ul-100 ul
(Replacement for sodium metabisulphite N2S2O5)

IODOGEN

A. Preparation of reaction tubes

1. Stock solution, Iodogen, 1 mg/ mL dichloromethane (AR)

2. Working solution 1:50 dilution in dichloromethane (20 ug/mL)

3. Add 150 uL (3 ug) to glass tubes, air dry.

B. Iodination Vol.

Protein (10 jag, 0.1 mol/L phosphate buffer pH7.4) 100 ul

Na125I(1.0mCi) 10 ul

Incubate, gentle agitation, 20 mins

Aspirate incubate to: -

Buffer (0. lmol/L phosphate, 1 % KI, 0.5% BSA) 150 ul
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SOLID-PHASE LACTQPERQXIDASE

A. Preparation of Solid-phase Lactoperoxidase

Lactoperoxidase is linked to a proprietory enzyme
carrier, a copolymer of maleic anhydride and
butanediol divinyl ether.

Karonen et al - Analytical Biochemistry 6 L 1 - 1 0
(1975)

Preparation sufficient for 5-10 years iodinations in a
busy laboratory.

B. Iodination Vol

1. Protein (2 - 5jng), Monoclonal Antibody 10-20JJ.1
(20jLig)

2. Buffer (0.5mol/l Phosphate pH 7.4) 1 OJJ.1

3. Solid-phase lactoperoxidase (1:50) IOJLLI

4. N a 1 2 5 I (0 .5- 1.0 mCi.) 5 -IOJLII

5. H2O2 (100 vols; 1:100,000 in dist. H 2 O \0\il

Vortex, incubate ambient temp. 30 min, revortex at 5-10 min
intervals. (Further additions of H9O9 can be made at 5 - 10
min intervals.)

6. Buffer (0.2ml, 0. lmol/1 phosphate, 0.5% BSA)
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BQLTON-HUNTER REAGENT
o.

HO

o
n

CH2CH2C-OH

R

3 - (U- hyd rox yphenyl)
propionic acid

0
N-hydroxysuccinimide

carbodiimide
anhydrous solvent

HO

o
CH-CH-C-O-

0

(Ester)
4OC

C h l o r a m i n e - T i o d i n a t i o n ( I )

125,

HO

0
II • 2 HN

( I o d i n a t e d E s t e r ) (Free Amine)

pH 7-9.15-30min.

125

HO

0
11

CH2-CH2-C-HN * HO-N

0

f

(Labelled Peptide)

51



CONJUGATION LABELLING HAPTEN/STEROIDS
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