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) . ABSTRACT
. ¥

Radiotodinated human fibrinogen ha3 been used since 1964
to detect deep venous thrombosis in the legs of post-operative
- patients. However, the potential hazard of transmitting serum
hepatitis with .pooled fibrinogen has prevented the.wide-spr_ead use of
"radiofoﬁinated fibrinogen in North America. =~ '

g A method has been ‘developed -for isolating fibrinogen from a

small sample of blood in an efficient and rapid procedure requiring
two hours to complete. Several methods of 1solat1ng fibrinogen
were developed and abandoned betause they were found te\be too time
consuming '

The parameter§ influencing the yield of iodinated fibrinogen
by the electrolytic method of radioiodination were examined.
Approximately 80% of iodine could be incorporated into fibrinogen
in 15 minutes, using an fodide to protein ratio-of‘i:Z at pH 7.0."
The current, cell potential, anolyte volume, 1odide and protein
concentrations, and pH were found to be critical parameters for the ﬁ
reaction' ) i A

The labelled fibrfnogen‘was tested for adverse effects of the
labelling method by several in vitro techniques ‘It ‘was found té%t
there was an 1nsign1f1cant decrease in c10ttability and thromb\# gm
clotting time; electrophoresis showed no evidence of mo1ecu1§¢ i
damage. The hydrolysis rate of 1odofibr1nogen ranged between 2
to 4% per day at 37°C. The increase in molecular aggregates gas

minimal ’ -



The fractional catabolic rates of labelled fibrinogen were

found to be Qf .2% per day 1n dogs, and 60.0% per day in rabbits.

" This was 42.5% lower than that found for three commercial

preparations measured in rabbits.

;’_vi
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INTRODUCTION



|

It has been estimated that there are 630,000 cases of pulmonary
embolism annually in the United States.(1) Prevention of embolism
depends on early detection of deep venous thrombosis, and thus a
considerable effort has been directed towards finding a simple and
objective method for this purpose. While other physical and radio-
isotopic methods of diagnosis of deep venous thrombosis are available,
none have achieved the wide spread accéptance of the Fibrinogen
Uptake Test.

It was observed by McFarlane (2) that fibrinogen could be
isolated from plasma and labelled with I-13] withouf changing its
' mgtabo]ism in vivo. It was further observed by Hobbs and Davies(3)
in 1960 that 1-131 labelled fibrinogen could be detected in forming
thrombi. This idea was adapted to the clinical sitﬁation by Palko

al.(4) who used 1-13} 1abel1gd fibrinogen to confirm the presence
of clinically suspected deep venous thrombosis.in patients. Atkins
and Hanins(S) in 1965 labelled human fibrinogen with I-125 rather«
than I-131, because of its longer physical half 1ife, a lower tota]
body radiation dose delivered to the patients, and soft gamma
radiation which allowed the use of 1ight-weight portable detectors.

Several British surgeons including Flanc et al.(6), Negus
et al.(7), and Kakkar et al.(8), labelled fibrinogen with 1-125 and
inyestigated the uptaké of I-125 into post-operative deep venous
* thrombi and developed the protocol for the Fibrinogen Uptake Test.
Other investigators soon began to use the technique for measurement
of the incidence of deep venous thrombosis in clinical trials of
various methods and drugs for the prophylaxis of deep venous

thrombosis. ' )



. Fibrinogen is present in the blood of all vertebrates. It is |
the central protein in the coagulation system in which the soluble
plasma protein is converted gy thrombin into an insoluble polymerized
fibrin gel. In humans, it is present at a concentration of 200-600(9)
mg per 100 ml, and congists of a dimer with three polypeptide chains
in each half(10). The molecular weight is commonly accepted to be
"340,000. but thg size and shape are a subject of lively debate(10).
Thé data are consistent with a nonlar structure with an axial ratio
of 5-10, a length of 350-500 A and a width qf 50-80 & (10).

During the isolation of fibrinogen from plasma, the més;
damaging contaminants are plasminogen and thrombin(11). The conver-
sion of plasminogen to plasmin results invthe degradation of
fibrinogen, whj]e the formation of thrombin from prothromb?:bresults
in the polymerization of fibrin. Thé prdcesses of isolating
fibrinogen from plasma have been lengthy and intricate, requiring
either an extensive extgpction procedure, such as the method 6f ‘{/' |
Bomback et al.(12) which uses glycine and alcohol fractionation to
produce a number of\fibrinogen fractions from Cohn Fraction I, or
they require an initial time consuming period of adsorption of the
prothrombin complex on Sevéra] inprganic adsorbents such as the
glycine precipitatiqg method of Kazal gﬁ_gl,(i3).

Fibrinogen is currently iso]ated'on a commercial scale by the
cold ethanol method of Cohn et al.(14). However, it has been found
that this method also fractionates the Australia (hepatitis-associated) .
antigen with the fibrinogen.(15) Thus, if fibrinogen from a commer-
cial source is used for the detection of deep venous thrombosis,

there is a risk of transmitting serum hepatitis.



4

It has been reported by Krohn ég gl,(16.19); Metzger et a).
(17,131), and Coleman et 81.(18) that the method of radioiodination
of‘fibrinogen profoundly affects the in vivo and in vitro properties
of the labelled protein. The labelling method may produce a product
with low clottability (16). a high rate of dehalogenation(16),
oxidation of some amino acids{19), and contain a large porqipn of
aggregated protein(16,19). When injected into laboratory animals,
poor preparations will be rapidly cleared from the circulation and
will accumulate in the liver and spleen(131). At the same timé. the
non-protein radioactivity will show a rapid increase(131). .~_

The main methods of radioiodination of proteins or peptides
containing tyrosine are the iodine monochloride method of McFarlame
(20), the Chloramine T method of Hunter and Greenwood(Zl),‘the
lactoperoijdase method of Marchalonis(zz), and the electrolytic
method of Rosa et al.(23). The latter method was introduced in
1964, and was described as having several advhntsées, 1ﬁc1udinq
"'the absence of oxidizing agents and the ability to:control the rate
of iodine liberation. | | |

The objective of fhis research was to iso]até fibkinogen'ffom
" a small sample of blood in such a way that a highly pur{fied,
sterile and pyrogen-free prddhct was obtained. The brotein was
then to be radioiodinated without significant denaturation. The
resulting drug should then have in vitro properties comparable with
native fibrinogen, and should have a long clearance rate from the
blood and should be stable in vivo. In this thesis, several methods
of isolating human and canine fibrinogen were jnvestigated.l The

parameters involved in the electrolytic method of radioiodination



&
of human fibrinogen were examined in detajl. The in vitro properties

of fibrinogen fodinated by this method were then characterized. Next,
. the electrolytically labelled protein was injected into dogs and the
fractional catabolic rates were determined. The fractional
catabolic‘rates of f16r1nogen labelled by the electrolytic, iodine

~ monochloride, and Chloramine T methods were determined in rabbits.
Finally, some qualitative studies on the detection of sufgically
induced thrombi by the use of electrolytically Eadioiodinafed

fibrinogen were performed in dogs.
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I.  IODINE AND ITS CHEMISTRY

‘ n ‘X’
s
A. lodine v e

lodine ‘was distovered in sav1 by Bernard Courtis and named
“{ode" by Gay~!hssac from the Greek molning violet-coloured(24).
Although ‘l’f& classified as a rare element, it is the 47th most

fabundant element of the earth's crust (0.001%)(24). Natural iodine

is entirely monoisotopic.lgccurring only as I-¥27. Jt is found in

rocks, soils, and seawater, but i produced from setweed, underground
. brines and Chilean nitrate deposits(24).

E1ectrvhtc Structure:,

Iodine has an atomic number of 53 and is the 4th halogen Fh—the
7th group of the periodic tabIe(ZG)‘ lThe,neutrel atom has the b@ ff!
electronic oonffghration of a krypton core plus 4d10 5s2 5p5(26). |
The sZp5 configuration of the outer shell is missing one electroﬁ?
of the ﬁob]e gas configurdtion of s2ph.- Thus, the atom has a. strong
tendency to attract a single electron to its” outer shell and only
five elements are’ more elect;oheaative(24)

\
Oxidation States:

While usuale monovalent, the known oxidation states are
-1 417 fodide); 0 (I fodine); +1 (HOI hypotodous-actd); +4 (o,
?iodine dioxide). +5 (HIO3 iodic aeid, '§03 iodate). +7 (HIO periodic
acid)(26)

Physicalefropertﬁhs: 4

if Iodine i% a greyish black solid with a metallic luster. ft .

atmosoheric pressure, it sublimes to form a uioIetﬁvapor(ZG). It is .
séluble_in water to the exteat of 0.33 g/1 (2.59 x 10°3 w/1) at -25°C,

aq



and is highly soluble in organic solvents and aqueous KI solutions(26).
Iodine dissolved in benzene is red, violet in CC14, CHC]3,hexane, or
CSZ' brown in aqueous KI and in ethyl ether, and blue in oleum and
IF5(24). It melts at 113.5°C to a black liquid and boils at 184°C
(24). Since the atomic radius decreases in the order [>Br>C1>F, it
forms the following interhalogens, in which iodine is the central

gtom: IBr, IC1, IC13, IF5 and IF7(24).
B. Metabolism of Iodine

The only known physiological function of iodine is to form part
of the thyroid hormones, triiodothyronine (T-3) and thyroxine (T-4)
(28). Dietary iodine ultimately originates in the soil from which
food and water are taken. An average daily intake of 150 ug is
adequate to prevent goiter(23).

The human body contains 20 to 50 mg of iodine of which 25%
is located in the thyroid(28). In the euthyroid adult, the turnover
rate is 60-120 ug/day(27). " ,

Iodine is present in the dieg\is iodine, inérganic iodide, and
arganically'gbund iodine. Al1 of the inorganic jodide is absorbed
from the lumen of the intestine; T-3 and T-4 are absorbed unaltered,
| but iodide in other organic compounds is thought to be converted to
frée iodide by ‘the mucosa(27). Once in the plasma,.it circulates as
free iodide, where it is absorbed by the thyroid, salivary and gastric
glands, mammaries, placepta and ovaries(27).

-quide is abstraéted from the plasma by the thyroid against a
concéntr;tioh gradient_df 25:1 by the iodide pump(28). It is
oxidized in the follicular (%?15 and incorporated into<the thyro-



globulin before secretion into the follicular colloid. The thyroidal
hormones are released from thyroglobulin by lysosomal enzyme hydrolysis.
Hormonal iodine is deiodinated during the metabolism of thyroid

g;rmones or it passes through the liver with the hormones as they are

conjugated with glucuronic acid or sulfate and are excreted in the

bile as thyroxine glucuronide or triiodothyronine sulfate(28).

Tne portion of plasma iodide concentrated in the salivary and
_gastric glands undergoes intestinal recirculation. The remainder is
excreted in the urine. These compounds are excreted in the feces or
reabsorbed after hydrolysis of the conjugate by specific enzymes of
‘enteric bacteria. All of the enterically excreted igdine is
organically bound(27).

The hormones are also deiodinated and broken down in the liver
and peripheral tissue to a variety of iodinated compounds of varying
activity(28). T-3 and T-4 are deaminated to their pyruvic acid
derivatives, which are decarboxylated and oxidized to acetic acid
derivatives(28). In humans, the half-life of T-4 is 6 days and that

of T-3 is 2 to 3 davs(28).
C. Isotopes of Iodine

Standard man contains 15 principal elements, of which iodine is

b9 of atoms(29). This

the least abundant; comprising 2.13 x 10~
amounts to 30 mg, most of which is in the thyroid(29). There are 29
radionu;]ides of iodine, which is double that of any other physio-
logical element(30). I-127 is the only stable nuclide of iodine, and
contains 53 protons and 74 neutrons. Myers(30) has classified the

radionuclides of iodine as either neutron deficient or neutron excess.
- B . 1



10

The neutron deficient nuclides are produced mainly by positive ion
accelerators, such as cyclotrons, while the neutron excess nuclides
are produced in the neutron flux of fission reactors;

Of the 29 radionuclides of iodine, only I-123, I-125, I-131,
and I-132 have been used clinically. Despite the wide use of Tc-99m.;
[-131 is still one of the most commonly employed radioisotopes‘jn .\\
medicine: It can be seen from Table 1 (Nuclear Medicine Procedures ‘

_With Radioiodine Labelled Compounds) that I-131 can tag a large
number.of different compounds with widely varying biological proper-
ties. For metabolic studies of the thyroid, the 8.05 day(29) half-
life of this isotope is too long(29); for scanning procedures, the
364 KeV gamma emitted in 80% of disintegrations requires a thick Mal
crystal with a heavy collimator(29). In addition, the high energy
beta emissions c&use unnecessary radiation doses, whiie high energy

. gamma emi§sions degrade the quality of scans(29). However, these
factors combine to produce a satisfaciory isotope for therapeutic
treatment. of the thyroid, in that a high thyroid radiation dose is
produced, compared to the total body dose(29).

In recent years, cyclotrons which are especially designed and
built for medical purposes are becoming more common in hospitals
of large centers. These cyclotrons are capable of producing a large

-number of radioisotopes of biological and medical interest, inc]uding

~I-123. This radionuclide is the best nuclide of iodine for in vivo
qiagnostic applications(30), since it emits no beta particles and |
only a few low energy Auger and conversion electrons(30). Gamma rays
. 0f 159 KeV which have half thickﬁess values of 4.7 cm in water, 0.377
2 cm in Nal and 0.037 om in lead(30), are produced in 84 of every 100
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TABLE 1

D. Nuclear Medicine Procedures with Radioiodine Labelled Compounds

Radiopharmaceutical Administered Use
Activity .
NaI-131 . 30 - 100 ,Ci Thyroid scan

2 - 10 4Ci Thyroid uptake test
Treatment of hyperthyroidism
Treatment. of angina pector1s
Treatment of thyroid carcinopa

TSH studies S
I-131 iodipamide : Blgod pool scanning
Joint Scanning .
I-131 rose bengal 1.5 uCi/Kg Liver and gall bladder scan
1.0 uCi Rose bengal excretion test
1-131 hippuran 0.5-3.0 ,Ci/Kg  Renogram
0.5 uCi/Kg Residual urine measurement
I-131 triolean 50 ,Ci . Triolean absorption test
50 ,Ci Oleic acid absorption test
[-131 Human Serum Blood Pool Scan
Albumin 100 ,Ci Isotope cisternography
5 uCi Placental localization

' 8 - 12.5 uCl Plasma volume
8 - 12.5 4Ci  Blood volume
100 ,Ci Hediastinal scan
Circulation times
Cardiac output

-

dJoint scan
1-131 Macro 2 - 300 uCi ¢  Lung scan
Aggregated ‘ATbumin : '
I-125 Nal ‘ Thyroid scan

Thyroid function
[-125 Human Serum 50 ,Ci Protein losing gastro-

Albumin : enteropathy ¢
20 ,Ci “ Blood volume

Plasma volume

Cardiac output

Circulation studies

T'39 T‘4 , .
Radioimmunoassay .of medically
important compounds

1-123 Nal 10 - 100 uCi Thyroid uptake and. scan
. : ~ TSH suppression studies

13
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b4

disintegrations. These physical characteristics, combined with a
half-1ife of 13.3 hours will deliver radiation doses which are only
a few percent of those produced by a comparable amount of I-131. A
summary of the physical characteristics of the different useful
radioiodines is gived in Table 2. : s -

Iodine-132, which has a short half-life of 2.3 hours, had been
advocated for nuclear medicine procedures in pregnancy and in
children. This radioisotope can be obtéined from a Te-132 (ti =
3.2 days) generator system. However, th emitted gammas and betas
are too hard to be clinically useful(30).

A radioiodine scan of the thyroid witﬁ [-125 results in 50%
of the radiation dose of an equa1‘quantity of I-131(31). Blood volume
determinations, however, result in a dose 1.4 timés greater than
'those of 1-131(31). For organs near the surfaée of the body, the
use of I-125 will produce higheﬁ;resolution scans, and will permit
the use of ]ight weight collim&tors Contact'adtoratiograms can
be made with 1-125, which are comparable in detail to those made with
tritium, and thus will permit the loca11zat1on of the label at the
cellular level(31). '

I-125 has ideal properties for in vitro use. It has ag]ong
physical half-life of 60.0 days; which means that labelled compoundg
have a long shelf 1ife(30). The gamma anq x-ray emissions,are energetic
enough:to prevent - self-adsorption in water and othef samples, and can
penetrate counting vials ;nd the aluminum shielding of crystal§
without appreciable loss(31). On the other hand, the radiation is
low enough to be shielded by 1/16" of lead(30). Iodine has a relagivé

-
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TABLE 2 ,
E. Isotopes of lodine: Advantages and Disadvantages(29,30,32)
Neutron _
Deficient Advantages Disadvantages
Nuclides
[-123 1. short half-1ife(13.3 h) 1. high cost
2. gamma energy good for 2. cyclotron production
scanning (159 KeV) 3. radionuciidic purity:
3.. no beta component ° contaminated with
4. low radiation dose I-124, 126, 130, 131
5. wuseful in children and 4, 3% disintegrations
pregnancy » yield high energy
6. easy disposal, eas gammas
. handling spills
7. excellent shielding
8. sp. act. up to 1900 Ci/mg
1-125 1. long t#(60.0 d) 1. Tow energy gammas
. 2. long shelf life of , and x-rays attenuated
labelled compounds by overlying tissue
3. Tlow radiation dose 2. high radiation dose
i 4. 1light weight detection = - in vivo
apparatus .
5. good resolution of
scans, radiograms
6. 1.4 photons/disintegration
7. 'sp. act. 17 Ci/mg
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TABLE 2

E.” Isotopes of lodine: Advantages and Disadvantages(29,30,32)

Neutron

Excess Advantages ‘ Di%advantages
Nuclides ' ‘ ‘
I-128 1. wuseful for N activation 1. gammas too hard for
© analysis in quantitation clinical use
of I-127
\ 2. short t¥ (25 min.)
I-130 1. Original radioisotope “ 1. hard gamma radiation
of iodine used clinically 2. high energy vetas
in 1938

2. short.half-life (12.3 h)

- I-131 1... 364 KeV gamma 80% 1. high-radiation dose
disintegrations for 2. long t%(8.05 days)
external scanning 3. high beta content

. 2. high energy betas useful 4. requires heavy
for therapy of thyroid detectors :
3. inexpensive 5. high energy gammas
give low resolution {
scans .

T

ST

short ti(2.3h) : 1. ‘expensive

1-132 1.
1 " 2. low radiation dose 2. requires proximity
3. generator product(Te-132) to source
4. useful in children, . 3. very hard gammas
pregnancy, numerous and high energy

studies at short , betas
intervals :
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TABLE 3

F. Decay Scheme for I-125(35,36) '!!Ei

0.1471 MeV p= 60.2 d
I-125
53
- X-rays 86%
K capture 80%
Electron Auger
" Capture 100% Electrons 14%
35.4 ‘KeV ‘ "L capture 20%

1.6ns 1 g ' r

Excited
251 4y . Level Decay 1003 = 7% + 81.4% + 11.6%

Unconvérted gamma 7%
K Conversion electrons 81.4% :
producing K x-rays 86.0% of the time, electrons 14%.

L, M, etc. Conversion electrons
11.6% but produce only low energy photons .

% of 27 KeV x-rays resulting from K capture is
product of probabilities = 0.80 x 0.86 = 0.688 = 68.8%

% of 27 KeV x-rays resulting from K conversion
. electrons is product of probabi11t1es =
0.814 x .86 = 0.70

% of detectab]e photons occurrlng from gammas and
associated conversion electrons is sum of
probabilities = 0.07 + 0.70 = 0.77 = ~ 77.0%

% of detectable photons. occurrung per hundred
d1sintegrat1ons of I-125 is sum of probab111t1es
0.07 + 0.70 + 0. 688 1 458 =

[4

145.8%



TABLE 3
F. Decay Scheme for I-125(continued)

% of time in which gammas with conversion electre
X-rays occur simultaneously with K-capture x-rays

is groduct of probabilities = 0.77 x 0.638 = 0.53 -

% of time in which no gammas or x-rays will occur
is the product of the probabilities that. they will
not occur: (100% - 68.8% = 31.2%) and (100% - 77%
= 23%) hence, 0.312 x~0.23 = 0.072 = ‘

Percent of time in which K capturé X-rays occur
alone is the probability of its occurrence times

the probability that gamma and conversion electron.

x-rays do not occur: 0.688 x 0.23 = 0.158" = 15.8%

% of time in which gamma and conversion electron
X-rays occur aloné is the probability of its
occurrence times the probability of K capture
X-ray not occurring: 0.77 x 0.312 = 0.24 = 24,0%

% of time in which gamma with conversion electron

Xx-rays and K-capture x-rays occur in the absence

~ of each other is the sum of the probabilities:
0.158 + 0.24 = 0.398 =

16

53.0%

7.2%

39.8%
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ely simple chemistry and produces stable bonds with a large number of
compounds that contain unsatumated bonds. &he absolute disintegration
rate of I-125 can be determined by counting only the singles and
coincidence peaks. A summary of the radiation gﬁitted from [-125 is

N
given in Table 3. “5%" :

e N

In summary, 1-125 decays<by electron capturewlooi of the time,
of which 80% is K-capture, and 20% is L, M or higher electron capture.
The product of this decay is the excited state of Te-125, which decays
to the ground state by three processes: unconverted gamma emission
7%, K conversion electrons 81.4%, and L, M or higher electron
conversion 11.6% (7% + 81.4% + 11.6% = 100%).

These two decay processes may occur alone (singles events)
39.8%, simultaneously (291ncidenCe events) 53.0%, and with no

detectable event 7.2% (39.8% + 53.0% + 7.2% = 100%).
G. Absolute Determination of I-125

Some radioisofopes decay by the coincident emission of two gamma
rays. The measurement of the ratio of the number of gamma ray events
which occur alone to the number which occur simultaﬁeously allows oﬁe
to calculate the absolute decay rafé”a?jthat isotope(35). . This may be
achieved by use of a sodium iodide crysial with a single chanhe] pulse
hefght analyzer to measure the number oftgqgma-ray photoe]ec;riq
interactions which occur a]one'(singles or non-coincidnnée‘peak) énq
the number of gamma-ray photoelectric 1nteraction§ which occur

simultaneously (sum or coincidence peak)(35).

The equation for.the calculation of the absolute decay rate from

the singles and coincidence counting rates has been derived in a



rigorous manner by Horrocks(35). This equation is:

’

2
S L S o B

(P] + PZF AZ

N° = absolute disintegrate rate

P]« = emission probability for gamma, .
P2 = emission probability for gamma,, :
A] = singles count rate

A = coincidence count rate

2 ‘
Z
The probability of emission of a 35.4 KeV gamma-ray with 27 KeV K

conversion electron x-ray was calculated to be 0.77 (77%), while the
probability of a K electron capture 27 KeV x-ray was calculated to
0.638 (68.8%). The ratio of these probabilities is 0.688/0.77 = 0.89,
which is approximatély equal to unity. In other words, I-125
disintegrates as if it were emitting two independent gamma rays.

The above equation then reduces to (35).

o )2
No = PR ... S
1 A

H. The Chemistry of lodine

1. The Reactions of lodine with Water:

A

Since all reactions of iodine of a biochemical nature occur in
water, the reactions of iodine in and with water are of the utmoée
. importance. The fb1lowing reactions and rate constants are relevant
to iodination of aqueous media:
1. Ionization of iodine
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11.

12.

13.

I

Hydrolysis of iodine monochloride !

19

Dissociation of triiodide

- - 1 am s 103
I3 '-q=-12 + 1 K2 = 1.38 x 10 “(38)
Hydrolysis of iodine to form.hypoiodous acid
L, + H0S=HIO + K + 17 Ky = 5.4 x 10713(38)
Hydrolytic ionization of iodine

g + = = -]]

o ¥ HZO.—-HZOI + 1 .K4 =1.2 x 10 "7(38)

Hydrolysis of H,01" and I*
e o -2
HZOI + H20 <==HOI + H O K5 =3 x 10 “(24)
1"+ ”20 ==HoI + H'

Dissociation of Hypoiodous acid
IH==H' + 10” : K =1 x 107 (37)

Hydrolysis of hypoiodous acid

HIO + 2H,0 == 10, + 5 H

Formation of hypoiodite from 1od1ne in alkaline solution

I, + 20H"==1" + 107 + H20 . Kg ¥ 30(26)
Disproportionét1on of hypoiodite to form iodate ‘
310°== 21" + 10,7 kg = 10%0(26)
Iodate Formation from Iodine ‘ h y

- - + - -48,
3I2 + 3H20== IO3 + 51 + 6H B K'IO 4 x 10 °7(24) ‘

lodine Monochloride Formation

i+ 1m=101

Dissociation of Iodine Monochloride with excess chloride / '

1,01 (aq) =1, (aq) + €17 (aq) . K;,= 6 x 1071(24)

ICI +-H20 <=HOI + HC1

g + = - "4 )
IC1 + HZO-— HZOI + Q1 K-|3- 10 (4])



14.  logine Formation from Iodine Monochloride(26)

- +
5101 + 3H20~-=-'?103 + SHC] + 212 + H

15.  Equilibria of Iod1né Monochloride in Water

”~

11,”==1C1(aq) + €17 Kys = 6 x 1073(24)

The 1nteract1ons of jodine and water were -examined Wy Hughes(37).

based on the assumption that the tri- iodide method of 1od1nat1ng

20

z"‘lci(aq)é-:rz(aq) + Cly(aq) - Kyg = 1.6 x 10710(24)

proteins was the method of choice. From equation 1, I* cannot exist

in significant concentration in water, so I” is required to bring IZ'

into solution (equation 2). From equation 3, Hughes(37) concluded

that 13’ SIOg;d—thé reaction rate by decreasing the activity of

iodine. Aromatic electrophilic substitution with iodine also produces

an iodide anion, which has the same effect.

Hydrolytic ionizationjéf iodine (equation 4) alsa yields

another anion; so that the rate of formation of H201+‘from tri-ijodide

'is dependent on the inverse square of the jodide concentration, and

-

therefore s0 is the reaction rates invo]ving this species(41).

[H01"] = K, K, [1,71 7 [17] 2

The hydrated cation H201 and the free cation I form HOI

(equat1on 5); HOI also exists in equ111br1um accord:nglto equations

6 and 7. Atgldn concentrations of iodide, the formation of I, is
favoured (equation 2), as well as'HéOI+ and 1* (equations 1 and 4)(47).

According to«équation 10, jodate formation. should be extreme]y'

dependent on 1odide concentration. In view of equation 8 Hughes(37)

has suggested that pH 10 is the practical upper limit for iodinati

prote1ns

Y

~

ds

.
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" At the typically low concentrations of iodine used for protetn.
jodination ingbuffered sal{ne,sthe fofmutiqn of electrophilic fodine
will probably result in the formation of IC1, since the C1™ fon will
be pregent in a very much greater concentration (equations 11 and 12)
(40, 41). 7fhe I so'formed will reaéf with watef (equ#tion 13)“£6
form H201+,rwhicﬁ‘will be in greater~concentration than if it were
formed from iodine. However, IC1 can also generate I2 from water

(equation 14)(41,39).
2. lodine and Electrophilic Aromatic"SubsttEE?}on:v

Commah eiectrophi]ic af&matié substitution reactions involving
such electrophiles as nitrate, sulfonate, and the halogens fo]ldy'
four steps ac;ording to Gutsche and Pasto(42): -

1. The formation of the'electrophilé E*.

2. Association of the electrophile (a Lewis acid) with the

]

- aromatic ring (a Lewis base) to form the\bi complex in
which the electrophile is loosely associated with the u‘

aromatic ring.

O v = l.

3. Rearrangement of the~p1 complex to a sigma complex or

~"~benzenonium ion. 1n which the e1ectroph1]e becomes

~

' associated wfth a specific carbon atom.

. » E , ) H

g
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4. Regeneration of the aromatic system by explusion of a proton.

o O

]
In aromatic chlorination and bromination, the electrophile has

been shown to be C12 and Br2(41). The io&ine electrophile has been
a subject of controversy.

Cofeman(43) studied iodination of phenol by IC1 and concluded
that the iodinating species was HOI. Painter and Soper(44) found that
the rate of the. reaction between Izand phenol varied inversely with
hydrogen ion concentration and the square of the iodide concentration.
They also concluded that the electrophile was HOI and unionized phenol
or I' and phenozide ions, and that there was acid catalysis.

" Berliner(41) reported that in the iodination of aniline and phenol,
Ios 13', I-, HOI, OI°, and IT were possible electrophiles. I~ and 13-
were ruled out because of thekinverse dependence of the reaction ;ate
on the iodide concentration. The rate of iodination of phenol was
greater than that for aniline, and since aromatic ring activation by
A?substituents is R-0’>“R-NH2> R-0d, it was suggested that phenol
,iodination proceeds by phenolate anion(41).

HOI was eliminated as the e]ectroph11e by a study of the
kinetlcs of aniljne iodination. Ber]1ner(4l) compared the kinetics
ofﬁthe reactions represented by the following rate equations:
| -dl1, )/t (ICghg¥ *] [Ho1]

-d[Iz]/dt = Kk [C H NHz] [H 01 ]

It was proposed that Hzol+ was the iodinating agent because the

anilinium ion should yield meta substituted aniline, but only ortho,

para substitution was produced. By analogy, Berliner(41) suggested
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that the proton was on the hypoiodous acid, rather than on the

phenoxide ion.  : data are consistent with the following reaction

mechanism(41):

3 =
I. + H.0 Kz‘H ort + I
2 2 ==
+ +
KOOI 4 Aer.g_jA,rHI +H0

ArHIY =5= Arl .+ H'

Since [H201+] = KK (1371 / [I']2 the observed rate constant
becomes(41): R

kops 1KoKy /L1702 |
in which the rate depends on the inverse square of the iodide
concentration.

However, the observed rate consfant is also consistent with the
possibi]fty that 12 is the electrophile. This was proposed when it
was obserQed by Groverstein and Kiiby(45) that phenol iodinates at
a rate four times that of 2,4,6-trideuterophenol. This suggests

that deprotonation is the rate limiting step in the following

mechanism(41): K
! 1
ArH + 12'-_—"ArHI + I
: k-1
ArHI+ _— H+ + Arl
Ky

Berliner(41) suggested that since another iodide ion is formed the
observed rate equation is
‘ _ -2
Kobs ~ kykaKo/k -1 (1]
and is also dependent on the inverse square of the iodide concentra-

tion. At low concentrations of iodide k][I'] approaches zero and
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the reaction rate is proportional to the inverse 1st power of the
iodide concentration. This was observed by Groverstein and
Aprahamian(dﬁ) in the iodinat;on of p-nitrophenol.

The isotope effect depends on the partitioping of the
intermediate between the‘reactants and the products. In the case of
phenol, the intermediate may be especially stable, due to the loss

of a proton(41).
H.
O

Intermediate partitioning depends on the ratio of k-l[I']/kz. If k2
is much greater than k-1[17], little of the intérmediate reverts,
and k-1 israte controlling; if k-1[I"] is much greater than ky, most
‘of the intermediate reverts to reactants and“kz, the rate constant
for deprotonation is rate controlling(41). It was also observed by
Groverstein and Aprahamian(46) that the isotope effect decreased at
Tow iodide concentrations.'

Therefore, a cautious conciﬁ?ion has been drawn by Berliner
A(41) that 12 is the electrophile in aqueous iodinations. Herver,
the e]eétrophi]e may change wfth the substrate and iodide toncentratiok.
It has been reported in a number of papers on the iodination of
different aromatic substrétes, including tyrosine and histidine, that
the observed rate of iodination can be réprésented by two terms of
different iodide ion dependence(41):

kobs - 5/[1-] ¥ B/[I_jz

The first term represents iodination by I2 and the second by HOI or

H201+, which would be important at low iodide concentrations. Thus,

it remains to be resolved if the species HZOI+ is involved in

h}
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jodination.

3. The Reactions of Iodine with Amino Acids:

In biological systems, iodine undergoés three types of ¢
reactions: addition, substitution,.and oxidation(24). Additions
. occur to unsaturated fatty acids and their esters, but theré'has been
no clear demonstration of addition to amino acids. The oxidative
reactions are un&esirab]e side reactions in the iodination of proteins.
Substitqtion reactions form stable derivativeswith amino acids and

are .consequently the most useful.
4. Iodination of Tyrosine:

The hydroxyl function of phenols interacts with thé benzene
ring, so thai there is a greater electron density in the aromatic
ring than in benzene. The electron density accumulates at positions
ortho and para to the hydroxy] qroup, thus it is act1vat1ng, ortho-

para directing(42).

A study of the kinetics of iodination of tyrosine by Li suggeied
that mono-iodination was the rate limiting step in the formation of
dif‘dotyrosine (DIT). Fink et al.(48) ‘and also Roche et al.(49)
found monoiodo-tyrosine .(MIT) in iodinated proteins. Mayberry et al.
(50) studied the iodination of N-acetyl-tyrosine. At cohstant pH and
I” concentration, fhe reactions fo]iowed a bimolecular Second‘order
reaction rate. |

dx/dt = [A] [B] -
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where x is mono or di-iodo N-acetyl tyrosine; and A is N-acetyl-
tyrosine or N-acetyl-monoiodotyrosine and B is iodine(50). The rate
increased with increasing pH, because of the increased concentration
of the phenoxide ion(45). Over .the pH range of 5.4 to 9.8, monoiodina-
tion was thirty times faster than diiodination(sd). This was -
considered by Mayberry to be‘caused by the inductive quality of the
iodine atom on the'ring(SO). Over pH 9.8, the iodate formafion‘
became significant as predicted by Hughes(37). The results supported

a mechanism of a base catalyzed iodination of a phenoxide ion either

by I, or HZOI+ by way of a cyclohexadienone(51).

- o -
| Q l
O =k
: R ' R
H + . Base - +  H'Base

K _
Mayberry and Bertoli(52) examined the effectiveness of various buffers

©on the.same reactionS, over the séme pH range. The effeétiveness
of the bases as c?télysts in decreasing order was: OH > CO§">
2> barbiturate > CHyC00” > HCO; > HyPO, > H,0
Edelhoch et al.(53) reported that thyroxine formation occurs.

S

HPO

only in highly jodinated proteins, i.e., at iodine to protein ratios

(I/P) above 25:1. ‘Thyroxine is formed é§ follows: )
. I [ | ' c
- 0 - 4
2 R (:::) O ——R 0] + RCHO + OH
|420
I ' I [ _ ' .
5. Iodination of Histidine:

Histidine is «-amino-4 (or 5)-imidazole-propionic acid(25).

"It is an essential amino acid for most animals, but it has been
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reportéd that is not essential for humans(54). It forms mono- (4)
and di-iodo- (2,4) derivatives(54).
AN -
H-N N NH, H-NY 7 NH,
P=lcH-CHscooH  A—LCH; CH-COOH

The classical structure of the imidazole heterocyclic ring of
histidine is not consistent with its aromatic behaviour, tautomerism,
and high dipole moment(55). It is best represented by a mesomeric

structure of a set of resonance structures, including dipolar struc-

tures(55). o
: = N
é&é ) -ﬂl;g,' L:j)>k-
. ‘ ) ﬂ
Mesomeric ‘Structure Reggnance Structures

The contributions of jonic resonance sfructures.of imidazole
are more important than the contribution of ionic structures to‘the
benzene r%ng. As a result, the imidazole ring possesses fncreased.
reactivity. Electrophilic reagents attack the lone electron pair on
the multiply bonded, basic pyridine nitrogen, but not the weakly acidic
pyrréle nitrogen(55). The carbon atoms:bf the ring are attacked by |
. electrophilic, nucleophilic and.rarély free radical reagents(56). =
imidazo]e is aromatic in nature_Pecause of.the sextet of p-orbité]
electrons which are contribdted to the pi clouds. Each methy¥ene
| carbbn contributes 1, thevpyridiqe nitrogen contributes ] (the 3rd
| sz orbital contains fhe ione pair of eleétronsy ;;d.the pyrrole
- nitrogen contributes»two(54). | | |

Total electron density caiculations predict that’electrophi]ic

attack should occur preferentially at carbon 4(55) of the imidazb]e'

i
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ring. lodination of imidazole occurs fhitia]]y at C-4, forming
24,5-tri-iodoimidazole(55). It has been discovered that N-halo
compounds are fntermediates'in this reaction. 'Halogenation'inv01Ves
the conjugate base of 5midazo1e and iodination involves the imidazole
anion at pH 7.0.» It occurs initially at the 4 or 5 positions, |
probably !jg_the N-iodo compound. Iodination follows the values of
localization energies and depends on the transitionlstate of the
reaction, with the proton removal as the rate 1imiting step(55). The

following reaction shows the formation of the N-iodo derivative:_

Wolff g;_gl:(SG) reported that derivatives in which an imidazole
nitrogen was substituted resisted iodinafion, whereas 2 oﬁ 4 histidine
‘derivatives yielded iodinated products. It was ;150 found thét‘there
was an-increased“géie]d of iodination with 'increa_sing_‘pH. This-was. 4
due to the firﬁt order dependence of iodfnafion an anion concentration
(56). |
| A]th;ugh it has been gyggested that N-iodo,compounds,aré inter-
mediates because N-methy1l derivétives fail to iodinéte, Wolff has
found that the Z-t-butyl'imidazole derivative in which the t-butyl

function blocks access of iodine to N-1, does in fact, form an

iodinated derivative, suggesting that only anion formation is necessary.
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Schutte et al.(57) have investigated base catalysis in
aromatic iodination, including p-cresol and imadazole, using various
pases as a catalyst. For the reactions showing an isotope effect,
including phenols and imidazole, the catalysis followed the nucleo-
philicities of the base rather than their basicities(57). This may
be due to the fact that'in these reactions, the rate limiting step
consists of the nuc]éophi]ic attack of the base;9n the proton being
abstracted(57). A mechanism was proposed'by Schﬁtté for base

*catalyzed aromatic iodinatfdﬁ, from which he developed a kinetic
| equation which included the”phosphate buffer (or water)(58).

8 times

The reactivity of the dissotiatéd imidazole ring is 10
greater than the neutral ring(58). In histidine and monoiodohistidine,
the ammonium group in the side chain forms a hydrogen bond with the
imidazole nucleus, which will decreaée geactivity becadse‘of its
deactivating influence on the ihidazoie anion(58).

Schutte et al.(58) repofted a specific fdnétiqn of phosphate
jons in aromatié iodination in which phosphéte‘ions rdpturﬁ.and
compenséte for the.intrémolecular hydrogen bond or open a more

‘efféctive path of iddination. A catalytic function of phosphate in
aromatic iodination was also observed by Li(59) and by Vaugﬁn et al.

(60). | S

-

6. lodine Reaction with Tryptophan:

Tryptophan . is 1-a-aminoindo1ee3-propioh{é acid and is classi-
fied as essential for growth in rats and is not ‘synthesized by

humans (25).



30

CCX)H
C-+4
\ - NH2
N
It has been known for some time that tryptophan does not fonu

a stable bond with 1od1ne, but rather undérgoes degradat1on(61)
Alexander(62) has found that both chemical and enzymatic iodinating
agents rapidly oxidize tryptophan to 2-oxindole over the pH ranges
2 to 6 and 9.5 to 10.5, with a maximum at 4.5 to 5.5. In acid pH,
this oxidation Teads to cleavage of tryptophanyl peptide .bonds,
whereas in alkaline media (6.5 to 8.5) less fission occurs(62).
Alexander found that 12 and IC1 oxidize N-benzyloxycarbonyl-
tryptophanylglycine (Z-tryp-gly) 1.5 to 2.0 times more effectively
than tri-iodide. Three equ1va]ents of tri-iodide d1sappeareﬁ pe
mole of tryptophan ox1d1zed which is the same as ox1dat1on Ly
bromine. The peptide was also oxidized to oxindole by chloramine T,
N-iodosuccinamide, lactoperoxidase and horse-radish. peroxidase(57).
ICI;‘chloramine T - KI, N-iodosuccunamidé comp]étely oxidized
tryptophan at. pH Sio”hithin.]:minute; but‘I2 and tr?-iodjde were 2
and 8 times sleugf respéctithy(GZ)J Oxidation of tryptophan is to
'be expected becaq§e<of the feactivi&&;yfindo]e to e]ectrophi]ic ‘
reagents. h |

Oxidative cleavage also occured at an acid pH, bﬁt at a lower
rate than oxidation to oxindo]e.5 The maximum occurred at pH 4.5-5.5
with no fission occuring in élkaline.media(Gé); C]eavage‘is promoted
at a rate proportional to oxidation pﬁtentia] of the fodinating

agent. No significant hydrd]ysis occurs above pH 7.
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Alexander has proposed a reaction mechanism-for oxidation and
oxidative cleavage of Z-tryp-gly during iodination, which follows
that found for brominating agents(62). Competition experiments with
equimolar amounts of Z-tryp-g9ly and Z-try-gly Suggested that
tryptophan oxidation occurs selectively at pH 5.0, but oxidation at
pH 7.5 was reduced by 50% or more because tyrosine was more effectively
iodinated at high pH , but Z-Met-Gly and ?-his—G]y competed less
effectively at either pH(62).

Alexander(62) found that the factors that affect tryptophan
oxidation during protein iodination were pH, iodinating reagent and
concentration, tryptophan and tyrosine content, accessibility of

reactive residues, and the'nature‘of the protein(62).
7. Tlodine Reaction with Cysteine:

Aécord1ng to Hughes(37), the reaction of iodine and sulfhydryl

is: ' |
CRSH 4 I, —= RSI + HI |
Khalkhali et al.(63) conc]uded tﬁat sulfhydryl iodide may react with

~ another sulfhydryl or hydrolyze and oxidize with molecular oiygen.

R-SI '+ RSH -~ R-S-S-R + I™
R-SI + H,0 —=R-SOH  + HI

R-SH 2= R-S0H ~2 R-50,H ~ R-50,

or R-SH + 3H,0 —= R-SO;H + 6H' + 6~
Since 6 electrons are produced, six Faradays(F) per mole are consumed
without dimer formation. Simonsen(64) §howed that when iodine

oxidized Tow concentrations of cysteine, sulfenic (R-SOH) and sulfinic

acid (R-SOZH) derivatives‘are produced. The reports of Rosa et al.
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(65) and of, Munze et al.(66) suggest that the sulfonic acid derivative
(R-SO3H) may be produced, since 5.3 and 579 Faradays/equivalent of
sulfhydryl were consumed. Khalkhali reported that 4 Faradays were
consumed per mole of SH in albumin, 1.5 F/SH in gamma-giobu]in, .

0.7 - 0.9 F/mole SH for transferrin, 3 F/mole of SH in fibrinogen(63).

8. Iodine Oxidation Reactions with Methionine and
Hydroxyamino Acids:

Free methidnine, with a thioether linkage RZS’ reacts to form
a perhalide which hydrolyzes to form a sulfoxide or sulfoxone
derivative(67). Koshland(67) iodinated antibody to the extent of
100 iodine atoms per protefn molecule (I/P ratio) and found that
iodination oxidized methionyl, tryptophanyl an steinyl residues.
More]y(68) has shown that the“methiony1 residu:\ji position 15 in

gastrin is readily oxfdized to sulfoxide and sulfone derivatives.

R ? T

I | l

S S —=0 0=5=0
I l a '
CH3 CH3 CH3

Ramachandran(69) observed that the hydroxyamino acids might
'a]so be expected to be oxidized to carbonyl derivatives, but Koshland
(67) found that they did not react. Phenylalanyl and éystinyl

residues also did not react(67).
9. Iodine Reactions with Proteins:

Iodine has poor selectjvity in its reactions with proteins
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“and the reactions are highly dependent on reaction conditions.

The functiona] groups may be arranged in order of decreasing
reactivity with iodine: Sulfhydry], phenol, imidazole, indole,
~sulfide, disulfide(70). Similar]xi;reactive jodine spec{es can be
arranged in order of decreasing oxidative ability: Nr{odosuccinimide
> IC1 = (Ch]oramine T-KI) > Ch]oramige'T > I, = peroxidase > 13': The
oxidative potential is highly pH dependent(61,62).

Li(47) studied the iodination of albumin and pepsin and noted
that not all tyrosine.residues were reactive. After partially
denaturing the proteins in urea, more groups were reactive and DIT
.formation was increased(47). After total denaturation, all groups
were reactive. Hughes and Straesé]e(71) suggested that several
reactiohs of iodine with albumin proceeded simultaneously, including
the 1od1nat10n of histidine. ‘

Covelli and Wolff(72,73) found that 1od1nat1on of lysozyme in -
watef produced two jodinated tyrosy]vresidues and a third was
iddinated in 8 M urea. Monoiodotyrosine was the. maJor product at
1ess than two moles of 1od1ne per mole of protein, wh11e d110dotyr09ne.
was produced at values greater than that ratio. Iodinated histidine ’
was produced only at high molar ratios, and T-4 was not observed.
They’found from the iodination of ribonuclease A that a single
iodinated histidyf resi&Ue was pfqduced~on1y after the ortho positions
of three reactive tyrosyl- residues had been iodinated(74), and '
similarly, the two reactive histidyl residues of insulin were
T8dinated after the four reactive tyrosyl groups were derivati;ed(ZS).

Wolff and Covelli(76) described the factors that .influenced the

-
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reactivity of jodine with histidyl in proteins, the most important
of which was the dtrect dependence on pH. Diiodohistidine was formed
mainly in proteins deficient in tryptophan. |
Edelhoch et al. (53 77, 78) in a series of papers reported the
quantities of tyrosine, MIT, DIT. and T-4 in thyroglobu]in, gamma
globulin, and albumin produced when jodinated with increasing amounts
of fodine. The following trends were noted: when less than 10 moles
of IZ/mole of protein were used, MIT was the major product.  As the
I/P ratio was 1ncreosed-to 50:1, the non-iodinated tyrosyl residues
decreased, whereasQﬁ?T and T-4 increased. One percent of the total
pheno]fc resioues converted-to T-4 in albumin and globulin at fodine
to protein rations of ca. '25-1 and 5%, 2% and 4% were converted in Mo
thyroglobulin, globulin, and albumin at a ratio ca. 50:1. They
concluded that MIT is preferential]y converted to DIT when tyrosyl
residues are located in a hydrophaobic atmosphere O‘
Kosh]and(67) observed that in heavily iodinated antibody (100
I /molecu!e of protein) fodine was substituted in tyrosine and
histidine, and oxidized methionine, tryptophan, and cysteine whijev |
phenylalanine, serine, tnreonine and cysteine did not react. Krohn
et al.(79) reported the following yields of labelled &erivatives after
labelling fiorinogen at an I/P ratio of 1/1:.78.3%‘MIT,5.2%'DIT,
1.5% MIH and 0.7% DIH. At a ratio of 25:1, the.yields;nere 57.8% MIT,
21.0% DIT, and 2.5% MIH.. i o B
_ ‘ The number of free sulfhydryl groups in proteins is generally
Tow. Khalkhali(63) reported that albumin contained 1 per-molecule,
gamma globulin 0.7 per molecole. f_ibrinogen 0.5 per molecule, apdy

”~
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transferrin had none. Rosa(GS)vsuggested that oxidized and ﬁon-oxi-
dized sulfhydr}l groups may;co-éxist when iodination occurs at low | \
levels. Stable sulfenyl jodide has been observed in the iodination
of ovalbumin, and B- lactoglobu11n and tobﬂCCO mosaic virus protein' )
(70). ln 2 study of various 1od1nated proteins fCunningham et al (80) ‘ -
concluded that intermolecular disulfide formation. does: not opcur and '
intramolecular formation {s not a maJor'f;Etor. .ihe worivof cOhgn(7O)
'suggests that complete oxidation of sulfhydryl«re§1dues appears‘to .
have no influence on metabolic clear;nc;. f f b a
Hung(81) reported his findings regarding‘}hé bH conditions -
most suited to the highest rate of aromatie¢ substitut{bn and for the
slowest rate of oxidation of di;ulf{de bridées;z Tyrosine (1 mM)
. was reacted with IC1 (1 mM) at pH 4.0, and it was found that' the
reaction oécurred in 12 séconds;-while\histidine,éirst catalyzed
the hydrolysis of ICl1 to 12, afﬁerfwhich 12 reactéd s]owly,ui}h
cationic ﬁistidine(el). Most histigine“cpntainjng peptides acted
similarly. At pH 7.4 and;pH 9.5 both Fyrosine an&-hisfidine reacted
rapidly with IC1. The ilteratidnslproduced by‘Icf to sever§1=sﬁlfu}
containing coupounds{including LQCystefné'was meafured by circular
dichroism at pH 2, 7 and 85. It was found that Qhe least. a]teration
" was produced at pH 7.0.. Hung(al) also concluded ‘hat it was most .
favourable to carry out iodinations by successive‘additions "of small
aliquots of ICI. o ey o
0ncely(82) has obserwpd that in the 1od1natfon of progein .
molecules contaioing 2 humber of tyrosyl residues. the distributionab
of fodine among tyrosyl residues and between pﬁbtein molecules would

N T‘r,\
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be uneven. Molecules with the same number of iodine atoms would
differ from each other in the distribution of iodine among the
tyrosyl residueﬁ. He has proposed a binomial distribution of iodine

atoms among the protein molecules(82)":

ntn = min (R/m)"(1 - R/m)™ - O
EnCn n:{m - n)IR .
where: oo
nCh - radioactivity of derivative containing n groups
InCn - total radioactivity where n varies from O to m
m - maximum number of reactaple residues
n - number of residues reagled
R - ratio“of iodine to protein
Cn - concentration of derivative containing n groups
O

II. METHODS OF IODINATING PROTEINS

The variSus procedures.of jodinating proteins are merely
different methods of generating the electrophile 1¥. This has been
"achieved by four general methods: .(
1. tri-odide fon or iodine ‘
2.. chemical oxidation of I”
3. enzymatic oxidation of I~

4. electrochemical oxidation of I~ , o
A. Iodination by Triiodide Ion or Iodine

The triiodide method wds considered by Hughes(37) as the method

of choice, since the presence of the iodide ion buffered the reaction

-

of iodine with the protein. The method, called the bicarbonate

a4

iodinatiqn method, used aqueousvsolutions of protein a]bumin buffered

at pH 10 with bicarbonate. I, and I” were mixed in a ratic of 1:2
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with radioiodine and added dropwise with stirring to the protein
solution. The reaction could be stopped by adding sulfite(71).

The method was used by Covelli and Wolff(76) in their study of
fodination of tyrosine and histidine in lysozyme, ribonuclease,
insulin, lactic, malic and glutamic hydrogenases, phosphog]ucomutése,
thyroglobulin, trypsin, insulin, chymotrypsin and B-lactoglobulin.
They were iodinated at pH 8.5 in tris buffer with 0.046 M 12 in
0.14 M KI. This method is still in current use as indicated by the
report of Ishiguro et al.(83) who labelled Ricin D at pH 7.0 with
0.05 N iodine in 0.1 M KI. | '

| Labelling with iodine itself is not encountered frequently. v
It was used by McFarlane before the introduction of IC1. Elemental
radiq-labelled fodine was prepared in a solution and 1njected»atlhigh

velocity into a counterstream of glycine buffered proteinm at pH 9.3(84).
B. Iodination by Chemical Oxidation of 1~
1. Miscellaneous Methods:

A large number of chemical oxidation agents have been used to -
oxidize I” to the electrophilic I+, including nitrous acid(85), iodate,
hypochlorite(86), hydrogen peroxide(87), persulfage(88), and
chloramine-T(21). )

~ In the ammoniacal 16qihation method of Frances(86), I” is
oxidized by fodate in the following equation:

5KI + KIO3 + 6 HCl —= 6 KC1 + 3 H20 + 3I2

The iodinating solutfon was'added dropwise'to a gamma glbbulin
solution to which had been added a small quantity of 5N N,OH.



McFarlane(84) used hydrogren‘peroxide to liberate iodine from KI in
a buffered solution of gamma globulin. Hemmings and Redshaw(87)
used sodium hypochlorite (0.5-1.0 mM) to release iodine monochloride
at pH 7.5.

HC10 + I° + HY—=1C1 + H,0

~ Sodium hypochlorite was mixed with 400 uCi of I1-125 and 2 ug of
immunoglobulin for 30 seconds, and the'feactiOn was stopped with

sodium metabisulfite (5ma/ml).
2. The Chloramine-T Method:

The most commonly employed oxidizing agent 1is chloramine-T,:
which was introduced by Hunter and Greenwood(21). It is the sodium

salt of N-monochloro-p-toluenesulfonamide(89).

- +
CH3@502 - N - ¢ "Na

In water it releases hypochlorous acid, which is the oxidizing agent.

R-NC1 + H20 f—-'R—NH2 +! HC10

The procedure consists simply of adding the pfotein, and then the
chloramine-T to a solution of sodium jodide, spiked with sodium . 2
radioiod¥de. The radioiodfde is converted in the presence of stable
I-127 to IC1 and the reaction achieved a theoretical maximum 6f 100%

~substitution of iodine into the protein.

o w

Yields of over 80% were achieved for iodination 6f>human gréwfh
hormone (HGH)(895-with specific activities ranging from 200 fo 750
uCi/ug. The ratio of substitution was as low as 0.5 to 1.0 atom 6f
iodine per molecule of peptide with no detectable degradation products

(21). Five ug of protein in 25 ul of pH 7.5 phosphate buffer was
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added to 0.5 - 2 mCi of I-125 or I-121 1q'25 ul of phosphate buffer.
Freshly prepared chloramine-T (100 ug in‘25 ul phosphate buffer)
was added rapidly and mixed. Fresh sodium metabisulfite (240 ug/0.1
ml) and KI (2 mg/0.2 ml) were added to stop the reaction; it was
found that if the reducing agent was added in excess, denaturation
occurred(89).

In experiments with albumin, the ratio of chloramine-T to
protein was found to be important, At an I/P ratio of 1:1, chloramine-
T was used at a chloramine-T/iodine ratio of 1:1(89). At low
concentrations of iodide, a chloramine-T/iodide ratio of 100:1 was
required, and the ratio was intreased with increasing specific
activity(89). In general, the mefhgd was found.usefui for producing
exceedingly high'specifiC'activities from minute quantities og
hormone. o |
McConahey and Dixon(96) répdrted a modification of the chloramihe-
T method of Hunter and Greénwood in which they 1abelled ug or mg
auantities of 50 proteins with 1ittle or no detectable denatufatidh.
They addéd one-thousandth the amount of gﬂloramineLT (100 ug) that .
was used by Hunter And Greenwood and increased the reaction time to
5 minutes before adding the sodium metabisulfite. The yiefds ranged
from 40% to 90%(90). |

Bocci(91) has made‘i study of labelling serum proteins (gamma
globulin and albumin) and tissue-soluble proteins with I-l31‘and
chloramine-T. He found that proteins labelled ét a ratio of protein
to chloramine-T less than4200:1 were unchanged in electrthbretic
mobility: gel filtratiqn profile, and chrbmatographic“behaviour, '3
whereas the metabolic fate was adverse1y<mod1f1ed in comparison to
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proteins labelled by the iodine monochloride method(91).

Charkes et al.(92) used the chloramine-T method to produce
90-95% ciottab]e I-131 fibrinogen. It was ubed to image deep venous
thrombi in post-operative patients(92). ' '

Lazewatsky and Murray(98) Tabelled boviné.fibrinogen by the
chloramine-T method. The chloramine-T to fibrinoéen ratio was
13:1 wiﬁh a large amount of fibrinogen which results in an iodiné to
protein ratio of 0.1. The reaction was stopped with Na25204. The
supporting buffer was 0.1 M phosphate 0.15 M NéC1-4mH.epsi]on amino
caproic acid. Isotopic clottability was 92.5% and ihe ha]f—life_in»

, calves was 5.1 days(93). |

Krohn, Metzger and Coleman(16,17,18,19)'eXémined canipe
fibrinogen ]abe][ed by the chloramine-T method and reported the{r
results in a series of papers. Protein (5-200 ug) was added to 50 ul
of phosphate'bufféred pH 7.8 carrier free 1-125 followed by 25 ul of
‘freshly prepared chloramine-T(16). NéHSO3 was omitted and I  remov-
ed by chromatography. fhe ratio of chloram{ne T to tyroéine Qas varied
from 150 to 0.03(16). Tﬁis procedure resulted in a product ijch had
an aggregate content as high as 80%(16). Spectroscopic c]otta&i]ity‘
decreased from 97% to 90% and isotopic clottability was 90%(16)}\\The :
percent of I-125 binding_was app;oximately 93-95%. The rate of
hydro]ysis was 2.21%/day in p]asmg, 1.49%/day in albumin and 19% i;\
1 day in saline(16). Less than 20% of the label remained attached to
the fibrinogen in vivo. The aggregated material was found to be
remoﬁed rapidly by the spleen and liver(128). lg_gigg,'the unbound

iodide reached a maximum of 20-80% in 10-30 hours(128).
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The longeét half-life of caﬁiné fibrinogen was 60.9 hours, 18% of

the injected dose being cleared w1th that half-life(131). The
activity of chloramine-T 1abe11ed fibrinogen in surgically induced

~ thrombi wa§;23% of the precordial count, compared‘to 115% for ICI1

label}led fibrinogen(18). The ratio of ;ctivity of labelled fibrinogen
in the thrombus compared to the blood was 2.7:1, while the ratio ‘
was 8.8:1 for ICl:labelled fibrinogen(18).

_Frisbie et al.(134) added I-125 and 10 ul- of chloramine-T |
solution (chloramine-T: fibrinogen = 12) to 0.5 m1 fibrinogen in
phosphate buffer (0.1 M, pH 7.4) and mixed for 10 seconds. After 6
minutes, 12 ml of 30% saturated ammonidmrsulfate was'addéd, and the
solution was centrifdged for 10 minutes. The precipitate was dissol-
ved in 2 m1 of buffer and sterilized by passing it through a Swinnex
filter unit(134). - | ‘

Hawker and Hawker(135) added 20d uCi of I-125 and 50 p1 of 200
mg% of ch]oram1ne-T so]ut1on to 0. 75 ml of f1br1nogen in sodium
citrate pH 7. 4 in an ice bath, followed after 60 seconds by 100 ul of
400fmg% sodium metab®sulfite. After 3 mian;;, 100 w1 of 1.7% KI was
added. One ml of 1:1 dilution of patient plasma and sodium citrate
was layered on top of a co]umﬁ of G:ZS (a/10m1 syringe containing a
sintered pofyethy]ene disc to which was attached a filter unit and a
bottle) followed by 1 ml of fibrinogen soVution. The column was. |
antrifuged at 60 g for 5 minutes and 1006 § for 5 minutes. The
steri]iz‘ and 1odfde-free fibrinogen in ihe bottle was detached from
© the column and sealed(135). .

. Roberts et al,(136) added 10 ul of Nal carrier (6 x 10° -10 moles),
10 41 of NaI-125 (200 uCi) and 10 u1 of chloramine-T (12 x1077 M) to

& .
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1 m1 of fibrinogen solution (8.6 x IO'QM) in 0.1 M sodium phosphate
pH 7.4 and 0.9% NaCl. _These cﬁemicals were allowed to react for

6 minutes before stopping the reaction by thé additioh of 2 ml ofu
plasma(136).

&

3. The Iodine Monochloride Method

Many wdrgers have successfully used the iqdine monochloride
method developed by McFarlane(94). Mc?arlane observed that the yie1d
with iodine monochloride is double that ob%ained with jodination by
. jodine in alkaline solution. The fol]owing'reaction shows that in
alkaline solution 50% of iodide is lost to salt formation.

I, % NaOH —= HOI +  Nal ‘
The original procedures Eonsisted of adding carrier'free NaI-131 -
to a solution of cold iodine monochloride, where radioactive
iodide would exchange rapidly with Stabfe‘iodide. This labelled
jodine monochlaride solution was injépted intougiycine buffer at pH
8.5, which would regenerate hypoiodouéjacidf Théviodihating solution
was then- injected into the protein solution in glyqine.buffer at a
pH not above pH 9.5(94). In this procedure, the iodine must pass
through a volatile phase, gnd in addition, carfier iodide must be
added so that stable jodine is added to the protein(84). The yields:
were from 50% to 90%, depending on the ratio of iodine to protein in
the iodinating mixturé(94).. .

McFarlane(20) found that proteins substituted with 6 or mbre
atems 6f'iodine were é}im{nated more rapidly than C-14 1abe11ed
proteins bqt at o.s»atom";per:molecule, albumin, globulin and fibrino-
gen behaved the same Qayvas the C-14 labelled proteins. He also .

TN
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observed fhat more than 20% of labelled rabbit fibrinogen with 2 to 3
 atoms of iodine per molecule was catabolized rapidly(20).

Helmkamp and his group published a series of papers jodinating
gamma globulin to high specific activity(99). The I-131 wasuadjustea
to pH 8 Qith_borate bﬁffer and HC1; Na2503 was added to destroy
hydrogen peroxide that was produced by the 1-131(95). The excess

NaéSO was destroyed by aeration(96). ICI was added aﬁd'tbg solution

3
was added rapidly to.4 mg quantities of protein at pH 8.0. The

~ labelling efficiency was 60% and sbecific activity was 10 mCi/mg.

They also reported that catalase couTa be used to destroy the hydrogén
peroxide in the 1:131 p}eparation(97). | ~
Helmkamp(97)‘examined the disproportionation ;ﬁ ICI'to C1” and

. . B
HOI at -high pH, and of the latter-into I, and iodafj.

3H,0 + 3IC1—=3H" + 3C17 + 3HOI

S5HOT + OH'———-212 + 103’ + 3i,0

-

21, + 20H™ —=2H0I + 2I

© 3HOL + 30H —=21" + 10, + 3H,0
He observed that the rafio qf total iodine in ha1—13] preparations
to IC1 is so great that a large fraction of the f-131 escapes |
introduciion into the ICl1 and is therefore not available fbf jodi-
natign of the‘proﬁein.‘ This defect could be remeqiéd by adding
radzg}bdiqe to the KI solution before it was oxidizéd.td Ic1, as- in
the followihg broceddre(98). To 0.34 ml of 0.0067 M KIVSOIution was
added = 0.3 m of Na1:131 ana-diluted with 0.5-1.0 ml of satur-
atéd NaCl and énqugh water to make.3 ml after adding an exce#s-of

25 ug/ml of KIO, and 0.15 ml-of 0.5-1.0 n HCl. To rabbit gamma
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globulin in 2.0 m1 of pH 8.0 borate buffer was added_O.S ml of 1T N
NaOHqin 1.5 ml of pH'8 borate buffer. The iqeinating'§o1ution was
jette§ into the proteih solution and the free iodide was subsequently
removed by'ion exchange(98).

As has occured with chloramine-T method, there have been
several modifications of the IC1 method published, including those
by Glover(100), 6i11(101), and Reif(102). For example, in Rief's
modification(102), the pH of the iodine moﬁoch]oride solution was
raised from pH 0.% to pH 2. This reduced the amount of alkali
required to neutralize the IC1 to the physiological range. The
neutralizing borate buffer was added to\the protein solution, rather
than to the IC1, because at alkaline pH, the ICl was fapid]y
destroyed. Thus, the IC1 could be added slow]y to the protein
so;jfﬁon”éontaining the radioiodine so]ution.’ This produced
la¥elling efficiences of 70-90% for quantities"of gamma globulin
ranging from 1 mg fo,] g. It was found that the yield increased
wifh an increase in IC1 protein ratio; at a IC1 peptide ratio of
16:1, the yield was 92.3%(102). . |

~Bale 55_314(103) published a report on the factors that
influence the iodination yield of the iodine monochloride method.
They suggestéd that -the efffciency Qf'iodination could be rep;;sented.

by(103)
Wt of I in IC1 -~

E =
Wiof I+ WeorTTnTeT * YV

where Y is the percen} iodination by that weight of IC1 in the absence

~of iodide. The result is that adding an 1ncrea§1ng amount of 1-131

to an IC1 system causes a steadily decreasing percent of incorporation.
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Thus there is an optimum amount of I-131 and a maximum specific
activity(103).

Ceska et al.(104) stutied the labelling of proteins by IC1 using
a mathematical model derived from the mass law equation of the |
isotopic exchange between 1-125 formed, and the number of millicuries
required for labelling to a desired extenf. The two equations used

in the stydy are(104):

(
N = S°M I ms/MS (n°1/s + nl/s)100
- ;
I/s - ML (S°/S - 1)[n
LI z IC1
-1 1/s I {
#125101 . | ! 100
[] B L] TAO
+-‘n I (5°/S-1) + S$°M 1 Mal
1 N
where: |
N - amount of I-125 required for labellin (mCi)
s° - specific activity of 1-125 (17 mCi/ug§
'MOI Molecular weight of I-125
me - weight of the substance to be labelled
Ms - molecular weight of the substance to be .labelled
n°l - number of I-125 atoms to be incorporated per prote1n
S ~ modecule g
né- - number of I-127 atoms to be 1ncorporated per prote1n
molecule
MI - molecular weight of I-127
S - specific activity of I-125 preparat1on received
_ (mCi/ug) :
"1c1 - jodination efficiency
%]251C1 - % of total IC1 that is radioactive under équation 1
‘conditions

)

_Krohn, Metzger and Coleman(16,19,79,13]) pubiished a series of
papers on the properties of canine fibrinogén labelled with I-125 by

the IC1 method of McFarlane as modified by Samols and Williams and by
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Helmkamp et al. A few microliters of I1-125 were equilibrated with
ICt in 0.4 ml of 2 M NaC1(16). The solution was added to an equal
volume of borate buffer at pH 8.0. Borate buffer was added to

fibrinogen to the same volume as IC1. The IC1 mixture was jetted

into the fibrinogen solution and agitated for 15 minutes(16).

kaes found that less than 1.0% was aggregated(16).

WESE%Q%;'.TV‘flV *,stws r§it was 2.4% per day in plasma and 9% in one
day in saline: "Izyrequ1red 35 to 50 hours for the IC1 labelled
preparation to reach a maximum of 20-57% of unbound iodide in vivo
(131). The longest half-life in dogs was 40.5 hours and 34.3% of
the injected dose was cleared with this half-Tife(131). “The‘activity
cof IC1 ]abe]]ed/fibrinogen in surgically induced thrombi'in dogs was
[}S% of that of the precordial count rate(18). The ratio of the
thrombus to bldod activity in the thrombus was 8.8:1(18). When a
labelled preparation was hydrolyzed to the amino acids by
proteases, it was found that 75-80% of'the label was-present in tﬁe
protein as MIT(79). '- v
Hagen et al.(136) added 0.35 ml of radioiodine monochibride
(3 x 1074 M 1C1,7, 4 x 107 M K10,, 0.015 M HC1 and 2 M NaC1) to 2 ml
.of f1br1nogen solution (0.1 M PO4 buffer, pH 7.4, 0.05 M epsilon amino
caproic acid and 0.38% trisodium citrate) and mixed for 3 minutes
(137). Nonprotein bound }adioiodine was removed By‘injectioh of the
solution into a Hopkins,double closure vial, which contained 4 ml of

1% human serum albumin and sodium metabisulfite. The solution was

stirred for 5 mjnq;es‘pglbre'withdrauing the protein  solution through _
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. 2 gm of‘Dowex 1 x ~4(137).

Peabody et al.{138) labelled a IArge quantjtx of fibrinogeﬁ
with 1-125. Fibrinogen (100 mg) in 15 ml of citrate-saline buffer
PH 7.4 was mixed With 1.8 m] of 0.9 M g]ycine buffer pH 8.5 and
chilled to 0°C(138). Separately, 1 mCi of I-125 in 1 - 1.5 m] of
water was mixed with 0.3 ml of carrier jodine monochleride and
chilled to 0°C(138). After 30-minutes of equilibration, 1.3 ml of
0.8 M NaCl - 0.8 M glycine‘buffer pH 9.5 at 0°C was édﬁéd to I-125
labelled fodine monochloride and the combined solution was jetted
into the fibrinogen solution. The mixture‘was incubated for 30°
minutes at 0°C, before dialysis against 0.13 M sodium chloride -
0.02 M sodium citrate pH 7.5 at, 4°C(138).

C. lodination by Enzymatic Oxidation of lodide

The hydroperoxidases are a 9roup~of hemoproteins which include
the catalases and the peroxidases(105). The peroxidases are a group
of enzymes which are found in fungi, bacteria, plants, and. in
mammalian tissues and secretions(106). The peroxidases all contain
one ferriprotoporphyrin IX in the high spin state as the prosthetic
group(106). They éxhibit characteristic absorption spectra and are
inhibited by iron-binding agents such as cyanide(106).

Thf peroxidases catalyze the transfer of electrons from donors
(substrates) to ﬁydrogen peroxide, reducing it to water(106). They
are specific in requiring hydrogen peroxide as the oxidizing agent.
but various substances may act as substrates or electron donors.
Peroxidase forms a green compound with hydrogen peroxide known as
Compound I, and is rediatd by one electron to form red Compound II

r
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Compound Il is then reduced by one electron to reform the peroxidase
(106).

Crude mixtures of peroxidases and hydrogen_peroxide_were shown
to catalyze the iodination of tyrosine, thyrog]obu]in_and other
proteins(24). Thomas and Hager(107) studied chlordperoxidase and
suggested the enzyme was effective in two stages,\I'»was oxidized to
fdrm 12 and the enzyme catalyied 12, H202 and tyrdsine to form the
iodinated product. However, Nunez. and Pommier(108) showed that
horseradish peroxidase, which catalyzes the ijodination of tyrosine in-
thyroglobulin by-I", complexes with the active iodine species, whieh
is prob#bly 1*, and is transferred directly to the protein. The
enzymt.f thus forms a stable complex with I and this intermediate can
be isolated. It has been :tentatively identified as sulfenyl iodide
(24). Nunez and Pdnmier(log) conc]d&d that the enzyme has two
1dent1ca1 sites which form complexes sequent1a11y with I and
thyroglobulin. | .

The work of Pommier et al.(1o) suggested a model which predicts
a second order’ dependence on iodide concentration and was consistent
w1th a bimolecular reaction between 21" ions on the surface of the
enzyme, the product being released after d1mer1zation or dismutation
of the oxidized species(]lO), according to the following equation:

_Peroxidase: HZOZ complex +. 2e ;::::E(21°);===PE12-- E + 12 ‘

The data are consistent with the presence “of two sites for the
?substrate at the surface of the peroxidase One site binds %£he
. 1od1de anﬂfﬁiﬁ?second binds the protein to be 1od1nated(110)
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E:H202 + I+ Pmtein-tyrosine‘ﬂ ymsine-proteinf.

0 X : * .

E + protein -I s B
}Iz'formation js favoured at acfﬁic pH and protein iodination at more
alkaline pH. The Tower the fodide protein ratio, the Tower the

2 yield and the higher the rate of protein iodinat1on(110)

' Morrison(]]l) suggested that lactoperoxid%se catalyzes the
iodination of tyrosine._while horseradish pegoxidase was an 1neffi:
cient catalyst if at.a11. .chyopgroxidﬁse was found to iodinate
L-tyrosine faster than D-tyrosine,’while the épnverse.Wa; found with
horsetaqish peroxida;e(]ll).! Lééioperoxf;ase was'also %ouﬁd to form‘
" an enzyme-substrate complex with fodinatable tyrosine. This was |
demonsﬁgated by the fact that. histidine, which is also catilytically

iddinatédby ]agtoperokidase'ag gisloqer r&tg than tyrosine.v;u
cbmpétitively inﬁibita the_jodination of tyrosine at a. common binding

,site(lll);n Morrisbn also sﬁecu]qtednthat the enzyme-catalyzed

"-3ibdination reaction was an e]ectrqph%lfc attack of theliodinium fon

‘sﬁproduced by the peroxIdase on the enzyme-catalyzed ionization of the
" phenolic group to form a phenolate 1on(lll) * o |
’ Morrison et al.(m2) suggested a mechanism of Tactoperoxidase |
catalysis wh1ch.ﬂnv61vgs the oxidation of‘iodide.vig.a 2-electron
transfer tq,l *. This rgactfon c&uid occur in the jheme cleft, and 1"
remains within the active center in a nonpolar énvironment. The
tyrosine binding 1s proximal and* 1V reacts with'tyrosine in the non-v
';polar region to produce MIT. Thliiggination may be facilita;ed by
“virtue of enzyme-mediated base catalysis of nhenai to produce the

" phenolate ion(110N - ' S )g
. ) . , : . «

~

<
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Marchalonis(113) iodinated immunoglobulins to a specific

activity of 5 uCi/ug usinvarrier-free I-125. There was no evidence

of denaturation. The reacffon mixture consisted OT/ESO ug of protein,

1.25ug of lactoperoxidése and 1 ul of I-125 in a total volume of
‘50‘ ul. The reaction was starfed by adding 1 ul of 8:‘8 mM H202 ;np
stopped by adding 0.5 m] .ef SmM cysteine or 2-mercaptoethan'olv. J
’ Miyachi et al.(114) pub]ish&d a series‘of pabers' on the
iodination of ggnadotropins by lactopero;idase. For Human

Chorionic Gonadotropin (HGC), the reavction.‘m‘!xture consisted of

b, ug of HCG, 25 n‘g~of lactoperoxidase and 1 mC1 ,of carrier freas-125
and 25 1 of O 4 M acetate buffer pH 5.6. The _react1on was 1n1?1ated
and maintained by additions of 1-500 ng of hydf})gen peroxide at ten
second interva]s. The biological activigies of the preparations were
retained and phys1cochem1ca1 analysis of molecular wewg*;: and charge

suggested that they were undenatured(1]4)
»

Tharell and his group(115,116) published a series of papers en“'

the 1od1nat1on of‘nepude hormones (FSH LH, HGH thyrotropm) to

“high specific act1v1ty (300 uC1/ug) w1th lactoperoxidase which was

'reac.t1v1ty at I/P ratios of U. .5 to 1. S(H&) ‘- . -

-~

isolated from boVine milk. NaI-125 in 8-15 ul (0.5 - 1.8 mCi) was
rapidly mixed with 5 ug (25 u1) of peptide at pH 3- 8,;followed by
4 ug (1 5 u'l) of 1actoperox1dase and 1 ul of 0. 88.»31 thydrogen

perox1de After 1 2 seconds the reactwn was stopped by adding

5500 ul of phosphate buffer The peptides ré’?&"ined inmuno]ogma]

4

Thorell(lls) also coupled 1actop"érox1dase with g]utaraldehyde

to po]yacry]amde, wmch was used to 1od1nate proteins, as m the

'4,"

*
I

1
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above prgcedure. excebt that 10 w1 of polyacrylamide-lactoperoxi- ‘;
dase was used. , The solid phase was removed from the reaction
mixtu}e by centrifugation a 2,000 g for 15 minutes(116).

Hemmaplardh and Morgarn(117), iodinated transferrin by the
(0 mpthod and by the use of 1actoperox1dase insalublized on Enzacryl
AA. The;insolubflfied ‘enzyme (100 qae was incubated with 5 mg of
trdﬁ!fefri% 28 uCi of ‘adiofodine, 18 ug of Nal, 0.4 ml of 0.44 mM
hydﬁﬁgen peroxidq_and 1.6 m1 of phosphate buffered saline at pH 7.4
for'ls minutes at 20°C. 'The enzyme was removed by centrifugation.
}he i rates of turnover were identical for both methods, as

; ._._1__
1

Gi]bert and Hachsman(llB) iodinated bovine fibrinogen using

i'ﬁwere the rates of uptake by the ﬁeticulocytes(]]?)

lactoperoxidase insolubilized on Sepharose 6B. Reaction mixtures
contained 6.4 mg/ml of fibrinogen, 18.6 ug of lactoperoxidlﬁe/m],
5 x 107 KI, 2 mCi/ml of 1-125, 0.15M KC1, and phosphate buffer
pH 7.0 -Todination was initiated by adding hydrogen peroxide (final\
concentration 6 x ]0'4M). Immobilized lactoperoxidase removed Ey‘
centrifugation(118): . _
Krohn and Helch(llg) used lactoperoxidase to catalyze the
_ 1odination of canine fibrinégev The optimum conditons consisted of
- 100 wl bf pH 8 buffer. 250 ug- of protein, 5 ug-of enzyme and carrier
free iodingi'the reactants were incubated at 37°C before adding
10 M of hydrogen pergxide(119). Efficiehcy of labelling was
- 60-85% after 30 minutes. The preparation had a normal molecular
weight distribution and 1sotopi; clottabilfty was 83.8%(119). The
main derivative was MIT (83.3%). The rate of hydrolysis was 3% {n
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one day in sa]i:e and 1.9% per day in albumin(119). The activity
of<enzymatica]1; labelled fibrinogep in a surgically induced clot
was 66% of the precordial count rate(]8) The ratio of throﬁbus .
activity to blood activity for enzymatica]]y ]abe11ed f1br1nogon .?J

ﬁz‘

was 5.1:1 as compared . s:1 for IC1 tabelled f1br1nOgen(
D. lodination by Electrochemical Oxidation of Iodide ~
Rosa and his group(23) developed the electrolytic méthod of

radioiodinétion of fibrinogen. The method was considered to have the

s . y e
following advantages(23):

1. no oxidizfng agent added to the protein so]ution'
2. the riéf of formation of iodine could be controlled by . %

controMAng the-current g

3. di]ute/;olutions of carrier ioqide could be used to proébéé ,
specific activities similar td other methods
4. iodination could be Sarrjed'under'physiologfca] conditions.
Rosa et al.(23) used a 20 ml glasiﬁbeaker as the e]ectro]yfic
cell. The anode was a 13 cm® platinum sheet and thq.cathode was a
p]at1num wire in a glass tube with the bottdﬁhenc]osed by a dialysis
"membrane The anolyte was 100 mg of “Fibrinogen in normal saline and
2.5 x 107 -4 M KIl.all 1n 10 pl; 0.5 ml of the same KI soldt1on was -
1ntroduced 1nto the cathode compartment. The yie]d of 1abe11ed
fibrinoggn was constant from 100-500 uA. Fibrinogen iodinated’at a
constant current of 300 uCi with a 73% - 77%‘yie1d (specific activity
50 uCi/mg)rhﬁﬁ a turnover time in humans of 5.9 days, which was

similarltd values obtained for fibrinogen labelled Qith $-35 by

‘biosynthesis(23). . | o
’ v . . - "
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Rosa(120) also iodinated albumin electrolytically. The 200 mg

. of albumin was dissolved in 8 ml of saline, to which was added 2 m

of KI-131 or I-125. The pH was 6.5 to 7.0 and the current used

was 300 uA. The potential was -490 mV vs SCE.. The electrolysis was
carrie; out for 12 hours. Rosa(120) suggested that the iodination
occurred on the anoeic surface, the iodine reacting with the protein
before its diffusion into the solutton. It was also noted that the
relative percentage of DIT residues increases s]ow]y as the 1odine to
protein (I/F) ratio increases from 0.2 to 10, and that the relat1ve
amount of DIT produced was inversely proportional to theésgncentratvon

of protein(120). A Tow iodine discharge rate acted in the ;
“-.r.. oy

direction. Iodoalbumins at at I/P ratio of 0. 1.0 were®tatab 4 "ai .
£ 2 N

at a rate similar to the lowest values reported in the literature; at

4

. N
rates greater than 10:1, the catabolic rates were accelerated(120).

The features of the e]ectro]yt1c rad1o1od’§at1on procedure

were(120): i
1. ,iedination occurred at pH 7 with 100% yield without excess
“fodine (5 x 107° M) at 8-10°C
2,‘ the pfotein was jodinated at a constant rate, the anodic
discharge being the rate limiting step
3. the electrolysis proceduresweredevoid of discernable effects
on the protein i
4, the prdgess was highly reproduc1b1e -
5. the inter and intra- molecu]a? d1Stribut1on of 1od1ne could
be controlled. O g

AW 4 oo
Teulings and Biggs(121) studied the electrolytie iodination of



fibrmogen(IZI) They noted that to fodinate the protein at a ratio
of 0.5 atoms of iodine per molecule of protein, a concentration of
carrier iodide was required which wis Tower than that used by Rosa 3
group. This, in turn, produced a high side reactidn yield of iodate
(121). The electrolytic cell consisted of a 25 ml glass beaker; the
anode was a 16.3 cm2 platinum cylinder and the cathode was a platinum
wire in a glass tube. TWMe was stirred magnetically. The
protein was 64 mg of lyophilized fibrinogen in 15 ml of unbuffered-
saline; 0.1 ml of 1073 M KI was introduced with the desired amount
of 1-131. The yield was 25% fodofibrinogen, 42% iodate, and 32%
iodide after 18 minutes at 300 uA(121).

Teulings and Biggs(121) calculated the anode potentials of ’
several redox equations over a series of oxidétion/reductioﬁ ratibs

at?apH 6 and pH 7 and iodide concentrations of 6.7 - 20 x 10"6 M.

21‘.-.-==r12 + 2e” © -0.536 V
- - + A_ ‘ i -Q’ :
"20 + I &—=HIO" + H + 2e . : ' .
IO+ 1" ==¢6Hn" + 10, + 6e~  -1.087 V

A}

‘They a];o concluded that equation 1 .ldepends on the square of the
16d1de‘ ’to'ncentratioﬂ, but is 1ndependent of the pH and équat'lons 2
‘.and 3 are 1ndependent of iodide conceutration. but their ano@
potentia]s,qre 1nversely proportiona'l to pH(121), thus coricluding
'that 1oda¥;l (?nntion would be e'liminated by reducing the pH and
iincreasing the}iqdide concpntntiorr In the same study, it was also
reported thai a redut;ed Meld of labe'ned protein was obtained by
d’ecreasing . Ai‘; ’ém;aquence, the 1odide concentration was
increased by a factor of 3 (to 2 x 1035 H). the pH was increased to



PH 8, and the electrolysis time was decreased to 9 minutes(121). The
half-1ife of I-131.1abelled protein was 3.6 days which was 1n:§§§ree-
ment with ¢he literature values(121). |

Pennisi and Rosa(122) 1odinated insulin by cOnstant current
electrolysis. 1In a larger cell, the reaction mixturewas 3 ml of
0.086 mM in insulin, 0.15 M in NaCl and 1.2 mM in KI and 100 uCi of
1-125. The current was 30 uA for 20 minutes. The yield was 85-90%;
specific activity 2-15 mCi/mg; 1odiﬁe: protein rqtio was 0.2. At
higher jodination rates, DIT a,r.td MIH were formétl(lZZ).

The authors found that i-bdine is incorpora(ted into the insulin
-at a rate lower than that at which it is formed(122). At I/P ratios
vofy 0_.23, 92-98% of the activity was located in iodinated tyrosi?re.
The _bio]ogical actiyity of the insulin was not appreciably affected
(122). | _ |
In anoi:her cei 1, a 2 m]%aﬁnum thimble was used ;s the anode
(122).  This cell was used for high spec1f1c acttvity iodinations
The protein xconcentration was 8. 6 x 10° -6 M, and KI concentration .
was 1.3 x 107 -5 M; the current flow was 6- 7 uA for 35-40 minutes. |
The yield of Iabengd protein was 80-90%, while the ratio of iodine to
protefn was 1:1 to 1;2:1 &nd the specific act'iv'ity”v‘las 150-200 mCi/mg
' (f22). The. use of electrolysis for routine preparations was | 1mited3-
to specific activities not greater than 150 mCi/mg(122).
_ Katz and Bonorris(323) fodinated albumin and amylase electroly-.
| tical'ly in a Z{ml platinum crucible.  The proteins were dissolved in
0.05 M phosphatesbuffer pH 7.5 0.1 N in NaCl. A current of 1-2 mA was
pésse,d for periods of 30-90 minutes. KI corcentration was 10~% M

s



albumin concentration was 5.8 x - 6.8 x 10™° . The yields
were 80-90%. The catabolic rate of albumin fibrinogen was.lower than
that labelled by the IC1 method and the loss of activity offglectro-
lytically labelled amylase was much less than that of the Ig?i;ethod
(123). ” |
Sammonhgg_gl,(124) iodinated parathyroid hormone (PTH) e]ectro;
lytically under controlled electrode potential (rather than constant
current) of 0.8 V vs a saturated calomel electrode (SCE). This voltage
was sufficient to oxidze iodide to‘jqdine, but nbt to iddate. The
anolyte consisted of 200-400 ug PTHein 1 ml of 25 mM phosphate
buffer pH 7.5, containing 0.1 M NaCl as supgorting electrolyte, and
:”215?2 nmole of KI ]abe;}gq;witﬁa;-qlmCi of 1-125 was added(124). The .
cathode was a blatinuﬁﬁ%%;e inyé'gﬁaﬁgitube, seaied with dialysis
membrane. The electrolysis was carried‘out at 4°C for 20-30 minutes
and. gave a yield of 86.5%'1a5e11ed protein and 13.5% iodate. The
preparation was found to be homogeneous by physicochemical techniques
and identical to untreated hormone in several bfoassay procedures(124).
Caro(125) made a physicochemical stddy.of electrolytic labelling
of bovine growth hormone; he used a cell similar to that of Rosa.
- The anolyte consisted of 30-50 nmole of protein, 200 wCi of I-125,
the required amount of KI, made up to 5 ml with Rjgggr‘phosphaté
(pH 7.4) solution. A current of 20 pA was app]ied‘forlizo minutes. &
Relative amounts of MIT and DIT were determined. Only 75% of °
available tyrosine sites could be iodinated(125).

Donabedian et al.(126) developed micro-electrolytic cell for

iodination of polypeptide hormones for radioimmunoassay. The cell
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was 5 mm deep by 4 mm in diameter (0.63 m1). The cathode was

a platinum wire which acted as a stirrer, while the anode was
platinum foil at the base.of the cell. The ano]yte consisted of
60 ul of saline with 1-5 ug of peptide hormone (insulin, HGH, TSH)
and earrier free 1-125 to give one iod1ne atom/molecule of hormone.
The 1od1na£ign was carried out for 45 minutes at.5 yA at room temper-
ature. The yield was 30-50%. The peptides were immunologically
reactive in displacing unlabelled hormone(126).

Rollag et al{127) developed a constant potent1a1 thin- layer
electrolytic cell for radioiodination of microgram quant1t1es of
protein to specfic activities ranging, from 200-2,000 Ci/mM. The
anolyte consisted of 10 ul of phosphate buffer pH 7.1, 5 ul of protein
(1-5 x 10°10 M) and 1 mCi of 1-125 (6 x 10710 M) in 2 ,1. A current
was‘passe& at a potential of +0.530 V vs SCE for 10 minutes(l??);

Malan et al.(128) electrolytically iodinated glycoprotein and
protein hormones. The 30 y1 reaction mixtures of ;&10 ug of protein
with a 5 molar excess of radioijodide in pH 7.4 phosphate buffer was
stirred in a smal] platinum crucible, and the cathode was a platinum
wire and the 2 compartments were connected by a salt bridge through
- a sintered glass. A constant current of 10 LA was passed for several
minutes. In contrast fo Rosa, he suggested that the rate limiting
step was the ;ncorporation of active iodine into tyrosyl residues.

The time for protein iodination was about 20 times greater than.the
theoretical time for electrolysis of iodide to provide the same level

of 1odine(128).
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He also suggested that the buffer salts have Jittle effect on the
electrolysis of iodide. The immunological characteristics ofA
e]éctro]ytica11y Jabelled hormones compared favourable with chemically
jodinated proteins(128).

Fenzi et al.(129) electrolytically iodinated long-acting '
thyroid stimulator immunoglobulin, and noted a 27% to 77% decrease
in biological activity as the I/P ratio was increased from 0.1 to
1.2(129). B

Javonovic(130) electrolytically iodinated albumin. The anolyte
was composed of 10 ml of 12% of human serum albumin, 10 m1 of pyrogen
free water, 0.25 ml of 0.05 M KI, 15 drops 1 N NaOH, %0 mCi Na 4-131
pH 10. The electrolysis was carried out at a constant curr:nt of
1 mA forb4 hours at room temperature. The yield wés 90%. The content
of labelled amino acid derivativés was determined(130).

Krohn et al.(16) labe11ed'ffbrinogen electrolytically by the
method of Rosa and of Katz and Bonorris. The anode was a 15m]
platinum.crucible containing 7 ml of 0.05 H phosphate buffer at pH
7.8, l;‘in‘; of fibrinogencarrier free 1-125 and 0.1 M in NaCl. The
cathode was a platinum wire in a dialysis tube. Reaction times
varied from 7f150 minute;,rthg current from 70-300 pA, and the voltage
from 0.6-2.6 volts(16). The yield of labelled fibrinogen was 30-80%
(16). The’spectroscépic clottability decreased from 97% to 93%(16),
the isotopic clottabil}ty was 80%(16). The hydrolysis rates were
1.5%/day in plasma, 1.24%/day in albumin, and 27% in one day in .
;g]ine(lG):. Gel permeation chromatography showed about 50% aggrega-'

W . \
tion(119). The uptake into surgically induced thrombi produced a

i
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thrombus to precordial ratio of 20:1 compared to 115:1 for IC]
labelled fibrinogen(18). A paired comparison of iodination method
within a single thrombus showed a thrombus to blood Eatio of 8.8:1
for IC1 labelled fibrinogen and 1.3:1 for eleectrolytically labelled
fibrinogen(13). They also found that electrolytic labelling oxidized
some amino acid residues that were not labelled(19).

Harwig et al.(132) electrolytically iodinated canine'fibrinogen,
by a modification of the method of Rosa and of Katz and Bong;:is.
The cell consisted of a 15 ml platinum crucible, and 1 cm platinum
wgie’cathodé contained in a dialysis bag. Phosphate, acetate, tris
an& bartital buffers were tried as electrolytes. ‘The,optimum was .
0.02 M bartital-0.2 M NaCl pH 7.4. In the other buffers, iodination
did not occur at all or occurred only at a slow rate(132). The '
anolyte was 8 ml of barbital buffer coe#itaining 3 mg of fibrindben,
NaI-125, and carrier iodide (1.5 x‘]O'4 M) ;o achieve a 150;1 motar |
ratio of jodide to fibrinogen. The e]éctro]ysis was carried out at
a +0.4-+0.5V vs SCE(132). The same authors suggest that only the
“oxidation of iodidgﬁ!p iodine will occur at this potential. At a
potentia] aSove this range, a considerable amount of fibrinogeh
precipftated from the anolyte(132). The applied potential ranged
from 0,75;1.5 V, and the current from 10-30 wA. The catholyte was
0.5 ml of barbital buffer. The labelling rate was 15-20%/hr and the '
reaction times were 1.5 4 4.5 hours(132). The optimum pH was 7.4;
at lower pH, the 1abe11ing rate dropped éignificantly, and at, high
pH side reacfions could occur(3132). The minimum concentration of

ioJiﬂ?\S x 1‘0'5 M and the minimum concentration of protein was

1 x 10"° M, below which no labellin rred(132).
, 9 ogpurred(132)
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The igdtopic clottability varied from 73% for an I/P ratio of
25/1 and 60% for a ratio of 100/1(132). The thrombus to blood ratios
were 50:1 and 3:1 for I/P ratios of 25:1 and 100:1, respectively.
The half 1ife of the longest component in dogs was 37 hours for an
I/P ratio of 25:1, and 10 hours for an 1/P ratio of 100:1. The rate
of hyrolysis was 2.0%/day(132). At an I/P ratio of 25:1, gel filtra-
tioh profile was similar to native fisrinogen. At a level of 50:1.
.small aggregate peak was observed. At an I/P ratio of 100:1: only
45% of the activity was fecpvered(132). |
Harwig et al.(133) also prepared ﬁigh]y iodinated fibrinogen

- containing I-123, which was used &0 image thrombi in_ R1s, as early

as thours and as late as 15 hours after induction.

III. METHODS OF LABELLING FIBRINOGEN HITH RADIOISOTOPES
OTHER THAN IOOIDE

| ':L '
A. In Vitro 'Methods:
* 1. Technetium-9om

Harwig et al.(139) electrolytically labelled fibrinogen with
Tc-99m(f39) Two tin wires were inserted through a rubber cap into
a 5ml vm. The reaction mixture was fibrinogen (1 mg/m1), 0.01 M
phosphate-0.15 M NaCl buffer pH 6.0, and r;a’g"‘rco4 in a total volume
of 2ml. Current was passed through the cell at 100 yA for 8.3
minutes. The reaction mixture was stirred for 5 minytes after
electyolysis. The labelling efficiency was 70-80%. Isotopic clotta-
biTity was 50-60%(139). ‘ .
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Wong and Mishkin(141) also labelled fibrinogen e]égfrolytically
with Tc-99m. HC1 (0.05 M) and 2 ml of saline containing 30-60 mCi.

of Naggm

Tc04 were added to a sterile vial equipped with ;wo 0.025
inch diameter zirconium electrodes. A current of 100 mA at 5.5 to

5.7 volts was passed through the solution for 42 to 45 seconds.
Fibrinogen solution (0.3 to 0.4 ml containing 4 to 8 mg) was injected
slowly into the vial, and incubated for 30 minutes at 37°C7' The pH
was adjusted to pH 7.0 with serum. The 1dbe11ing effirigddy was 76%
and the clottability was 25%(141).

Benjamin(142) described an ele trolytic method for labelj
ling albumin which could be adapted to fibrinogen. The procedure
entailed the use of a sealed vial with-a zirconium needle anode and a
zirconium, p]at1num or BD special (16x1%) needle as cathode. A
mixture of Na®™c0, (5 m1), 0.1 m1 of 25% HSA and 0.5 ml of 1 N HCI.
required 4.5 coulombs for adequate radio labellidb. Aftef electro-
lysis, the pH was adjusted with acetate-NaOH buffer or saturated -
sodium bicarbonate(142).

Harwig et.al.(140) studied the in vivo behaviour of Tc-89m
labelled canine and rabbit fibrinogeh; The preparations wefe stable
in \_lj‘_@_r_g, but underwent Kd.i_d‘partial exchange of technetium with
: other plasma proteins and anions in vivo, resu]tidg-in an early
decrease in the amount of Tc-99m associated with fibrinogen. Only
25% of the injected dose remained in the circulation 10 minutes after
1nJect10n. The half-life of the long component was 26 hours(140).
While the denatured fibrinogen ‘was rapidly removed from the circula-
tion, the fraction of clottabl% fibrinogen remaining was biologically

" active and was ingbrporated into thrombi. Higher thrombus to bload
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activities were obtained with Tc-99m fibrinogen than with radioiodi-
nated fibrinogen in femoral vein thrombosis in dogs when both agents

:gwefe injected 4 hours after induction of the thrombosis. Images were

obtained of thrombi, beginning 2.5 hours after injection(140).

2. Bromine-77

Knight et al.(145) described a procedure for indireétl_y label-

ling fibrinegen mth N—succmimidy] -3- (4 hydrOxypheny] propionate)

~ (SHPP) labelled with Br-77. SHPP wa!““labelled by adding 0.1 ml of
Na77 Br in 0.*25 M phosphate’ buffer pH 2.8, 10 ul of 0.3 mg/ml of
chloroperol;idase »10 ul1 of dimethylformamide and 15 w1 of 0.2 M H202
to-2 ul of 0.2 mg/ml of SHPP. The labelled SHPP was extracted into

. benzene and e‘y‘a“porated to dryness before the addition of 4 drops of
borate buf’fevf pH 8.5 and 2 mg of fibrinogen(145). After ddo]ing for
15 minutes in ice, fibrinogen was p\urified by ammondum su’lfaj:e
precipitation. The labelling efficiencies were ahout 35-30%. The

SHPP to protein ratio was 0.1 to 5(145).
? Mercury-197

Saha gg_a_]_.(MG)Jdefined the parameters’ for labelling hunian
fibrinogen with Hg-197. Comercia] fibrinogen was dissolved in saline
at a concentration 10 mg/mi, to which was added Hg-197 chloride and
1ncubated for 15-30 minutes at 37°C.  The oH of the m‘lxtur:ias
adjusted b,y add'ltion of NaOH(MG) It was found ﬁ\at the yield of -
labelling increased to pH 7.0, where 1t reached a maximum of 90%.

However, the material labelled at a pH over-7.0 was fl.nb-lub‘le in-

b
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phosphate buffer. Repeated precipitatiori of the preparation 'viith

4 M ammonium sulfate produced a release of 2-5% of the lave! with

each precipitation(146).

L

4. Indium-1N

‘,Goodwin et al.(272) reported the uﬁe of In- ll'l labelied proteins.
including fibrinogen The 1nd1um labelling was aohieved by means of

. a bifunctional chelate, utilizing the covalent metal -binding molecule

1<{p- benzenaﬁazonium)-ethylenediamine-N.N N,N-tetraacetic acid or

: azophenyl EDTA( The attachment was ma the EDTA ~ In-11

chelate and the protein through the.diazo group. . The clottability of

the labened fibrinogen was 53%, with the nativ'e: fibrinogen having

a theoretical clottability of 65% The distribut'lon and metabolism

,of bovine ffbrino?m Tabelled with In-111- azophwl—EDTA was deter-
mmed in normal and tumor bearing mige. !

B. I v' Methods Y

w
-,

1. Carbon-14 - . :;.‘t .
L Cwfmtig ,

Fibrfmgen has been labened wé'tﬂksw by severa? workérs.

but most effectievely by Mthrhﬁe(Zl' who labelled rabbit uﬂbrinogen

by administration of C-14 labéﬁ.ﬂ Chlorella pmtain Blood swl!s"

were removed over a three day per'lod Radioadtfvw ln the lahelled |

 fibrinogen was determined by isolating fibrinogen by mnm sumto

precipitation, followed by ciotting with throd:fu. The clot was . ﬁ

_ synerized and combusted before assaying “for rqdioutiviw. The bo- B

logical half-lffe of thc carbou-n 'llbel'ltd f‘llminogm m 6 houﬂ

‘

.f,:
o~
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compared to 66:hours for F-131 labelled fibrinogen(2).

- 2. Selenium-75

¢ Y
<3 .

Brodsky et al.(143) labelled fibrinogen and platelets of o 'sl"

patients ‘suﬁferilng from abnormal coagulation, hepatdcel}u}ar diSea'ﬂ‘
and myelopno].:iferative diseases by injecting 250 u(i of_’;(‘,Se.-7l5); '
selenomethionine. Samples were removed at 1,3,5; d B;Ihd‘brs' and
daily thereaf‘ter\ for determination of fibrinogen surviv‘al‘(M3). The

.radioactivity in washed clots was detennined. Fibrinogen survival’

L d

time was estimated fromthe& interval between 50% of the maximum radif)-‘"

activity on the anabohc phase and 50% of the maximum rad1oact1v1ty ‘

N : - . »

on the catabolic phase of the surv1va1 curve’' 143) . .“

A Ferguson(]44) made & simﬂa{ study of*p].ate]ee and f1b,r1nogen

survwal in normal and- diabet1c pat1ents Se-ZS sel#v:thwnme L
?50 u(h) was mJected 1ntravenous]y and blood samples ére’ ‘taken for

y 18 days(144) Rad1oact1v1ty 1n p]a‘tel'ets and fibriqggen was assayed
and survival times e}i‘niasgd It was concluded that there was an

-

- 1ncreased ut'ihzatiorpf platelgts and f@rinogen 1n d1abet1c patients
» 9. S

e o .
, . >

CIV.  FIBRINOGEN T S

-

. ) ° . -' - ) . .. ’
~A. History of Fibrinogen and Coegulation

-

| The nature of the 'clo'tti,ng mechanism “has been 'a"subject of
observation and speculation dating from Hest reports of human

\
medicine._ P]ato w“rote "'The fibrine 1s distributed through the blood

R

T

to secure a proper consistency and prevent it becomfng s0 liquid L

(
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.“ . ) . .
owing to héat that it would run away through the porous texture

of the body"(ééaﬂ Aristole compared clotting with the formation

of ice fiom water(149). \ . N

~
[

' consisted of a fibrin nucleus'_.g c

disproven by Lister(149)
Buchanan(149) first recogn‘zed that 'fibrin pre-existed in the. :

»,

,,12’

. ' ~ e\ro\e of fihrinogen wa#ss' various]y attributed to erythrocytes
eum

and plate]ets The scientific inquiry into the nature of

the clot&ing mechanism began with Malpighi, 1n the 17th century who

e

f- %rved that a white fibrmous Substance was obtainable ‘from a red
1

by washing with water and that coagu]ation ‘was delayed by the
. N .

addition n of nentral sa1€§(1>)

"In the’ ‘18th century, Hewson cof idemd t’hat air whs ”the cause _
of cioagulation '°-He found ‘that sonfe chem%als nﬂhfb‘ed coagulation )
and was thus ;ble to- demonstra@ that coagulftion occurred in the '
“cell-free ]ymph and not in tﬁe~formed elemeﬁts(‘!“@)' JDespite this
evidence Home in the earlg 19th centurx suggesWthat erythrocytes
j ec.ted by a co1ored menbrance which:

K4

rdgibed to form chot(149)r

dissolved and the nucled a‘ :
&% on coagulition, Virchow (1847)(150)

In: 'h'ls classical mMOnNg

noted that fibrin 1n putrefyfng 11quids c]ottg)more slovq_y and this
type of fibrin he ca)1ed fi\brinogen “He also believeéd that.the -«

contact of blood with oxygen caused coagulat'lon Th1s was eventually

-

circulation md some agent . caused its so]idification. ln 1859.

Denis(ISI) showed that a clottab]e substance cou'ld be salted out from ’

' plasma on satur}tun with* NaC] He designated ;ghis c'lottab'ler .

substance &s. 'plasmine’, segofibrine and fi'hrinogen

o~

-

-

=
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'L» ~Th! Swedml biochemist Hamnarsten in the late 19th century

-
e O

purified fibqinogen through 3 precipitations mth half saturated
saline and observed that purified fibrinogen did not clot" spontaneous -
ly, .that c?ot;abﬂity decreased with storage and its%olubil'lty was
dependeat on’ heutra] sa]ts(12) He also demonstra'ted that the .
formatitn of filrin was the spec‘lfic reSu]t of the interaction
between tnrqnbin and‘fibYJWn and demonstrated the role of ca]cium
in the fon&ion of thranbi,.(mm proghrombin(12). ; o .
About the same time | § suécj’esteo an enzymatic },‘“
.used i"‘h terms as fibryus w&%ance, |

y
methahism of coagu]ation i~
Qprj n, prot?wombin an&thrombin He. cons'\‘dered* that thrombin acted

. Hoe
t.on two soluble protqins to %r’m soluble @brin whichformed a clot
_ ,“ o). e oo - .

-b*? B4

syt

H%we\:zr it remained for.Moram tz»(14“5 4in 1905 to enunciate fhe
c]assical theory of coagﬂlation by the mtroduetion of the c'r pt‘ ot
of a procoagulation cal]ed thrm%olastin Heubner(]49) suggested ”

thqt the. hydro'lys‘ls of fibrm/was re]ated <0 the‘ appearanqe’of

”

| f-.7 n. 4 o A S e
During“ the fntef'-war period anmoniun sm&phate (ZMO% satur-
ated) was successful]y used to isolate fibrinogen(12).’ The stability |
of fiqinogen solutions was 1mproved by adsorption of the prothrombm
complex on barium phosphate, calciun phosphate. calcium fluoride, (-
barium sulf’ate and _magnes jum h,ydroxide. , .
Durmg world war 1I, Cohen describ@d his landwark procedure -
of a five variable sys tem for fractiona;ion of plasm proteins in

water-ethanol soYutions. According to his method 6, Fraction |
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& %

*

contains 40-60% fibrinogen and small quantities of prothrombin and
5

is precipitated from human plasma at 0+3°C in an ethanoleconcentra-

jburiin (7%) Qa]phii'glob#}in_(&%),
sulin (9%)(154).

tior of 8%(14). It also con y%_

beta rglobuh'n (15‘1), and ganm _o

Oohn(]52) also reported that undar certain conditions, a linear.
re]ationship was obtained by plotting the log of solubility against

1on1’c stréngth, and this re]ationship was represented by ‘the following
equation: - ' . iy

Log S g - Ks"p S

¥

where S is the solubility of thev protein ]og’s is the hypotet1ca1 ok
so]ubﬂity of the protein at 10nf€ *{e‘th (u)=0, and is- dependenf?"ﬂ
on, pH and temperature, and K is_the sa‘ltmg out coefﬁCient?nd is N

equal to the s]ope.‘ It is 1ndependent -of" temper’ature and’ pH for a
W e
gi,veh salt'and protein. The variation of g with pH reflects ‘the ‘

'influence of 1onization of the protein on so]ubihty in concentrated

. sa]t.so]ution The variation w1th teﬂ/’t?erafure is dependent on the

o
~

"1nd1v1dua1' protem(lOS) . ‘
"  Just after the war, Ware et al. (153) separated %vine
ﬁbrinogen by slowly thamng frozen plasma and'washing the undissolved
fibrinoge?with cold sa]ine. In 1948 Morrison(154) described a
proEedure for the purification of Cohn fragtion [. It was dissolved
kn'mtrate buffer pH 6 3, coo]ed and breught to pH - 4 9 ~5.5 and 0 to
4% ethanol. Yhe Fractiog'l A SO obtained was 85% c'lottable, after -
dissolving in citrate buffer pH 6.3. From Fraction I-A -cold &J&
| insoluble globulins and occluded, proteins ‘were émoved at- 0°c and S

"0 5% ethanol. The precipitate was called Fraction I 1 and was 55%
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clottable. The supernatant was brought to 8% ethanol and the
precipitate obtained was designated as Fraction I-2. This contained
fibrinogen in high purity (98% c'lottaiﬂe)(154) X
Kekwick et al. (15‘5) used 11% dfethyl ether by volume at 0°C
for precipitation of fibrinogen from plasma. This system was similar
w5:0 Cohn's procedure exgept that dieth_yi ether was used. i{m‘-\t\her
erification of fibrinogen was aéh:ieved by washing and extracting at
low temperatures with citrate solution, followed by reprecipitation
by ether The preparatio: was homogeneous on electrophoresis. v
In 1956, Blomback and Blomback(12) described what has become ,
a standard method of isol;iéing purified fibrinogen. The procedure
begins with Cohn Fractiqp I of bovine ‘or human origin. This was$
- obtained from bﬁod coﬁcted*into 1/10 volume of trisodium citra
(3 8%) 5nd centrifuged at TOOQg‘ at L0°C for 60 minutes. -Fra*
able

is obtained by adding ethanol at -3°c to yield a 40-50% clott

fraction. This was extracted tﬂice (E-l aqd E- 2) with citrate buffer
pH 6.0 (0.05%. ethanol and 1 M glycine, w = 0.3, 3°C). Buffer (1000
g/100 g) was added to Fraction I and stirred for 1 hour before
centrifuging at 2,008 g for 1q—12 minutes at -3°C. _The- prec.ipitate
4 v:::: Fraction 1-0(12) Fraction 1-0 ylas dﬂuted uith citrate buffer

400 ml/loo g and dissoived by warming at +30°C for 30 minutes The
" insoluble materfal wad Femovéd by Yentrifuging at 2,000 g fof 10

»  minutes at ro}:m temperature and fiitered. | It was 87- Mable

“

e Q‘Wz) s w‘% o ‘ |
o Fraction I 1 was precipitated from I-6 at a protein concentra«- !
tion of 0.51%, ,;,t_hano1 concéntration 2%, glycine concentrgtion 0.12 M

¢
]
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ionic strendgth 0.3, and temperature 0°C. The precipitate settled for
30 minutes at 0°C befbre centrifuging at 0°C and 2000 g. The
precipitate contained cold insolublé globulin and fibrinogen; it

)

was 70% ciotiabiQZ). . : I

"

Fraction I-2 was ieolated from I-1_at a .protein comration .
of 0.35%, ethanol concentration of'6. 5%, glycine concentration 0 Wp v
u = 0.3, and the temperature was decreased 0° ;‘lﬂc The solution @
was stirred for 1 hour and the prec’(pitate was col)ected by centri:fu- ﬂ

gation at 2000 g for 20 min::'es ‘at —4°C Fraction I- zdwas *94- 97%
J A st . .
oL : . . .:"_ :

clottat&(l?) - oy e R ‘Ll
C R R
Fraction I-3 was obtajned frdm Fraction 1-2, which was first i

& o

dissolved in citrate buffer to a protein cencentration of 0.7% and

glycine co%:e ,on 0. 5 M at«0°C (pH 6. 4-.6 5, o 0. 1). Fraction
.I-3 was precipitated at an etwconcentratiou of 0 -75%, glycine
i

concehtratiom-o 51 molar and protein concentration 0. 21%, pH 6 5

and = 0.0S. It settled for 2 hours at 0°C before centrifuging
at 2000 g_ for 10 minutes at 0°c(12). - o 5 e
"Fraction I-4 was obtafned from Fract}\on I-3 at"an ethanol

e
4

oncentration of 6.5%, protei&’oncentration of 0.14%, glycine
x:oncentration 0.45 H pH 6.5, u = 0.08, and the tenperature was
decredged from 0° to -4°C. ﬂce preeipitate was centrifuged at P
2000 g for-16 minutes at -4°c and d}so‘l'ved in 0. 3 H NaCl-citrate . /‘ |
buffer pH 6.3. The clottabi]ity was 98-]001(12) R --_' '
Mosesson and Sherry(j ) exten&ed Blomback s(work by fraction—
-

ating Cohn Fraction’ L ‘into nide fractions. Fractions I-A, l 1, and
1-2. were obtained as described previously Frac_tion .I,-S_uas,- obt_ained

‘e
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~from the supemat:mt of I=2 by increasing the ethanol concentration
* to 16 and decreasing the temperature to -4° G. The -precipitate

‘was collect:ed by centrifuging at 2,300 g for 20 minutes and contained .
5—10! of‘ the. p‘iasma fibrinogen andxwas 91{ clottable. Fraction I-6
was obtained from I—? at eBZ jeth:na} ;onceng,ration, and Fraction I-7
Ewas obtained from th; supernatant of Fraction I-6 at 16Z ethanol
&oncentration; they ’were 92 Aand 0952 cl:c'tf.able "i'espectively._' Fraction ! ‘
}-8 ‘“as obtained from fractjon f-7 by"preoipitationnwith 2.1 M-

* .
]

R ) o E ' g
glycine at 5 % and”centrifuging at 2300 g for w minutes#,this - '

"\&action was 98 7; clqttmble. ; I-‘ract!on I;-9 was’ oBi:ainod from the

superna.ta‘f of I—B*by’* h&oﬂ‘imﬁ, sulfafe pmcipita;ion at 5% and (}\&
centrifuging at’Z 300 g focmO minuter it wab §l.a51 clottable(156)
4 Ea _
ye‘r_hqdy of Isolating Plasma Proteins

»

.
.Q: ) - . L

[y

-

Plasma prdt:éiﬁns cap, t;e}“fractionated -ffom ‘the ﬁlasma by methods
,,yg,b,ich differentiaté‘,b&tween the mblecules on MY b*asis of tﬁbir
Q .
physical properties(9 147). - The following are some physico-chemical

methods ogn isolat::lng and puriggying proteina-

1. molecular size ' . . o
L, 8. gel filtration &” -~
’ oo ‘ . . b. ultra filtration and dialysis i /
' - * ¢ density gradient centrifugation '/" :
‘ . ‘de  ultracentrifugation } - :
7 solwiltey . U R ] ) \\\

a.. solvent fractionation
.+ 1. .water soluble organic solvents v
o b. . partion chrbmatography . : ‘
. ¢« - salting out and salting in

e .11, high molecular wolght polymer
/\ T e ,iii orglnic cationa _ \



N iv. small anions ¥

i' v. polyanions
? : | vi. metallic ions

- 3. electric charge | _ -

a. elect oretic.mobilityj-electrophoresis
- . . sta®h .
: ii. polyacry]amide
~ {ii.agarose
: iv. moving boundary
’ . - V. paper .
T -o.vi., agar < ’ o
¥- - ' vii.cellulose acetate ‘
Ty e b. isolelectric potnt mantpulation
e i. multi-membrance eiectro-decantation
i1. isolelectric focusing
111.isotachophoresis
ive fon exchange chromatography
v isoelectric precipitation

. 4. surface prqiﬂﬁties ‘ ~T?fﬁ'u.4§3 {

A

. selective adsorption T
. affinity chromatography cT
. immunochemical methods |

O

s £. Simplified Procedures for Isolating Fibrinogen-  * ‘ .-

. '
b

‘A popular method of isu%ggion of fibrinogen is that of Laki(lS?)

1. Annoniunjsulfete Precipitation:

Freeze-dried Cohn Fraetj:n 1 is}sdissolved in 100 ml of 0.1 M phosphate
buffer pH 6.4, The solution wagd¥luted with 100 ml of water and @
r&rGerated. Cold insoluble globulin was removed and one-third -
‘volume of saturated asmon  und sulfate was added to the supergatant.
The precipitate was obtained by centrifugation and dissolved in 0 3 M
PH 7.4 KC1- and dia]yzed ageinst KCI solution for three days. plotta-
bility was 95:(157) Sw |

Takeda(lsa) used the following method of isolating fibrinogen '

for hfs studies of the letabolisn of - the brotein in humans. Plasma o
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(20 m1, heparinized) was diluted with an equal volume of/o 09 M
sodium citrate and centrifuged for 10 minutes before mixing with a
one-third volume of 4 H ammonium sulfate and centrifuged for 5
minutes at 2000 rpm. The preci"tate was washed with 1 M ammonium
sulfate,dissolved in 15.ml of.O'OOS:ﬁ sodium citrate, reprecipitated
and washed, and redissolved in sodium citrate. It was stored. at 4°C
for 3 nours and centri;uged for 20 minutes(158). *Iﬁg
Regoeczii159) collected 4 voiumes-of blood into 1“vo]ume of
2% oxalates. Prothrombin‘was adsorbed‘on‘parium sulfate. Fibrinogen
of Tow solubility was P ecipitated at " 18 saturation of ammonium.
sulfate. The saturatid% was increased to 23.8% and the precipitate
collected by centrifugation at QOO.g(]SQ). Eee pellet“was washed with.
0.976 M (NH,),50, redissolved in 0.9% ac), containing 0.005
trisodium citrate. The‘solution of fibrinogen was djalyzed against
the same solvent and precipitation wash resuspension and dialysis
was repeated, before dividing into a]iquots and frozen at £25°C. |
‘It was 97-98% clottable(159) ¢ . .
HcFarlane(Z) co]f!!ted rabbit biood into one- tenth volume of
3.8% sodium citrate and centrifuged for 5-minutes Plasma was .
Jcentrifuged at 2000 ‘g for 30 minutes and diluted with 2 volumes of
saline. Fibrinogen was precipitated by addition of one/volume of }
saturated ammonium sulfate. After standing for onérhuur, the
preCipitate was nemoved and redissolved in buffer (pH\] 0 phosphate,i g
= 0.5) equal to the p]asma volume . Fibrinogen was reprecipitated
in 23% saturation ammonium sulfate and repeated at 21% saturation,'-'

4

‘before dissolving in.sa]ine citrate buffer pH. 6 OV» The preparation

’
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-was 85 to 95% ciottab]e(Z).

Ardai]]ou(1§0) removed the prothrombin complex from citrated
human plasma by adsorption on 1.75% aluminum hydroride. Low
solubility fibrinogen was eliminated by precipitation with ammonium
sulfate at 12%" saturatign. -Fibrinogen was precipitated at 25%
saturation, washed, and dissolved in 0.015 M pH 6.0 citrate buffer
.and the procedure repeated several times before dissolv1ng in0.3M &
NaCl and dia]yzed for 14 hours. Cold insoluble precipibate was
eliminated by an unspecified'procedure(]ﬁo).

Atenic6(16) isolated human or rabbit’fibrinogen from citrated,
oxalated or heparinized piatelet poor'piasma by making plasma 25% s

ate. Aft 0 minutes, the precipitate was

saturated in ammonium s
"coilected by centrifug #d uash .ch 25% saturated ammonium |

sulfate, dissolved in av of 0 005 M cntrate equal to ék! plasma

“volume and reprecipitated, washed and redissolved in a vo]ume of

citrate buffer equal to one-third to one-fifth of the plasma volume.

The disso'lved fibrinogen was cooled to 3-4°C for 3-12 hours and |

centrifuged at 0°C-for 25 minutes at 4000 rpm to remove coid insolub]e ’
‘ globulin The preparation was 93 Qég?clotfagﬁe(iﬁi)

[ . 1
- , ‘ . - ‘L
Glyfine Precipitation: . « RN
. - . : '

Kazai et al. (13) described a method for isolating fibrinogen Q’
“f/;m pla&ﬁs g??ﬁhe use of glycine Blaod was collected 16!0 0.02! 1
of 19% sodium citrate and cent>1fu§ed ice at 2900 rpm to produce. 't
platelet poor plasma Prothrombin uas%:dsprbed by the.addition of

] .

. 20 mM of magnesium su]fate and 90 g of barium su]fate per 11ter.4 The
suspenSion was stirred for 1 hour. The precipitate was removed’y
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aby centrifugation and the adsorption vwas repeated. Glycine “65']‘5,-
g/1) was d1sso]ved in the plasma with stirring for 30 minutes and
centrifuged for 30 minutes. it was dissolved in a volume of 0.‘055 M
sodium citrate pH 7.4 equal to the barium sulfate. supernataﬁt and
stirred for 60 minutes befo_re reprecipi’tation.l The fibrinogen was
redissolved in one~duartér plasma volume of sodium citrate buffer
‘and was lyophilized in 10 ml alidudt; for 48 hours(13‘) R S

Silberstein et al. (162) adapte& Kazal 's method to smaH amounts
of plasma. Sixty m) of biood were co]lected\hnto 1 2 ml of 19% sodium

citrate and centmfuged for 60 minutes- QQ'EBOO .9 . Magnesium suifate

(5 mg/ml of plasma) and barium 5u1fate ‘(ﬂ&ﬁ/ml) were added and \r\

mixed for- 30 m'inutes e ad : ’ .v W complex !nch was '
;‘,. YT ) ; ‘ . "’ : . 4
removed by centrifugatnon at 1800 g f’or -f’ s ) 3 ‘adsorptmn ,

AR (14 rﬁg/ml) was @

was repeated.
" added to the ‘plasma before addmg glycme to 65% sat‘uration.~ ,The'

' soluzwn was stirred for 30 minutes and centnfu t 1800 g for \

.. 15 m1nute§ The precipitate was d1ssolved ;n Q 055 M sodium citraeefﬁ

pH 7.4 contaming 14 mg/m] of EACA. The precipitation procedure

[
Ay

was repeated twic&lGZ) . .
"+ alker and Cat1in(163) describeﬁ;odi;icauon of the method
"of- Kazal. . EACA (0.1 M/Htre of p'lasma) and magnesium sulfate (20 nﬁ/
1) were added to tha p'lasma and mi.xed for 10-15 m1nutes. _Barium
‘ sulfate (90 g/l) was added and stirred’ for 1 hour before centrifuging, .
at 2300 g/1% minutes. Triethyfaminoethyl cenulose (100 g/1) was: . .
added and stikred for 10 30- minutes before centrifuging EACA - .9:_ '
.(0 1 M/1) and glycine (165 15 g/l) were added and stirred for 30 -
minutes The fibrinog;n was collected by centri fuging for 15 minutes
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and dissolved in 0.055 M sodium citrate pH 7.4 ¢tontaining 0.1 M
EACA Tﬁe solution was stirred for '30 q‘inutes and centrifuged for
15 minutes. The fibrinogen was reprecipitated and resuspended in

citrate-EACA buffer(163).

‘3. Beta-Alanine Precipitation:

S

Straughn and Hagner(164)' prepared fibrinogen by adding 6 M beta-
alanine to a measured volume of ad3orbed plasma to g‘ive a final
conceﬁtra't‘lon of 1 ‘M The mixtut"e.l was piaced in an 1ce bath for
30 minutes and centrifuged for 30 m&nutes t 2000 9., The Supernat— )
ant was’ brought to2 M beta-alfnine The precipitatg was anowed to
settle for 30 minutes at 4°C be?‘ore“bgntrﬂuging at W g for 20
minutes s The precip‘ﬂ:ate was dissolved 1n dtrate-saline solvent to
the origina'l plasm volme The fibrinogen was repre{:ipi at and u
resuspended in one-thir’d ‘of the original plasma volune ‘of cit\rate- |
saline buffer, and clarifibd by centrifuga@ibn(lu) R

Jakobsen and Kieru]f(lﬁs) descr‘lbed a method for isolatihg .
fibrinogen from 50 100 ml of p'lasm Citrated platelet—pbor plasua '
‘was prepared by couecting blood 1nto one-tenth volm? of ’sodhﬁ“ " ‘
citrate (4%) and cooHng to 4°C The plasma was removed and EACA
was added to a cprkentration of 0. 1&4 Magnesium sulfate uas added
(0' 492 mg/‘lOO ml) and stirred for lgminutes. 9 9/100 nl of barim ‘ v' 1
sulfate was: added and st‘irred for 60 ninutes(lGS) Adsorbants were .
-removed by centrffugatio at 2000 g for 15 minutes and adsorption w&&
repegtﬁ Beta-alan'lne 26 M) conta'lyng 0.1'H EACA was added io the *
plasma to produce a final ydncentfratign of 2.7'11 be;a alaniae and-

e
Y
N



Yhe blood was collected over ion’ exchange resin and the prothrombin
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stirred for 30 minutes,: followed by centrifugation at 2000 g for

0
Y

30 minutes(165). Fibr'inogen was dissolved in a volume of veronal

buffer (pH 7.35, containing 0.3 M NaCl and 0.1 M EACA) equal to the

original plasma volume. The precipitation procedure was repeated

t?ice and the final fibrinogen solution was.dbissolved ina volume of
verona] buffer equal to one-quarter of the ‘original plasma volume. It
was then dialyzed agajz‘ the same buffer for 12 hours . The g‘:lotta¥ :

big,;y was 98%(165) . .
. T §
4. Heavy @etal Isolation of Fibrinogen ) -
N 4" ; e ' e ‘1 ' o
. Brownand Rothstein(166) used KZHg(SCN)# (Qtassium tetra-

¥

thiocyanato-{S) mercurate 1§ )to 1solate f1brinogen from mman plasma.
~£‘i

! p]ex was adsorbed with barium sulfate in the presence of EACA -
%ed by,treatuvent wﬁﬂ TEAE ce'llulose. The pH was adjusted to -

Y~

7.2 w'ith acetate.buff&r and made 4 er 1n KZHgésmt) 8 The precipitate

was collected by centri fugation and washed wi th acetate buffer and
dfssolved in 0.3 M NaC} and 0. ! M EACA PH 7.2. The Kzlig(SCN)4 was-
removed by chromattgrgphj( on G~25 and adsorption on an io#exchange
resin. The product was 94 9% clottable and free o: b]asminogen,

plasmin and coagulation factors 11,°V,. VIII X and XIII(166)
-5, Ca,tionic De’tergent 'Is’oihtion' of ‘Fibrinogén:_

Kurioka .et\g_ (167) describeo‘ LE procedure for purffying ffbrin-

. ogen from ethanol fractionation or Cohn Fraction 1. To x 10:

iution of Cohn Frqction I 1n saHne coﬁte‘ﬁning 1% ethanoI at pH 6 3.‘ )

added stearyltrimethylamon'lw ch‘l\orNe., R ‘l‘he brecipitate
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) obtained by, centrifugatiu was wished wi;:h saline and dtssolaged in

'distilled water at 0. 015 mM prote*lg and the pipwas adjusted to 5.0.
The detergent-fibrinogen couplex was precipitated by addition of
0.17 K NaC) and resuspended end repreciptteted several times before
d1s.solving in-0.85 M NaCl at pH 8.5. Sodiu ;eprylate wes added to

" a final cohcehtreﬁbn of 0.03 M.’ The mixture was cmtrifuge&end '
ethanol was added to the’ supemtant to a final concentration of 30!.

The clottabﬂity was greater than 99%(167). = . RS )

J. ,m. SR R .
Prdcedures‘-"‘fo;' Repfid I;o]etiou-.of Fibrinogen

D. @
.o With the in.troduction of tbe fibrinogen uptelze test and the
nonconitant recognition of the possibiuty of treplfwing serul T e
,hepa@%itis with pooled vfibrinbgen tkre developed 3 requirelentr k
‘Jfor a method of repfdly !soleting fibrjnogen from-a suple #f*a .

petient s own blood. Necessity being tm nother of 1nvevﬂtion. . ; |

w -

" severel -etnods ofdsoht;on wer(develdped R _u‘ ~
. 'y . o, . .. ; [ ° T~
4 f 7 Loy L
Ilnonim,‘sulfet"e Pree‘ipiutiém | s \ P e !
u . ! ‘ '0.": \ :

Frisbie(lu) ﬂported e repid uethbd of 1solet1 and fiodim-- ‘
ting autelogm fibrinogen. mc&ius eommd Ith 2 - 1050
Vaeutainers coﬁéaimg EDTA a5 mmticmgumt ”,centrifu /t
100 g for 5 minutes. - Two 3 ni Samples were re |

mived-and.9 mlof -
Aoz saturate¢ mniu sulfgte Medéed/ tp eechsnﬂe fonmdA by
cenﬁifugaqion at 300 9 for.a mms // Thé p;.l' 1pitates were




]

. | 78

The total preparation time was 1 ho&*. including iodination by the
chloramine-T method. The product was reported to be 92-97% clotta-
ble(134). :
- e—
, -Hagen et a1.(137) described an isolation ahd fodination proce-

‘dd?ef?ér fibrinogen which could be completed within 1 hour. Twelve
| ml of b]bod werecentrtfugéd for 10 minutes aﬁd the.fibrinogén was
precipitated from 4 ml of plasma by adding 2 ml of 3 M awmonium
sulfate,. followed by centrifugation at 200 g for 5 minutes. The-
ﬁrecfpitate.was dissolved in 4 m! of pH 7.4 0.1 M phosphate buffer
containing 0:05 M EACA and 0.38% sodium citrate and reprecipitated.
The precipitate was dissolved in 2 ml of buffer. The clottability
of the preparation was 85%-90%(137).

Roberts(136) described one of the first rapid methods of
isolating fibrinogen. Twenty ml of bl.ood were collected into
heparinjzed tubes and centrifuced at 6000 g fgr 5 minutes. The
plasma was recentrifuged and” fibrinogen was precipitated from 4 ml
of plasma by addition of 1.3 ml of 4 M ammonium sulfaté and centrifu-
gation at 500 g for 5 minutes. The precipitate was dissolvéd in ‘
4 ml of ppqsphate buffered saline and reprecipitated and redissolved

‘in 1 m1 of buffer(136).
2. Glycine Precipitation:

Hawker and H&wker(l35) described a novel method of rapidly
isolating human fibrinog;n and then jodinating by the chloramine-T
method. Fifteen ml of blood were collected into 4.5 ml of 3.8%
sodium citrate and centrifuged at 3000 g for 5 minutes; 8 ml of plasm
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werestirred with'] gra&'of ﬁowdered glass and 2 ml of anticoaguldnt
' sg]htion containing EACA, zinc sulfaf&: and sodium heparinate at pH
8.1. Glycine (1.79 M) was addedﬂ;nd the mixtﬁré was stirred for 8
minutes after which the supernatant was removed by withdrawing it
through a s'lnter'ed plastic disc in the bottom of the stirring

vessel which consisted of a modified 2o'mposame syringe. The
precipitate was washed with glycine £1;98 M); 10 ml ﬁf anticoagulant
* solution was added and the precipitation step was repeated and the
precipitate was dissolve& in 5 ml of saline citrate pH 7.0. ,It'wasr
97% clottable and the labelling effi'cie’ncy was 30-60%’(135).

Ingraham et al.(168) used g])cine,in a rapid'isolation ;
procedure. They saturated platelet poor plgsma to_Gg:70% and‘added’
EACA to indctivate the plasminbgen. The product was 92-97% clottable
and contained 75-85% of the available fibrinogen with no plasmin.

P o~

present(168).

. ——— .
3. Cigyoprecipitatian and Polyethylene Glycol Isolation
of Fibrindgen

Peabody g;_gl.(l38) added 0.1 ml of capry]jc-alcoholfper 100 m!

of crushed frozen plasma. Alébho] (53% at -10°C) was added to a
~ concentration of 3%. The slush was wérmed_tq 1°C and centrifuged at
825g for 30 minutes at 40°C. The cryoprecipitate was dissolved in tris
buffer at pH 7.0 and made 0.02~N'in sodium citrate and spun tb reﬁove
the precipifate. Polyethylene glycol 4000 was added to concentra;ion
- of 8% and the precipitate ;ag ceﬁtrifuged; The precibitate was

dissolved.in'o.l M EACA, 0.2 M glycine pH 6.5 and precibitatibn

3
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repeated and the fibrinogen was dissolved in 0.13 N NaCl and '4.02 ﬂ
‘citrate pH 7.4. The clottability was 93%(138).

E. The Structure and Function of Fibrinogen

1. the Structure of Fibrinogen:

Fibrinogen is one J”fhe largest proteins found {n plasma. It
is remarkably delicate and is very easy to denature. The commonly
accepted molecular weight is 340,000 t 20,000 daltons(170). Fibrino-
gen is coﬁposed of a twin Set of three chains designated as Aa, Bb,

“and o, with molecular weights of 63,500, 56,000 ard 47,000 respect-
ively(170). Fibrinogen thus has the formula Au2.882,Y2. Some
. accepted values of physiochemical parameters of human fibrinogen are

given in Table 4(9,10,169,170).

. 2. Chemical Composition of Fibrinogen:
a

The amino acid compositioniof fibrinogen suggests a high
surface to volume ratio. The alpha chain has 16 tyrosine residhes
(g22, y11) ar;d more arginine and serine than the bet‘:a’ and gamma chains
(170); the beta chain has more methionine and cysteine and contains
repetitions of Arg-Pro-X and Ala-Pro-X, which is reminiscent of
collagen(170). Al] three chains contain carbohydrate, and none
contain free sulfhydryl(170). The number of disulfide bridgegwj/)
reported 1n‘the literature rangé froml21 to 34. There Qre 19
galactose, 22 mannose, 19 glucosamine and 6 sialic acid groups(170).

The carboxy terminal amino acid is valine in all three chains, and

A
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Physical Constants-

A_Nolecu]ar weight .
Sedimentation Coe ?T1c1ei§tszo,17
Translationa) diffusion
coefficient (020 W

Rotary diffusion coeff1c1ent(920 )

Intrinsic viscosity .

Partial specific volume (v)
Frictional ratia (€/fo) -
Electfophoretic mobility(u)
Isoelectric point (IEP) .
Molecular volume

Extinctian Coefficient (E )_
Alph&-he?ix {%)

Amino Acid Content .
Tyrosine

Histidine

Cysteine

Tryptophan
Methionine

Phenylalanine
Serine

Total number of amino acids

Fibriq;ggn PrecipitafiggﬁSolutions

Ethanol :
Ammonium Sulfate
Rivanol

Perchloric acid
Trichloro-acetic acid

) _ TABLE 4
Physicochemi;t{lParanéters of Human Fibrinogeh(Q,lo,léb.]?O)

. i23q
| '2896=

340,000 daltons
198 J, ‘ T

-7 sz SEC -1

-1

2 X 10

- &40, 000 sec

0.25 d1/g

. 0.72 )

2.1 x 1077 cm® sec

3
9 x 105 A
-16

3.
15-
33

Mole/mole of Protein

104

‘57

77

55, .

59 T
95 . . .

o OPO [

. .

_oqg§ -
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< .

1
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a]anine. PYrrolidine carboxylic acid, and gyrosine are amino’

terminaliin the alpha, beta, -and gamma chains respectively(170).
Thé degree of helicity is about 33%.

3. The Fibrinopeptides:

| The f1brihopepti&es A and B are splif from the alpha and beta -
chains respectivély. by th§ aétion of thfombin and a wide variety of
serine proteases They afé Hydrolyzed at arginine-glycine bonds; |
A at the 16- 17 bond and B at the 14-15 bond; A and B fibrinopeptides
thus contain 16 and 14 amino acids respectively(170). In solution,
the fibrinopeptides are random coils as deterhined by circular
d1chrojsm(170), Inluummals. they have a negative charge of -2 to
-6 since B cqntaips'ty}osine-o-squate;and phosphoserine is present
in A(T70). Fibrinopeptides are considered able to prevent polymerizatg
tion»of'fibrinogen‘by mhtufl electrostgiﬁc répulsion.

4. Plasmin Degfadation of Fibrinogen:

.The degradation of‘fibrinogen by plasmin has'been studfed in
detail by Marder(171). If his terminology, the first intermediate
formed is Fragment X with a‘q?lecular weight of 240,000 and is still
' clottable. Fragment X is hydrolyzed by cleavages {n the carboxy
terninal half of the alpha chain and the reloval of 40 amino a®ids
from the anﬁ,p terminal beta chain. This yields Fragnnnt Y (iolecular

ight 195,000)—und a Fragment D (nolecular weight 83;090) both of
i:Z:ich inhibit clotting Fragment Y in turn is hydrg‘;'i i”,

terminals of all three chains to yield Fragment E, (isaﬂ v
50,000) which does not inhibit clotting, and another Fragment D.
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“ Fragment E‘is dimeric and contains“ the N te;miriql ends of all
three chains, which are held by disulfide bonds(172). It is open and
extended. Tﬁe two D fragment; are monomeric and contaiﬁ ségnnts
of all threg chains. The D fr:ag:ents are connected by the three
-»-ehains‘»»—to -the-central fngnent E. The carboxy terminals of the alpha
‘chains extend from the D fragments as 'water wings', and thus a‘major~
part of the carboxy terminal part of the alpha chain is not.connected
to the rest of the molecule by disulfide bridges(172). :

5. Cyanogen Bromide Degradation:

After deqradation-of fieripogen with c_yaggen bmnide which
hydrolyzes the thirty methoionine peptide bonds, Blombatk(173)
isolated the 'N-temi-na'l disulfide Knot' or N-DSK which conta__ined
about halfﬂof all the disulfide anages in the molecule and about
- 15% of the mass. It was found to correspond approximately to the
dimeric Fragment E, in that it contaiﬁed .the amino. terminais of all
s_1x cheins. It also contained the four f15r1nopep't1des A and B. The
primary sequence was determined by Blomback and Blomback(174) and by
Takagi and Doolittle(1970). About three hundred of the 1500 asvino
acids of a half molecule of human fibrinogen have been ‘sequenced,
most.of these near the amino terminal ends of the three d%‘ferggt

| | 4
chains('l70) : | %

‘ ®
6. The Conversion of Fibrinogen to Fibrin: .

de

« ' ,’ ?f ‘ '
The formation of fibrin fibers is verx;;_sensitj_g%‘io changes
in pH, fonic strength, fibrinogen concentrition, thrombin concentra-

7 »
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’lion and the presence or absence of some small molecules(170). .o

Fibéinogen can be converted- into a gel by:

1.  the action of thrombin by the removal g{\fibrinopeptides

»

and B, .
2. the removal of fibrinopeptide A by reptilase, .
3. the neutralization of negative charges by protamine sulfate and

4. the cross-linking of fibrinogen by transamidases(10).'

The isoelectric point of fibrin {s higher than that of fibrinogen
and it hag a measurable transverse dipole moment, §uggest1ng the
f16}1nopeptides are not located symmetrically(170).

’ The release of fibrinopeptide A occurs much faster than the
release of B(10). . The removal of the mutually repulsive peptides
allows the close approach of the fibrin molecules. They line up
with chqracteristic periodicity as seeﬁlin electron microscopy.
Polymeri;aﬁfbn,a highly exothermic reaction, releases 40-50 Kcal/
mole, and involves wea? interactions including hydrogen bonding,
dipole-dipole interactions as well as hydrophobic interactions.
Hydrogen bondirig is one of the main contributors to polymerization,

and to the large negative change in enthalpy(10).
7. Cross-Linking of Fibrin:

After polymerization has occurred, activated factor XIII first

cross-links antiparallel fibrin monomers at 2 sites along eacﬁ carbo-
. xy terminal lef of the alpha chain. While the gamma chain cross-

links are dimeric, the alpha chain cross-liqks are multi-meric, i.e.

several fibrin molecules afelcross-linked(lo). There may be two
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d1fferen§ acceptors in the alpha chains(10). There are no cross-

1inks between beta chains.
8. Paracoagulation:

Paracoagulation can be induced by basic proteins which neutra-

1ize the negative charge of fibrinogen, which results in the formation

of an ordered fibrinogen polymer with axial perodicity similar to

that seen in fibrin(10). .

9. Fibrin: !

y
Fibrin appears tobe chemically identical with fibrinogen except
for the absence of the fibrinopeptides(10). The formation of a
fibrin network occurs by, firstly, a linear chain formation depending
on the end to end interactions, and secondly, lateral aggregation
of the intermediate polymers. .It has been suggested that the
removal of fibrinopeptide A allows end to ehd aggregation, while
rgmoval of fibrinopeptide B allows side to side aggregation(10).
10. Abnormal Fibrinogens:
‘ , R
There are about 26 reported abnormal fibrinogens, all of which
are slow to form clots. They are defective in three ways:
1. abnormal release of fibrinopeptide(s) ‘
2. abnormal polymerization and
3. abnormal stabilization(175).
Fibrinogens Baltimore, Bethesda I, Metz, Giessen, and Cleveland 11
have been shown to have a defective release of fibrinopepti&e A.

»
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.Fibrinopeptide A 1s not released by thrombin from fibrinogen
Giessen, and is not released by reptilase from ff“ﬁnogen-ﬂetz(]?S).
Fibrinogens Detroit anq Bethesda I and II are defecfive in releising
fibrinopéptide B 6375). In fibrinogen Detroit, one of the arginine
residues in the N-DSK has been replaced by serine, which is
| repsonsible for the slow polymerization, due to the defective release
of fibrinopeptide B. Bethesda I is defective in releasing both
fibrinopeptides, but aggregates normally after peptide release. Hostt
dysfibrinogenemias are due to fibrinogens which are defecéive in
polymerizqtion(175). For example, fibrinogens Cleveland, Nancy and
Troyes release peptides normally, but aggregate abnormally(l75).
Fibrinogen Amsterdam aggregate§ abnormally in the presence of alpha-
2-globulin. Fibrinogen OKlahora is defective in stablization{175).
It has been suggested that abnormal fibrinogers are 1nherite?
as autosomal dominants(175). However, normal and aBnormal fibrino-
gens may be present in a single individual as found in fiprinogen

Detroft. .

11. The Size and Shape of the Fibrinogen Molecule:

The size and shape of the fibfinogen molecule are still under
intensive investigation and are a matter of 1iyely debate in the
literature. It has long been known from hydrodynamic studi;s that
fibrinogen is efther highly asymmetric or highly hydrated. It is
a prolate ellipsofd of revolution with an axial ratio of 30 and
dimensions of 30 x 90 A, if. it s assumed the molecule is unhydrated
(10). The data afe also consistent with sphere of 200 i containing
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8 g of water per gram of protein. A compromise stru?t:are is a
prolate ealso1d with an axial rat‘io of 5 dm%ns of 90 x

450 A and containing a large amagnf of

There have been many modefs /;r
microscope studies. qu‘aﬂ-euddig‘ du
molecule 690 A long. Bang(n \proposg&: hree nodular gpdel 375 ;{
Tong, with an ellipsoid\‘{ntfo'_gf 6-7. Hall and Slayter(178) obtained
electron micrographs of fibrinogen in the form of a linear structure
of three nodules held together by a thread. It had the dimensions
475 R long and diameter of 65 I.\ for the terminal nodules and 50 R
for the centrai nodule. The thread-like connecting piei:es were
postulated to be 8-15 3 thick. The triad morphology accounts for the
hgavy and light bands observed in fibrin(178).

Koppel(179) produced electron micrographs of bovine fibrinogen
1nqicat1ng a pentagonal dodecahedral structu}'e 240 R in d1a{neter. ‘
The edges of the structure were 81.2 ; long and were to contain the
peptide chains. He found perifodic structures in fibrin fibers of
200-208 A and 165-170 A(179). The volume from these studies was
calculated to be 3.4 x 106 &3 Each edge of this non-compact form
consisted of 2 segments of different peptide chains, which may have

the conformation of an alpha helix. Each co'rner consisted ¢f 3 short

parts of diffefent peptide chains. The mass of the protein fibrinogen B

molecule surrounded ten tinig more volume of water than its own
volume(179).
* Hudry-Clergeon et al.(180) obtained the same type of results by

electron microscopy and suggested the fibrinogen molecule could be

postuﬁted a multinodular

/

ol
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‘repnsentod by a wire netting sphere with large cavities, freely
‘accessible to the solvent. He suggested that the molecule undergdes
a large change in conformation resdﬁhing in an unfolding of the
molecule in the transition‘from,fibrinogen\to fibrin. A periodicity
of positive charges (23nm) was seen in fibrin and in paracoagulation®
but not fibrinogen(l\eo). A confomatj}onal change yduld account for
the release of B after the release of A and unmask cross-linking sites . _
on the alpha and gamma chains. Essentially fheir model consists 'of
a sphere'in wh1‘ch the carboxy terminalsare folded around the amino
terminal knot. It was prqposed tha: th?s-mode] accounted for many
aspects of the physico-chemical properties(180). ‘ !

The electron micrographs of Pouit et al.(181) showed ‘globular
fibrinogen molecules with diameters 190-320 i and random filamentous
extensions. During polymerization, the glo‘les become 1inear a]ongv
the filaments and decreased in diameter from 230 A.unti] they were

" no longer distinct, while the axfal periodicity decreased from 300 R
to 230 A. | ' ‘

Mosesson(182) suggested that the conclusions of Hall and Slayter
were incorrect when they)suggested that the monads ~(singlé spheres)
and dynads (two spheres) wére connected into a trinf&hlar molecule
sinte his electrophoretic study showed the electron microscope samp1e1
preparation g_pes not ca;:u siénificaﬁt covalent bond dis.rupt1on.,_

Blakely et al.(183) tn a tramsmission EM study found g‘TobuIah;

- particles, 10 nmm in diameter, sﬁcgly in triads. They proposeq a
polymerization process similar to that of Pbﬁit in which syonen

spherical structures form fibers by connections of strands of
'
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‘ BIOlback eta _l (184) suggested that the N-OSK is sttuatbd

in the mid@f the red, and-the two hafves amﬁjﬁnn in a

parallel fashi ﬁi»py}wgg not 1ie in the same plane bayond the

1{inkage region. ' ‘ Y
The results of Donovan and Mihaly1(185) from differential
scanning calorimetry suggest that fragmnnts Dand E exist
. independently as subunits in native fibrinogen in the same "
conformation in fibrin. Removal of fibrinopeptides does not‘a1ter
the confonmation of stability of the\subunits(les) |
A characteristic banding, 220-250 A is seen in electron

micrographs of fibrin wfter fiber formation. Koppel(179) suggested
that it was the diameter D€ his dodecahedral molecule. Kay and

-, 9
Cuddigan(17Thguggested it was a two-thirds over-lap of thei: 690 A
model. Bang(177)\ recommended a ome-third over-lap of a 375 A model,

while the Hall and Stayter model is consistent with a one-half over-
lap of molecules 47513 long(178). .

‘The transient electric birefrigenceri;uﬁies of Haschemq}er(196)
?ndicated that the fibrinopeptides R were located at opposite ends
of a three ball model fibrinogen, 220,A from the center, and Jocated
on the same side of a transverselaxis The fibrinopeptides B were
located equatoria]ly. and fibrin dimers were. para1lel On repeating
some of this work, Haschemeyer found that the f1br1nogen molecule
had a nearly spherical structure(]&&)

Fibrinogdn has a swollen or dissociated structure after removal

of calciom ions by EDTA(10). Fibrinogen nprmally has two ca1ftum
S .
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o aacraunn et al. (um mvemm :m shapé

fibrinogen .,

by The freeze-etching technique. Tha mlacules anpesk .,
,bylindars with hundad ends 450 A long and 90 A in .ﬂmt". : Tha‘ »

.

voluma was 2. 9 X 106 A3 which was sevan tﬂmas greater Mha dr‘y
volume, raqui?ing 2’ hydntion of 4 giams of wa:ar par gram of ‘

" protain(l&?) .
Lederer and Mamel(l&)) G:rriad out sma’n ang'le x-ray . L'\_

scattering maasurpant of dnuwﬂbﬂnogan so'lutions Tne requts

" were codbtable with a cylindar 450 A long: and: w A dianatar ‘Lederer

(188) reviewed hydrodynamic stud'ies and suggchd that thay are

; F. Synthesis of Fibrinogen o ) C ".): Y

L

Fi brinogen is synthe;iied and stored in tha HW(IO) Iha
pmcass by which the, cah Synthasizes three paptide chains and ans
then by disulfide bonds 1s unknom oo methods ag‘e tﬁapruea(w)

1. one long molecule. 1s synthasized and 1ntra~eha1u disulfide

bonds formed before hxpmjsis of peptfde bonds to fon &hm

sis migpt also occur after *alf
RE.Y

\

'l separate chains l-bdroly
m'lecules are Joined. : LN

2.  three separate chains ara synthemed, isﬁled 1nto a half
moTecule,- aﬂd tha half adiacules ja‘!m.by.disulfide bovm

The smhesis rata of. fibrinogen appnrg to be more gnportant . .

ey

)

.
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~ compatpble only with a cy'lindar modal B 7. U
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in controlling the plasm;’fibrinogen concentration than the catabolic
rate(189). The factors controlling the anabolic rate.are unknown.
The normal synthetic rate is 12-20% of capacity. suggesting repression
of genes controlling synthesis The synthetic rate does not appear to
be controlled by fibrinogen plasma concentration. The factor(s)
gausing an increase in acute phase reactants (fibrinogen, ceruloplasmin,
haptoglobulin. and a-1- antitryps%n) after a pathological stimulus
| are.alsq unknown1189).

Regoeczi(189) calculated the synthetic activity of hepatocytes
from the. catabolic rates, assuming a steady state condition. A
synthetic rate of 34 mg/kg/day amounts to 2.4 grams or 4,22 x 10]8
molecules synthesized per day in a standard man.. A liver parenchymal
cell must synthesiz; 2;.5 mLT1ion mpleculeb per day or 271 per second.
If thefe are approximately 3000 amino acids per molecule, the cell

will assemble 785,000 amino acids per second into fibringoen

molecules.

G. Catabolism of Fibrinogen

~

The fundl;enfal metabolic characteristics of fibrinogen include
"a high metabolic rate, a small extravascular® compartment and a first
order diffusion and catabolic rates{189). The catabolic rate can
.be determined by either measuring the.caé;bolized urinary activity
~ and protein bound plasma activity over the same time period. or .
by measuring the plasma activity alone. Regeoeczi(189) éuggegts
that the former nethod is not useful for fibrinogen because if the
half-1ife is short, the production of catabolites exceeds the elimina-
tion rate and so the urinary - radioactivfty is not fn equilib-
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rium with the plasma activity of metabolites. A discussion of
compartmental models is outside the scope of th{s survey.
Fibrinogen'catabolic rpteslgre consistent with a catabolism
of plasma fibrinegen bf‘pinocyg;sis, since sudden changes in
fibrinogen pool size lead to rapid changes in the catabolic rate
(189). Catabolism may occur in the endothelium or pericapillary
histiocytes or the reticuloendothelial system(190). It is generally
accepted that fibrinogen is not converted to fibrin before cafabolism.
The catabolism of fibrinogen is a first order reaction. When
the logarithm of decreasing plasma activity of 1abe11ed’fibr1nogen
is plotted against time, and terminal linear portion is extrapolated
‘to zero time, the'intercept is C] and the slope of the line -a,. If
' fhe 6rd1nate values of this line are subtracted from the plasma curve
values, a new curve is obtained, which, when plotted on semi-log paper
yields another straight portion with intercept C2 and decay constant
a2: This process mdy be repeated to yield intercept C3 and decay
constant a,. Thus C]+CZ+C3=1. |
Since the rate of disappearance of fibrinogen is generally a

double exponential function, the rate of disappearance is:
F = c]e'a]t + c2e°azt where F
is the concentration of plasma fibrinogen and a is the fraction of
fibrinogen catabolized per uhit"time and equals 1n2/t}.
Matthew(191) developmed a multi-compartmental model for plasma
protein catabolism. Using the compartment;} model and the catabolic
parameters C], ay, C2 and‘az, the fractional catabolic rate is

kﬁ =.'(C1/a] + C2/a2)°]. This is the reciprocal of the area under
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the plasma clearance curve. The rates of protein transfer to and
from the extravascular compartment are. respectively(189),

o = Clplay 2, ¢ Gy m by O - iy

kpp = Gag * Cayp =gy + ey (kg ky,2)
The tétal body fibrinogen is given by(189) |

P, = (C/al & Cylapx (€72 + c,/a2)72
and the extravascular fibrinogen 1s\then Ft - 1. The absolute
catabolic rate is caicﬁ’afed frol the fibrinogen concentration, x
the intravascular volume x fractional catabolic rate djvidep by thy
body weight. The ratio of the extravascular compartment (ev) to the
intravascular compartment (iv) is giQéBAby " K

ev/iv = (Cz(a2 - a]) /(a105' + a2c1) ;.
and the intravascular compartment fraction is calculated by

L -] -
iv = (kl,zlkz,] + 1) and ev k]’z/kz’

A summary of tjbrinogen metabolic par&heters is given in Table 5.
H. Radio-Labedled Fibrinogen Studies

Ardaillou and Larrieu(210) studied fibrinoéen'radioiodinated by
the iodine monochloride (IC1), lactoperoxidase (LP) and thyroid . '
peroxidase (TP) methods. The yield by the IC1 method was Soi,rwhile
the LP produced a yield of 90%, aqd the TP 80%. The isotopic clott-
ability was 75% by the TP method and 85% for the other methods(210).
Approximately 95% of radioactivity'was found in the fibrinogen peak
of the IC] and LP methods, but only 86% of the TP method when the

preparations were chromatographed on Sepharose 4B(210) Less than
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2% remained on the top of the column of the former two preparations’

and less than 5% of the latter. No activity was obtained in the void
volgme and the elution brofi}eS'were sim!]ar to those of unlqbellgd
fibrinogen.. PQlyacrylhmide gel electrophoresis patterns were siﬁ%lar
for native and labelled fibrinogens. The hydrolysis r§te in saline
‘was 10% after 4 days and less than 5% in plasma(ZlO).. LP and IC1
preparations gave similar results to native fibrinogen on po]ymgri-
zation, whereas TP sometimes gave variab[e results(210).

Ly and Kierulf(211) studied the effects of increasing iodfnation'

on the in vitro properties\of human fibrinogen. When the iodine to
. .

protein ratio exceeded three, aggregatipn‘and shortening of the
thrombin clotting time were observed. Eroductiqn of N-termina}
glycine was similar in native and iodinated fibrinogen. At‘visible
gelation, heavily fodinated fibrinogen (iodine to protein ratio =
20) had enhanced fibrin polymerjzation. EX;gnsive iodination also
‘ pro@ucéd increased electrophoretic mobility. This was due to the
increased negative charge caused by dissocigtion of the phenyl
hydroxyl of the MIT and DIT. Clottability was unchanged at I/P
ratios from 0.4 to 20(211). \ o
Regoeczi(213) measured the cﬁéhgé:in clottability of fibt;:?gen
labelled with I-125 with I/P ratios ranging from 0.06 to 9.96 in
the casé of human fibrinogen, 0.11 to 5.37 for rabbit fibrinogen, and
0.01 to 4.28 in the sheep fibrinogen. No substitution dependent
changes in clottabilfties were observed, but Regoeczi suggested that
heavily iodinated fibrinogen clots more slowly(213).
Regoeczi(ZlZ))hi;o reviewed the phenomenon of double halfflife
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fibrinogen. 1h which the mixing period is folldwed by two consecutive
‘exponentials This process cpuldlbe due to the presence of a substance
. which st1mu1ates the RES:or,a portion of the reparat1on may have a
higher affinity for the catabolic cel1s(212) This occurs frequently
.in o1d or improperly stored fibrinogen preparalﬁons(ZlZ). '
Krohn gt_gl.(lﬁ)‘studied'the prooerties of fibrinogen labelled
»Aby the'iodine monochloride,'1$ctoper021dase. chlohamine?T and electro-
chemical methods. He found that in the case of the chloramine T
preparation only 10% of the product corresponded in molecular weight
to nativeffibrinogen(16). Most of the preparation (80%) was in the
form of aggregates(16). .These aggregates have been shown by Metzger
to eccumulate in the liver when injected 1ntravenoos1y in dogs(131).
Krohn found that 47% of the electrolytic preparation was always found
in the form of aggregates(16). He also observed that the IC1 and
enzymatic preparatlons were considerably more stab]e to hydrolysis
than the other preparations(16).
Metzger(17) studied the ‘clearance of fibrinogen” labelled by
these four methods and found that the fraction of fibrinogen elimina-
tedeith the half life corresponding to native fibrinogen decreased

inshe order IC1, enzymatic, electrolytic and chloramine-T(17). The

pnethods had approximately twice the activity clearing with
Bst half 1ife(17). |

‘;5 et al.(18) studied the clot to blood ratios 1n surgi-.
rﬂ;lots -He found that‘the clot to blood ratios of |

activity 5'; xiuate]y 9,6, 2. 5, and 1.5 for the IC1, 1actoperox-

1£e. chlomiue-T an& elecglytic methods respectwely(w)



98

quwig.gg_gl.(214) measured the effect of iodination level on

.the properties of radioiodinated canine, rabbit and human fibrinogen.
Iodinition with 3 to 9 fodine atoms per molecuTe resulted in uﬁchanged
1sotpp1c clottabiiity compared to preparq}ions labelled at an I/P
ratio of 0.5(214). No alteration in thé molecular weight was observed
by sodium dodecylsulfa{e (SDS) gel electrophoresis. Canine and human
fibrinogen labelled up to I/P ratios of 4.5 demonstrated little change
in bfological clearance rate (70 hours and 78 hours respectively).
Rabbit fibrinbgen 1odﬁnated with 3.5 atoms of iodine per molecule was
eliminated more rapidly than at an I/P ratio of 0.5 (52 hours versus

47 hours)(214).
I. The Clinical Use of Radiolabelled Fibrinogen

Labelled fibrinogen;has been USe‘ in medicine in two ways.

It can be injetted intravenously where|it behaves in a fashion
similar to native fibrinogen, 1n>that it participates in any thrombus
or.fibrin formation. The labelled fibrinogen canuthereforé be
ﬁ-ﬁonitored externally at any site of interest to detect the presence
of accumufating fibrin. This,ability has been used for the detection
of postoperative deep venous thrombosis of the lower 1imbs, pu]monary.’

- emboli, pulmonary;trapping of fibrin in microembolism syndrome, A
coronary emboli, and,ré;al'transpiant rejection. Labelled fibrinogeh
can also be u;ed\fo study the catabolic rate of fibrinogen by serial
blood sampling in,patiéhts suffering from a variéty of pathological

conditions. *

’
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1. External Monitoring of Labelled Fibrinogen:

McFarlane(2) demonstrated that labelled fibrinogen is metabo-
" lized at a similar rate to that of native fibrinogen. The first
preparations of labelled fibrinogen for human use were made by

Christensen(218) in 1958 and by Hammond and Verel(219) in 1959.
a. Detection of Deep Venous Thrombosis:

Hobbs and Davies(3) first showed experimentally that a forming
thrombus incorporated 1-131 labelled fibrinogen that could be detec-
ted by external counting over a 1imb. Palko et al.(4) used this
technique‘clinically to locate deep venous thrombosis. However, it
was Atkins and Hawkins(5) whg successfully use& 1-125 labelled
fibrinogen in patfznts with deep venous thrombosis.

The method was refined by British surgeons such as Flanc et al.
(6), and Negus gg.gl.(7) who confirmed tﬁe reliability of the fibrino-
gen uptake test (FUT) by comparind‘it with ph]ebography: They showed
that if the Iabe]le& fibrinogen was injected into surgical patients ’
before thrombus formation, they were able to detect 90% of the deép
vein thrombi, that could be found with phlebograpﬁy. The procedure
consists of marking points along the teg from the center of the
groin along the cohrse of fhe femoral vein in the thigh and then down
the posteriormedia] aspect of the calf. The detector consists of a
Nal crystal scintillation system, the output of which is fed to a
scaler and timer or to a rate meter. Activity is measurgg 6n the

skin at marked points and by pointing the crystal towards the femoral

a
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vein in the thigh and into the bul< of the calf muscle in the leg
better resolution is obtained. The FUT is an accurate method of
diagnosis of deep venous thrombo§1s (DVT) in the lower two-thirds
of the thigh and in the calf. The presence of a thrombus is
suspected if a count rate ;t a point o;';he leg expressed as & per-
cent of the precordial count is 15-20% higher than adjacent points
or the same point on the opposite leg or is higher over a 48 hour
period. | . |

Kakkar et al.(8) simplified the procedure by the use of a rate
meter attached to a gamma detector. In his procedure the crystal
probe is placed over the 4th left intercostal space and the radio-
activity over the heart is measured and the machine adjusted to
fepresent a readiag of 100%. All other‘readings a;:.;btained Ss a-
percentage of the precordial count. An increase of 20% in any value
represents the formqtion of a thrombus. |

Kakkar g!{!h,(ZlG) studied the natural histofy of D!;/;n {32
surgical patients by the use of 100 uCi of I-125 fibrinogen. They
concludgdlthat most thromboses begin in the tibial and soleal veins
and propagate to the popliteal and femoral veins. The FUT. could be
used to detect patients at risk of pulmdnary embolism(216).

Flgpc et al.(6) used the same teéhnique in post-operative
patients. They found the calf to be the most common ;ite of throm-
bosis and suggested the FUT to be the‘most sensitive method of
detection of DNT(6). | |

Warlow(217) used the FUT to measure the incidence of DVT in

stroke patients suffering paralysis in one leg. Over half had DVT
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in the paralyzed leg within 10 days{217). '

Hume et al.(220) performed I-125 fibrinogen leg.scanning in
157 patients who had undergone hip replacement. Warfarin, sudoxicam,
heparin Snd‘placebo were compared for prophylactic effecti_ Fifty- .
five positive results were detected(220).

Hicks and Hazel1(222) determined the risk of hepatitis after
the use of I-125 fibrinogen in 354 post-operative patients. F1br1nJ}
gen from two sources was used to measure DVT in a clinical trial of
aspirin. There were 4 deaths in the controls and 3 in the fibrinogen
group due to ggundice. Laboratory studies of 252 patients indicated |
no excess of subclinical liver disease.

Harris et al.(221) carried out flat field probe scanning with
1-125 fibrinogen as a tracer for DVT after hip replacement in 83
batients. Accuracy of the technique was 76% or 83% excluding errors
due to the wound;tﬁg'sensftivity was 49%(221).

There are a4number of disadvantages to the fibrinogen uptake

test(215): o
1. It cannot détect thrombi above.the level of the upper third '
of the thigh. L " |

2. It is necessary to block the uptake of radisiodine by
administration of stable fodine.

3. It is necessary to wait 24 hours after admiaistration of the
radiopharmacéutigal before'festing the legs.

-

4, Hepatitis virus may be present in non-autologous preparations.
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The advantages of the test include(218):
1. It is the best methoédfor scregning large numbers of
patients for OVT in clinical trials of prophylactic drugs
and physical‘therapy. _
| 2. It is useful for screening high risk patients.
3. It can be used to make a diagnosis in cases ofléuspected.»- -
established DVT. 4
4, It is useful -for following the natural history of DVT in
hospitalized patients. '
The discussion of the physical methods of diagnosis is outside
. Afhe‘scope'of this survey. However, Johnson reviewed the accuracy
(total correct diagnosis/total number examined)(223), the specificity
(number of normal 1imbs diagnoqu/total number of normal 1imbs),

and the sensitivity (number of thrombosis diagnosed/total number of

thrombosié); as compared to contrast phlebography(223).

Method ~ Accuracy(%) Sensitivity(i) Specificity(%)
Clinical 54.9 ‘ 57.7 52.2
Plethysmoflaphic  75.2 8.2 -~ . 821
Doppler 76.8 , 75.6 78.0
Fibrinogen 95.5 ' 93.0 98.0
(prospective) . o
Fibrinogen . 61.5 45.0 - 78.0
(diagnostic) - 1 ;

~Charkes et al.(92) have suggested that since I-125 fibrinogen
canriot be used to detect DVT In the 111ac veins, I-131 Tabelled
fibrinegen should be used t6 locate DVT in"these veins. Thisjrndio~

pharmaceutical was used in 37 patients. Whole body scans were
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+ performed up to ‘Seven days after injectton of 350 uCi of I-13
f1br1nogen Compared to phiebography, the method was 93% accurate;
thc sonsitivity was 70%.and the specificity was 95%(92)

*

b. Diagnosis of Deep VQnous Thrombosis by lsotopic Methods:

T Rhodes €t a1 (224) mave divided the thrmbes%s—«tect#ng udio* .
phamceuti&als into six categories. which correspend to: pathways of
- incorporation during thrombus fomtion and dissolution: ’

Stage ' . Tracer

‘ !
1. Thrombogenesis ~ Plagelets
' * Clotting Factors
- ~ Fibrinogen v

2. Clot Stabilfzation © Factor X111

3.¢ o, AdheSioh or adsomtion ~ Pla rﬁ‘ets ted” Albumin .
. aggm. umin b

_ ‘ ' mcrospheres :
e o : Sod{um _Pem;:hneute

4. Invasion | Leucocytes
5.  Antigen-antibody reactien Anti-fibrin
| | ' Anti-fibrinogen

' ~ Anti-plasmin
, Ant‘li-Fnctor XIIT | |

6.  Fibrinolysis “ © plaswin
° . Plaswinogen
Streptokinase.
Urokinase
Duffy et al. (225) described the use of macro-aggregated albumin
hbelled uith =131, Aftar injection of mu uCi of the tracer in the
pedal’ vein activity was messured at seven poinis along the injected
leg and the contro'l leg. The c'leannce of uctivity was efther rapid

5 or delayed. The sewsftivﬂty was 88%, Specificfty 87% and the accursy:



87%. | | C N

Fremn et al.(226) reported a single case Im nMch Tc-ﬂh "
sulfur colloid was useful in ‘inadvertently locating a nry lqge ) 5
thrombu&in' the superior vena cava, which was caused by the pr;\ences
of ’.catheter

“"Webber e _}_a] {227) injected Tc-99m MAA- ito pedal.veins of. .
patients and scanning of the Jower extruﬂties showed a 70% accuracy
,compared w1th venography. Of patients with pulmnary embolt, 80%

‘had positive leg scans. There was a-high 1nc!dence of false posi- |
tives(227)

Henkin and Quinn(223) studied human albumin mtcms%res as. |
a tracer for DVT and found a 96% accuracy coupandfuith dontrast
venography(228) The calf could not be diagnosed lccurate’ly.( False
posi tives were almst absent. They considered macro-aggregated albumin. '
1nfer10r “to human albumin m1prospheres The ability to alge the
lungs provided a check on the patient with venous Jdisease or a check‘_
on the progress of previous enboli(zzs) | )

Kuapi and von Scheele(229) used Nagg'“TcO4 to image thrombi in \
+he deep venpus system of the legs. The tracer was injected in the ,!
brachial vein and scintigrams of the legs were taken every 20 - '
seconds for 3 minutes. Four hours l_atef. a _sihgle image of the le§$
was obta'ined The ratio of mctilv‘lty'ir;"al'l area of the suspec-

'. ted thrombi was coupand with a similar area on the opposite leg._\._A

ratio greater than 1.15 was considered positive., The accuncy was

80%, the sensitivity was 90%, ap_d specificity was 67%.) ’
foman and Grumet(230} reported the use of Cr-51 Tabelled
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leucocytes for detecting preformed thrombi by external scintillation
counting. Labelled leucocytes infiltrated throughout the thrombus.
The uptake of labelled autologous leukocytes in patients with
clinically evident DVT correlated well with venographic diagnosig.
Aﬁ 8-20% increase in radioactivity occurred at 12-24 hours.
| Charkes et _al. (240) found that I-131 labei1edﬁleucocytes
fapidly accumulated in venous thrombi in dogs. Tc-99m sulfur colloid
ingested by leucocytes was considered more successful. Thrombi
could be detected after labelling by this method by photoscanning
in dogs, with thrombus to blood ratios of 50:1 at 24 hours(240).
Thakur et al.(241) labelled platelets with Indium-111-8-
hydroxyquinoline complex with 95% efficiency. The thrombi were
detecfed in dog veins b} imaging 3 hours after administration. The
thrombus to blood ratio was 15:1. Damaged carotid arteries demon-
strated thrombus to blood ratios between 8 to 20:(241).
Reich et al.(231) described the use of I-131 horse antihuman
| fibrin—fibrinogen globulin to label asymptoﬁatic o; symptomatic calf
vein thrombus(23i). The use of a scintillation detector permitted
the localization of symptomatic calf thrombus and asymtomatic
thrombus was diagnosed 3 dalys before clinical diagrosis(231).

Spar et al locat¢d thrombi in dogs with I-131 anti-canine

fibrinogen. 1In humén was found to have a long half-life.
Circulating labelled antibody could be removed by immunological
means (232). :
(232) _\ N
Bosnjakovic.et al.(233) labelled rabbit anti-human fibrin
globulin with I-131 by an electrolytic method.” Admintstration to

patients allowed detection of ing and formed thrombi and could

*
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discriminate between acute thrombosis and chronic varicosities(233).

Harwig ;E_gl.(234)1501ated canine plasminogen by affinity
chromatography on lysine Sepharose 4B and labelled it with [-125 or
I-131 by the IC1 method. Radioiodinated plasminogen produced
thrombus. to blood ratios of 7.8:1 in dogs with 2 day old thrombi.
Thrombi six days old could be visualized 80% of the time(234).

Millar and Smith(235) labelled urokinase with Tc-99m by a
stannbus chloride method. Twenty minutes after the irrection of 3
mCi of the tracer, scanning was started. The accuracy was 95.5%
the sensitivity Wés 91.6% and the specificity was 100%. The method
detected formed and forming thrombi, was compTeted‘within 1 hour,
and gave visualization of the calf, femoral and ileofemoral veins
(235).

Rhodes g3_9131236)‘1abe11ed urokinase with radioiodine, and _
with Tc-99m. They found that urokinase retained its enzymatic "
activity and immunoreactivity over a wide pH range. In vivo
. it concentrated in the liver and kidneys and was excreted in the
urine. It localized in thrombi induced in the veins of dogs(236).

Dugan et al.(237) located surgically induced thrombi in dogs
with Tc-99m labelled streptokinase. The enzyme was labelled by use
of a SnC]z-H01 procedure. The tracer was eliminated with a half-life
of 12 m%nutes, while the remainder had an 85 minute half-life. Ten
minutes after injecting 3 mCi of the t?acer, pdsitive uptake‘was
noted; the optimum occurred at 1 hour. Thq ratios or radioactivity
in the clot to blood was greater than 20:1 at 4 hours and 2.3% of the

injected dose was incorporated(237).

s
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Kempi et al.(238) labelled streptokinase with Tc-99m. The
pH of the preparation was 2.0 and 50% of the pertechpetate was not
t'bound'to the streptokinase. A gamma camera was used to 1hage both
']egs. A ratio of 1.05:1 at the suspected site versus a correspond-
ing site in the opposite leg was diagnosed as pathologiéa]. In 19
patients, the accuracy was.89.5%, compared to venography, the
sensitivity was 84.6%, and}the specificity was 100%(235).

Siegel et al.(239) labelled streptokinase with I-131 by the
Chloramine-T method and found that it localized in induced clots in
dogs, permitting the imaging of peripheral and pulmonary emboli.

Rhodes et al.(224) labelled highly purified streptokinase with
I-131 and found that the tfacér localized in experimental clots in
dogs with clot to blood ratios from 1.8 to 3.3:1 within 2 hours.

The blood clearance rate was slower and the distribution was differ-.

ent than reported for previous preparations(224).

c. Pulmonary Embolism:

While I-125 fibrinogen cannot be used for imagfng thrombi
in the chest, Busch et al.(242) used the radiopharmaceutical to
detect fibrin trapping in the lungs of multiply injured patients
developing the microembolism syndrome. Uptake was detected in four
patients out of a total of 15, which was confirmed at autbpsy in

these four(242).
d. Intracardiac Thrombosis:

Frisbie et al.(243) used I-131 fibrinogen to survey 20 patients
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with cardiac disease predisposing to intracardiac thrombosis: 8 of
9 patients with positive uptake and 11 of 11 patients with no uptake
were confirmed at suréery or autopsy. The methoq of detection was
éonducted_by imaging or rectilinear scan at 5 miﬁutes; 3 hours, 24
hours, and from 2 to 6 days after 1njéction of the tracer(243).
Erhardt and SJ%gr;n(244) administefed 100 uCi of I-125
fibrinogen to 80 patients in an attempt to diagnose ventricular
- mural thrombi complicating myocardial infraction. Precordial
activity was measured at 4 sites for 6 days. A sustained'rise in
activity was suggestive bf mural thrombosis. Using this technique
Erhardt concluded that in acute myocardial infarction, coronary
“thrombosis formation may be secondary and takes place over a long
time period(244). ! |
| Warlow and Terry(245) obsérved that 4 of 83 patients with acute
myocardial infarction had no decreasedjpfecordialYactivity‘after |
tnjection of 100 uCi of I-125 fibrinoéen. A sustained or rising
precordial activity can detectgfhiracardiac mural thrombosis before

embolization(245).
e. Detection of Renal Transplant Rejection:

In 1967, Porter(246) observed intravascular fibrin in rejected
renal transplants. Salaman(247) published a series of papers on the,

use of I-125 fibrinogen for thé detection of rejection of cadqveric
renal transplants. ' After adm!gjgi:::ion'of the labelled protein, the

radfoactivity of the transplant was measured with a scintillation



109

counter(247). An 1n§bease of 20% over the precordial count rate was
found in transplants undergoing rejection. In a study of rejected
kidneys, he found fibrin in the renal interstitiﬁﬁ and within the
glomeruli. Of 11 patients, 7 showed increased activity and all
had other evidencerof rejection. It was suggested that the procedyre
was valuable in patients with deiayed fuﬁction and thJ;e with L
sugpected rejection diagnosed by other methods(247). -

Straub(248) also investigated the method and suggested the
procedure was only valid after hedling had occurred. Other errors
in the prbcédure were tﬁe formation of hematomas, full bladders,
and ureteral obstruction. Fibrinogen tﬁrnover_studies could not be
used to detect transplant rejecfion. However, the method could be
used to evaluate Heparin therapy1248). |

Winston et al.(249) used 1-13] fibrinogen,as an indicator of ~
renal rejection by means of a soinitl1ation camera. Transplant
gptakévlevels-of less than 0.3% of thé injected dose indicated nons
rejection; levels from 0.3 to 1.0% of the injected dose were of
'intermediate significance’ requiring follow up. Accumulation of
more than 1% of the dose occurred during or precéeding rejection
episodes(249). | | | n

George et al.(250) made an evaluation of renal transplant
rejection with labelled fibrinogen, 3¢ sulfur colloidand ®/Ga-
citrate. It was concluded that_gngc“sulfurcolloid was superior to
radiofibrinogen and gallium in imaging qualities, radiation dose,

sensitivity and specificity(250).
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f. Detection of the Uptake of Labelled Fibrinogen

by - Tumors:

Monasterio et a1 (25])used I-131 and I-125 ]abelled fibrinogen .
to detect malighant tumors in 96 patients. Electrolytically Iabelled
fibrinogen was administered to the patients with space occupying ‘
lesions,vincluding jnflammations and cysts. Activity in the lesion
was exptessed as a percent of the précordial count. C?rrect diagno-
sis was obtained in)75% of the cases(251). /

Riccioni used I-131 fibrinogen to evaluate cold spots of
‘liver radio-colloid scans(252). Activity of I-131 fibrinogen in
these areas were expressed as percent of the precordial count rate
at 1 and 48 hours. The concordance was 87%, the specificity 91%,
and the sensitivity was 84;2%(252).

Krohn et al.(253) found I 123 fibrinogen had a higher uptake

67 ]]]In ~-bleomycin, or Ilodo-

in Murine tumors than %’Ga- citrate,

bleomycin. The I/P ratio was 50:1(253). ' ;
De Nardo et al.(254) labelled fibrinogen at I/P ratios of

~ 2,5,25,45 and 65 to 1. The distribution and clearance was measured

in the KHJJ tumor model. Bleod clearance of .heavily 1od1nated Q

fibrinogen was much faster than fibrinogen with an I/P of 2 and the

tumor uptake was seven times greater at 4 hours(254)

2. The Measurement of F1brinogen Catabolic Rates in Various

Disease States

a. Renal DiseaSe:_

Ardaillou'gg;al,(lﬁb) studied the kinetics of I-125 fibpinogeq
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in patients with chronic renal failure of arterial origiﬁ and of
other causes and in control patients. "It was concluded that
synthesis of fibrinogen in chronic renal failure was increased
in al] cases(160). | |

A study of fibrinogen catabolism by Wardle and Kerr in patients
with glomerulonephritis demonstrated increased fibrinogen catabolism

due to active immune complex disorders(255).

P o
b. Cancer:

Bettigole et al.(256) measured the half-lives of labelled
fibrinogen in patients'with various malignancies. Theyﬁranged frem
.30 to 86 hours. Patients with intravascular eoagulatiqn syndroﬁe;;
had fibrinogen half-lives of 10-16 hours.

Boneu et al .(192)"found that the half-life of fibrinogen
I-131 was shortened in patients Suffering from malignant tumors
(2.5 days versus 3.9 days for controls). External counting proce-
dures demonstrated the uptake of I&Qelled fibrinogen 1n the tumors.
Adm1n1strat1on of heparin ‘restored the ha]f—]mfe to nprma] values,_mw
(192). |

McFarlane et al. (198) 1nvestigated the metabollsm of
“"fibrinogen im pat1ents suffering from pr1mary carcinoma of the
11ver, c1rrh051s of the 11ver and acute palmonary tuberculosis.

He found that neither the intravenous fraction’ nor the fract1onal
™ catabolic ra;e changed but the total mass of f1br1nogen catabolized
was 1ncreased the change being greatest 1n the tubercu10515

~ (198). e o - _ : e
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Laki(257) observed that when the clot §tabi]1€ation process
was.inhibited in mice, imblanted-YPC-] tumors did bof take or were
retarded 1n growth. This was considered to be due to the prevention
of the formation o% the matrix into which new capillaries grow into
the malignant tumors, forcing tﬁe cells 1nt6“ ‘?getative existance.
Ogura et al.(258) studied the localization of 1-131 fibrinogen in
Walker carcinosarcoma of rats(258). Fibrinogen localized in the tumor
in a large quanitity.and with high specificity, which was closely
re]ated‘io thmé;-growth or development after implantation. The degree
of localization of fibrinogé% was proportional to original clottability
of therreparation. It was suggested that fibrinogen localized-ih
the tumor tissue as fibrin(258). | » o

Peterson and Appelgren(259) measured the uptake and retention of
labelled a]bumin and fibrinogen in a transplantable rat tumor. A
~ high FUmof uptake of both proteins'was noted and that was considered

- to be due to high'permeability of the tumor capi]lary”walls(ZSQ);
c. Other Disease States:

Tytgaf‘et a15(260) studied thé fibrinogen turnover in cdses of
polycythemia, thrombocytosis, hemophilia A, congenital afibrinogenemia,
'and during streptokinase therapy. The fibrinogen half- life in control
pat1ents was -found to be 4.14 days In primary or secondary po]ycythe-
mia, the fibrinogen half-life was shorted to 2.9 days and in patients '
with thrombocytosis, the half-life was 3.2 days; in hemophilia A,
the half-1ife was 3.7 days. The half- life was prolonged in all

_conditions, except hemopnilia,_by anticoagulation. Fibrinogen turn-_
‘ ( _
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over was accelerated in streptokinase therapy(260).

In another study, Tytgat gg_gls(Zsl)founa that patients with
cirrhosis of the liver had a shortened fibrinogen haif-1ife du;,to h
chronic disseminated intravdScu]ar é&agu]ation. Fibrinogef iyf—
lives were normalized with heparin therapy(261). /

Zetterquist(262) found the half-life of fibrinogen in jpatients -
" With coégu]ation deficiency states to be wfthin the normal range. In

polycythemia vera, fibrinogén catabolism was abnorme'ly rapid,

we]]igs in some cases of liver cirrhosis and fatty 1‘ver. Intravas
coagulation was suspected as the cause. Patients with epidermolysis
‘bullosa had normal fibrinogen halfelives(262). ‘

Ansari and S11v1s(263) applied the plasma concentration of
fibrinogen to the differential diagnosis of an en]arged and 1rregu1ar
Tiver(263). Patients were classified by fibrinogen concentration into
five groups: 1. normal, 2. ,misée]lanéous diseases, 3. Laennecs ”

cirrhosis, 4. malignant tumor, and 5. metasta;ic diseases(263).

3. . Dosimetry:

Kakkar(278) reported that the 1n3ect1on of 100 uCi of I- 125
f1br1nogen w11] deliver a radiation dose of 200 mrem to the blood,
20- mrem to ‘the tissues and 4 mrem to the kidneys. In addition, he
'reported that 1-125 fibrinogen does not cross the plaEenté, but free
I-125 was present in small quantities in fetal t1ssues Ra&ioactivity ‘

was a1so foundJ;n breast m11k(278)
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I.  MATERIALS

A. Animals:

A}

- Mongrel dogs of either sex weighing 10-20 kg were used in the
experimental measurgmeht of plasma clearance rates of 1-125 labelled
fibrinogen. They‘were 5ndj§jdua11y housed in large cages with water
ads 1ibitum, and fed‘iwice daily (Dr. Ballard's Champion Dog Food).
A11 the urine was collected and stored until the radioactivity could
be safely discarded. ®
The rabbits used in the human fibrinogen plasma clearance

studies were mature New Zealand white rabbits, weighing 4.0-4.1 kg

They were 1nd1v1duolly housed with free access to food and water.

B. Chepicals: . ’ , ’

A1l chemicals used in these investigations were of A.C.S.,
reagent, U.S.P. or B.P. specifications. - | ‘ '
The following chemicals were burchased from Fisher Scienfific
Co. Ltd., Fair Lawn?—New Jersey: |
1. « Trichloroacetic acid M. W. 163.39 ‘ \
2. Potassium oxalate . W. 184.24 . |
3. lodine H. W. 126.90
4, ThamR - tr1s (hydroxymethy]) aminomethane M. . 121.14
5 Glyc1ne M. W. 75.07
6 | Cyste1ne hydrochloride monohydrate M. W. 140.19
7. Sodium Citrate M. W. 294.70

8.- Potassium fodide (granular) M. W. 166.01
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9.  Aluminum hydroxide M. W. 155.99

10. Sodium phosphate dibasic heptahydrate !l. W. 268.07

11.  Sodium iodide M. W. 147.02

12. Sodium carbonate 105.99

13.  Sodium hydroxide M.. W. 40.01

14.  Urea M. W. 50.06

'15. Phenol Reagent
. *{: i~
The following chemicals were obtained from other sources:
1. Sodium chloride 1. W. 58.45 MacArthur Chemical Co.
. ) | Montreal, Quebec
2. Nembutal SoJium M. W. 248.26 Abbott Laboratories Ltd.
' ~, Montreal, “Quebec
3. Innovar-Vet ’ . N : McNeil Laboratories (Canada)
Don Mills, Ontario

4.  E<Toxa-Clean | Sigma Chemical Co.

. o . ‘ St. Louis, Mo. _ - '

5. Anticoagulant Citrate Dextrose Fenwal -Laboratories
Solution U.S.P. Formula A . Morton Grove, I11.
(contained in plastic bags " ~
for the collection of 450 ml
of blood)

6.  Monochloroacetate . B. D. H. Chemicals Ltd.-.
H. W. 94.5 » Poole, England -

7. Sodium Dichromate M. W. 298 B..D. H. Chemicals Ltd.

‘o o . Poole, England '

8.  Sulfuric Acid, Concentrated. = MacArthur Chemical Co.
M. W. 98.08 o Montreal, Quebec - ¥

5. Methanol M. W. 32.08 ~ MacArthur Chemical Co.

0 99.5% CHaOH Montreal, Quebec = —r— -

10.  Ethanol 1. W. 46.07 HacArthur| Chemical Co,

95% CZHSOH; : . 5ontrea1, Quebec
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" Calgary, Alberta
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11.  Sodium Hydroxide M. W. 40.01 Anachemia Chemicals Ltd.
Standard Volumetric Solutions Montreal, P. Q.
1.0 N and 0.1 N o
12. Hydrochloric Acid M. W. 36.46 Anachemia Chemicals Ltd.
Standard Volumetric Solations Montreal, Quebec
1.0 N and 0.1 N
- 13~ - Sodium Thisosulfate M. W. _ _Anachemia Chemicals Ltd. -
158.13 Standard Volumetric Montreal, Quebec
Solution 0.1N
14. ¢- Aminocaproic acid Fluka, A. G.
M. W. 131.17 | Switzerland
15. Po'tass'.im“Phosph'ate Monobasic New York, N. Y.
M. W. 136.09 : Allied Chemical Co.
<& 3 : ) )
16. g- Alanine M. W. 89.10 J. T. Baker Chemical Co.
) " Phillipsburg, N. J.
17+ Sterile Water for Injection Baxter Laboratories of
s . - Canada Ltd.
Malton, Ontario \
18. Cutter Laboratoriesxttd.

Sodium iodide-125 was obtained from International Chemical
and Nuclear Corporation of MontreaI Quebec in 10 mCi amounts,

dissolVed' n 0.03 ml of 0.1 N NaOH pH 11. 5. The: radionuclidic

purity was stated to be greater than 99% Being protein reagdnt grade,
the I- 125 was carr1er free and'reductant free This'mater1a1 was

'd1luted to 0. 2 ml with 0.1 N NaOH and refrigerated unth used.

D. ‘chromatographic Materia1:

Sephadex 1£ a gel filtration material supp1ied as dried beads
by Pharmacia (Canada) Ltd The- product is ‘prepared by crossjﬁinking

[
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dextran by. means of epichlorohydrin to produce a three-dimensiopaj
matr1x: Sephadex beads swell in the presence of water, due to the
: presenc!’bf hydrophilic hydroxyl. groups. | | .
Sephadex G-10 has a dry particle diameter of 40-120 um,a water
régain value of}]{O ml of wéter per gramﬂof dqy beads, a bed voTume
of 2-3 ml per dry gram and;e fractionation(range of 0-700 de1tpns.
Sephadex G-25 medium has a particle d.iameter of 50-150 u, a
 water regain value of 2.5, a bed volume of 4-6 ml/g, a fractionation
range of 1000 to 5000 daltons. » .
Sephadex 'G-200 has a particlediameterof 40-120 ut:%juaterregaih

iy
°

value of 20 m1/g, a bed volume of 30-40 ml/g and a fractionation range
of 5000 to 800,000 daltons.
Sephadex G-10 and G-25 are converted to a gel by heating a
weighed portion of dry beeds in excess distilled water-on a steam
_bath for at least 1 hour. Sephadex G-200 was prepared in a similar’
manner, except that it was Heafed for at least 6 hours. "
SepharoseR gel filtration media, supplied bx Pharm;cia(Caheda)
Ltd., is"made from agarose, a linear polysaumaripe ofa1ternat!ng
residues of D galactose and 3,6 anhydro-L- ga]actose units. The
material is supp]ied in liter bottles of hydrated spherical agarose
gel beads, and is ready for use without further preparation.
Sepharose 2B contains 2% agarose. The perticleksize'fé 60-250.p.
and the exclusion Timit for proteins is 40 X 106 da]tons- “ , -‘iqr
Sepharose 58 ;; supplied as: 40-210 u beads with an agarose . f .
‘content of 6%. The exclusion limit is 4 x [? daltons for . proteins.f\/

) Disposable columns of Sephadex G-25 mediumeu@re obtained from

Pharmacia (Canada) Ltd. These prepacked colupns have a bed vo]ume..

©
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of 9.1 ml and a void volQme of approximately 2.5 ml for proteins.
Thése columns were used to produce sterile, pyfogen-free fibrinogen
in the fo]]ox&pg way: " The columns were disassembled aﬁd autoclaved,
followed by reassembly in a laminar flow hood. The columns were
Fepacked with stefi]e, pyrogen free saline, followed by equilibration
with.sterile, pyrogen-free isotonic phosphate buffer, pH 7.4.
| Dowex 1x-4 anion exchange resin was obtained from BioRad
Laboratories, Richmond, California. “This is a weak anion exéhange
resin, which consists of beads of polystyrene matrix with quaternary
functional groups in the chloride form. It was prepared by
equi]ibratihg the beads in 0.1N HC1 for a few minutes, then washing
the beads to neutrality with distilled water. For sterile, pyrogen-
free fibrinogen production, the beads were autoclaved in distilled
water, and packed,in‘p ﬁteri]e dispgsabfé 5 ml syringe equippped
with a Swinnex adapter.contéining a 0.8 u membrane filter (Millipore \
Corp.). This was used in the removal of iodide and iodate from

“labelled fibrinogen reaction mixtures.

D. Chromatographic Material:

EN
~

Electrophoresis and immunoelectrophdresis was carried out on
\ Sy
.an.ACI Casettg Electrophoresis Tell and Power Supply, using ACI

§%5§arq§e Undversal Electrophoresis Film, supplied by Analytical

ot

" Chemists, Inc., Palo Alto, California. Barbital buffer pH 8.6,
N\ _

0.05 M 'with 0.035% EDTA was used in all analyses. One microliter

: sra'mplesn weré chromatographed for 30 minutes." Prc;tefins were fixed

~ and stained after electrophoresis or diffusion by immersing the film
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fn 0.2% Amido Black in 5% acetic acid' for 15 minutes. The film was
destained by agitating in 5% acetic acid for 30 seconds. It was
then dried at 75°C for about 15 minutes, followed by immersion in
5% acetic acid for 1.0 minute, and repeated in fresh - acetic acid
for 1.0 minute. The film was dried at 75°C for 15 minutes.
Anti-human serum (Hyland Division of Travenol Laboratories,
Inc., Costa Mesa, California) was allowed to‘diffuse for 48 hours

before staining the film as indicated above.
E. Freeze-Dried Human Fibrinogen:

.Freeze-Dried Human Fibrinogen was obtained in 1 gram bottles
as a gift of the Canadian Red Cross Society. Therprotein was
fractionatéd from plasma by Connaught Laboratories Ltd. (Toronto,
Ontario) qsipg the Cohn Cold Ethanol Fractionation Procedure and
lyophilized. It was refrigerated until used.

Huian Fibrinogen (U.S.P.) was also obtained from Cutter

Laboratories, Berkley, Californfa in a 1 g bottle. It also contained

0.92 g Na citrate, 2.5 g dextrose, 60 mg glycine.

F. Solutions:

A1l solutions were made with de-ionized and double distilled
water. The solutions were filtered through 0.45 u membrane filters
(Mi114pore Corporation, Bedford, Mass.) and stored in closed

s

containers at room temperature.

1. Isotonic Buffered Diluting Solution pH 7.4 was made accordthg

to the following formula:
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KH, PO 1.9 ¢

24

Na,HPO, 8.1 ¢

NaCl 4.11 g

H,0 g.s. ad 1.0 1

Tris Buffer pH 8.0 : .

Tris 7 . _6.05¢g

HC1 2N 13.4 -ml

H,0 g.s. ad 1.0 1 . N

A series of buffers were made according to the U;S.ﬁ; XVII,
except that the buffers were made 0.2 N in NaCl. The pH \
was determined by the use Sf a Bgékman Zeromatic pH meter,
‘which was standardized with Beckman Standard Buffer pH 7.0
(Beckman Instruments, Inc., Fullerton, California). The

following stock solutions were used:

(1) KH2P04 27.218 g
NaCl 11.688 g

HZO q.s.‘ad_ -1.0 1

. (i) NaOH . . 0.2 N
NaCl 13.6° g

HZO v ‘ 0.5 1

Potaﬁsium Iodide Carrier Solution:

A stock solution of 3 x 1072 M KI was made by dissolving (\\1;
498 mg of KI in sufficient water to make 100 mi. One ml of
stock solution was then diluted with sufficient buffer

of the desired pH to make 100 mT of 3 x 10™% M KI. ‘
Thrombin: |

Topical Thrombin (Boiine Origin) was supplied by Parke,

Dﬁvis and Co. 1n 10,000 unit vials. The enzyme was dissolved

in 20 ml ofJnormal saline and divided into 1.0 ml‘alfqhots
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and kept frozen until used.
6. Alkaline Urea Solution:
Alkaline Urea solution was prepared by dissolving 40 grams of -

r ) ¢
urea in sufficient 0.2 N NaOH to make 100 ml.

G. Electrolytic Cells for Radioiodination of:Fibrinogenf

Macro-Electrolyte Cell

For the initial studies of the parameters involved in electro-
“"1ytic radioiodination of human fibrinogen, a cell similar in design

to that reported by Kha]kha]i.was‘used(63). The anode consisfed of

a 30 ml platinum crucible, which was the working electrode on .which
the oxidation of iddide~to iodine occurred. The cathode (passive.
electrode) was a 12 cm long,0.8 mm diameter platinum wire. This

wire was contained in fhe cathode compartment, which consisted of

a glass tube (10 cm X 1 cm) which was closed at the lower end by a
dialysis membrane (Fisher Scientific Ltd., Fair Lawn, N. J.) with
48’3 pore size. A saturated calomel electrode was used as a reference
electrode. The cell was ggpported by a Luc{te case, which also
‘supported the electrical connections. Fdele 1 shows the detai]s.

of thg above cell, built by Mr. C. Ediss, Faculty of Pharmacy.

Micro-electrolytic cell

A smaller cell was designed for iodinations of small quantities
of fibrinogep. This cell consisted of a block of polytetra-fluoro-
éthy]ene (PfFE) into which was drilled a flat-bottomed hole, 1 cm
- deep and cm in diameter. TRE block wa? then divided in half

in the plane of the axis of the cylindrical hole. A dialysis
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. Fj‘gure 1: Macro-Electrolytic Cell
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. . - ‘
.membrane could then be nlacedebetween the‘twé pieces, which were
then bolted together, forming two separate compartments. The'wa]lg
of each compartment was lined;with a piece pf_p]atinum foil (0.001"
thick) to which electrical connections were made. One compaktment
was the anoée and;the other the cathqde; each contained approximately :

0.6 ml1. Figure 2 shows the details of the above cell.
H. Efectronics:

The powen for the e]ectrelytic cells was sunplied by two 1.5
volt "D" dry cell batterfes in sertes with a ten-turn potentiometer.
For constant‘current 1qd1nations, a simi]ar pqwen’source was used, -
except that the current was maintained at a constant va1ne by a ’
transistorized circuit A voltmeter (Armaco Multi Range D. C.
voltmeter, Model SM 1, Armaco, Japan) was used to measure the
applied voltage between ‘the anode and cathode (Pt-vs Pt), and a

vacuum tube voltmeter (Heathk Model "IM-18, Heath Company, Benton

Harbor, Michigan) was used/to measure voltage between the saturated
calomel e1ectrode and the an . A microammeter (Armaco Mu1t1 Range _

DC microammeter, Model SM 301, Agmaco, Japan) was connected 1in series |
to measure the current flow through the cell as 111ustrated 1n |

_Figure 1. e
II. METHODS <

A, ‘Isolation of'Ftbrinogen from.P]asma:

Severa] methods were used for the 1solation of fibrinogen from

plasma.v These methods are described below.
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Method 1

Blood was collected from the ante-cubital vein of healthy
volunteers into six citrated (3.8%, 0.5 ml) Vacutainers (Becton-
Dickinson & Co. Canada Ltd., Clarkson, Ontario) with 4.5 ml draw.

" The anticoagulated blood was ‘centrifuged at 2000 rpm (840 g) for
15'minuteé on an International Eqdipment Corporation - (M cenfrifuge
and;the plasma was tnen removed and supjected to chromatography Qﬁ'a
Sephadex G-ZOQ column {( 5 cm x 90 cm) each at 4°C. The column '
itself wae a K 50/100 column obtained from Pharmacia (Canada) Ltd.,
and was equipped with two flow adapters, so that upward fTow couid

be used to prevent excessive packing. The eluting buffer was Tris

' buffer.pH 8.0 and‘the'fiow rate was 1.0 ml per minute. The eluate
was,monitgred by means of a flow through ultra-violet photometer

(uv Monitor,‘Pharmacia (Cenada) H&d,, Montreal, Quebec).A Based on

the work of Lewis(274), the first cf three peaks was collected and
allowed towarmto. room temperature Powdered glycine (165}15 g/litre)
was added to the eluate and dissoived with very slow stirring on a
magnetic stirrer according to the method of Kazai(]g’ The solution
was then centrifuged in polycarbonate centrifuge tubes (Nalge

- Company, Rochester, New York) for 25 minutes at 0°C and 31, 000 g in

a Servall Refrigerated Centrifuge eguipped with an}SS lvhead The
precjpiiated fibrjnogen was coiiected and dissolved in the desired
buffer. Thelsolution was then clarified by passing it through a 0.45 ﬁ
'micron membrane filter (Mii]ipore Corp., Bedford Mass.), and stored
at 4°C until.used. Figure 3 shows the elution profile obtained by |

the chromatographing of. human plasma on Sephadex G-200.
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Method 2

Y

Venous blood (11ml) was collected into a 10 ml heparinized
syr1nge and the plasma was separated by centr1fugat1on at 10,000 rpm
at 0°C for ten minutes. Five to six ml of plasma was separated and
165 mg of powdered glyc1ne was added per m] of plasma and dissolved
with slow stirring. The suspens1on was centr1fuged at 16,000 rpm
(31,000 g) at 0°C for twenty minutes. The precipitate was-dissolved
in 1.0 m1 of tris buffer pH 8.0 and chromatographed on a Sephadex
G-200 co]umn (17 cm x 2.6 cm), using tris buffer for e]utibn The
co]umn a (K26/40 column obtained from Pharmac1a Canada Ltd.) was
equlpped w1th two flow adapters, so that upward flow could be used.

The flow rate was?0.3 ml/minute and the procedgre was carkied out at

_4°C. The eluate was monitored spectrophotometrically by means of a =
UV monitor and the first peak was collected in a volume of 15-20 ml.
.One half the volume of the eluate of 3 M aﬁmbnium sulfate was added
s]ole to the eluate to precipitatg the protein by'fhe method of
Hagen et al.(137). The precipitated fibrinogen Qas separated by
centrifuging the suspénsion‘at 16,000 rpm at 0°C for twenty minutes.
The protein was then dissolved in 1.0 ml of the desired buffer and

clarified by filtration through a 0.45 micron membrane Tilter.

Method 3

Venous blodd was collected into two citrated i&cutafners
0.5 ml 3.8% sodium citrate, 4.5 ml draw) and was spun at 2,000 -

~rpm for 15 minutes af ambient temperature. Five-six ml of plasma
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was separated and O 3 ml of 25% £~ am1no -caproic acid (EACA) was
added. A]uminum hydroxide gel, 0 5 ml of 50% A](OH& was added
and the p]asma was incubated.at 37°C with agitatIOn.for five minutes.
The plasma was filtered through a 0.45 micron membrane filtery
and adsorbed once more with aluminum hydroxide as before.

The adsorbed plasma was then made 2.7 M in betaaalanine by
s1ow1y adding a solution of 6 M beta-ananine with stirring, according
to the method of Jacobsen and Kierulf(lGS). Fibrinogen was sepanated
by centr1fug1ng the plasma at 30,000 g for 10 minutes at 15°C. The
supernatant was discarded, and the precipitate was washed with 2. 7 M
- beta-alanine .The protein was dissolved in 4.5 ml of pH 7.0 phosphate
buffer and then 033 ml of EACA was added. Fibrinogen was reprecipi-
‘tated with 6.0 M beta-alanine and'the'supernatant dfscanded. The
preeipitate was washed with.z.f M beta-alanine and with pH 7.0
buffer, before dissolving the pe]]et 1n-0.7 m]vof pH 7.0 phosphate
buffer. The solution was clarified byapaSSing it through a 0.45 n

micron membrane 'filter.

A tota] of th1rteen samples of human fibrinogen isolated by
Method III using sterile and pyrogen free. equipment were radio-
fodinated by the eJectrolytlc method, and the unbound iodide was
removed by passing the.labelled fibrinogen r*iougn a Dowex 1X-4 fon
* exchange column or through a Sephadex G-25 column. The eluting 7
buffer was pH 7.4 isotonic phosphate buffer; Theﬂbuffered fibrinogen
solution was filtered through 0.22 micron membrane ff]ters (Millipore

Corporation) into sterile, pyrogen free multi-dose vials. The
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samples were collecied into {llots, which were foruarded indepen-
dently for steri]ity"and pyrpgen testing. Aerobic'and anaerobic
cultures and cultures for fungi were,heid for two weeks; the
procedures were carried out in the laboratgries of Dr. F. L.}
Jackson, Department of Medical Baeteriology, University of Alberta.
Aliquotsbof»the'4 lots were also tested.in rabbits. for the presence
of pyrogens; the testing was carried out under the direction of '

" Dr. D. M. Lyster at the Vancouver General HoSpitaI, Vancouver,

B.C. . /
Method 4

~ Canine fibrinogen was isolated by the method given in

Method 1 fof human fibrinogen \‘Canine olasma was obtained from. -
donor dogs at the Surgical Wedica] Research Institute, University . |
of Alberta. o |

Method 5

Canine blood was btained at the Surgicai"Medicai’Reseanch.
Institute, from a dog exsanduinated after undergoing surgery The -
blood was collected into one tenth vo]ume of potassium oxalate o
(0. 1M) and was spun at 10 000 rpm for 10 minutes at 4°C The
p]asma was separated and centrifuged again at 10,000 rpm for 10
minutes-at'4’ Epsi]on amino~caprioic acid (EACA) was added to -
make the plasma 0. 1 M in EACA. A solution of 6 M beta-alanine was

:added siowiy to the piasma. until the final concentration was 2. 7

. M(165). -The prec1pitated fibrinogen was removed by centrifuging
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at 30,000 g.for 10 minotes ]55C. The supernatant plasma was
Qﬁdi$cardedvand~the fibrinogen was washed twice with pH 7.0-buffer,
~:band redisso]red in 150 m] of the same buffer. The solution was
made 0.1 M in EACA and 6 M beta-aianine'was_added s]ole to make
the solution 2.7 M‘in the amino acid. The concentration of EACA:
was increased to 0.1 M, and the solution was stirred for 30 minutes.
The fibrinogen was_removed.by’centrifuging_for 10 minutes at 30,000
g and 15°C, The precipitate was dissolved in 45 ml of pH i.o
‘phoSphate buffer (u * 0. 3) and filtered through a 0.8 micron
membrane filter into R\S}tic via]stSnﬁﬂstored at -20°c

B. Quaiity Control of SodiumiRddioiodide—]ZS
Radionuclidic Purity:

The radionuclidic purity of the stock solution was confirmed

A_by obtainﬂng gamma energy spectrum by means of a Na v
Ldetector, stbring in a mu]tichannel analyzer (Northern Scientific.
-Middleton. Wisconsin) and recording the data-on an x=y metter

The two peaks observed uere the result ‘of the 27.4 Kev and 35. 5 KeV
singie‘emissions and the 55 KeV coincidence emissions:of I- 1257

“——

Radiochemicai Purity

The radiochemicui purity of sodium iodide-]25 was determined
by chromatographing a diluted aliquot of the stock solution on a
colum of 75% 6-25 Sephadex and 25% 6-10 Sephade, which was found ”
'rto fractionateiiodide from fodate. .Tnekeluete,nos pH 7.4° isotonic
:ﬁnosopnote1buffer{i:Tneﬁeloateiwos'co]iected'inafrotibns,andnii

oor



= |
A .
assayed for radicactivity.

4

C. Electrolytic Radfofodinafoon of Fibrinogen "~(' )

1. A General Procedure for Eleqtro1ytic RadioiodinatiOn

~of Flbrinogen

F1brinogen Was dissolved in 0.05 M phOSphate buffer containing
not less than 0.15 M NaCl and ranging in pH fnom 6. O'to 8 0.
desired volume of potassium iod1de (3 «x 10~ W} in the same buffer ﬁ
was added, together with an appropriate Qu n ty of sodiym 1od1de -
125. Volumes of this solution. known -as¢ the 1no1yte, ranging from.
0.3 to 3.0 m] were placed in the anode comparthent of the electro~
1ytic_ce11. The cathode compartment was ffﬂ]ed-with 0.3 to'4.0 m1

i
of the supporting.buffer. :

etk

]

The power supply was connected across tqe céﬁ]} and mocro-

“ammeter and'VO1t¢eter wére‘conneéted by aﬁprop#iate.wiring. .The
saturated calomel electrode was used with the large cell by dipping

N

the KC1 bridge into the anolyte, the potent1a1 between it and the
~anode was measured by the use of the vaccum tube voltmeter (VTVM).
Current was passed through the cell fbr a period of 15 or 30 minutes.

Q

. ‘After each e]ectfo]ytic radioiodinatiooé the electrodes. were

'; wasred in Soapy’ water. and soaked in-a.chromiq acid bath for a- short

« periodof time before rinsing thoroughly in dlStille& water. The.
dialysis membrane was discarded after each %ddination

T SR ™ ' )
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2. Methods of Determining the Yield of the Radioiodination

- Procedure

« a. Paper Chromatography:

A
i

Ten mﬁcro}jter‘aliQuots were removed'from the reaction mixture
and spotted on Nhatman No. 1 paper*and dried. .The chromatograms
were developed- in 85% methanol and were allowed to run for approx- -
1mately 20 centimeters. The str;ps were then cut into 1 cm

sepmehts and\assayed for radioact1v1ty on ¥ Nuelear Chicago 1195

gamma'spectrometer (W & R Balson Ltd., England).*

b. Trichloroacetic Acid Precipitation:

N 0. ‘ ‘ ’ B
Ten‘microliter aliquots were removed from the reaction mixture

and di1uted to ltb ml with saline. A few drops of 25% albumin were -
added and 1.0 ml of 20% trichloroacetic acid wdq added. The .
suspens1on of denatured proteih was centrifuged for ten’ minutes at
2000rrpm.“ The total radioacti'ity was assayed, and the supernatant
was then removed, and the activityﬁof“the precipitate and the

- supernatant were then determined.
c. Gel Filtration Fractionation:. | —_

.A column of G-ZS_Sephadex-was prepared by plugging the outlet
of a 10 ml disposab]e syringe with a small amount of glass. wool
Hydrated Sephadex G 25 was poured into the column to fill it to the
A T1O‘m1 mark, followed by 30 mf .of pH 7 4 1soton1c phosphate buffer

) Fifty micro?ﬁter aliquots of the reaction m1xture were applied to

Fa
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the top of the column ‘and eluted‘with the pH 7.4 buffer. The
‘column fractionated the mixture into a [-125 labelled fibrinogen

and an jodide-iodate fraction.
3. Gel Permeation Chromatography:

Fifty microliter samples of the reaction mixture were also
chromatographed on a column of 75% Sephadeva-ZS and 25% Sephadex
G-10. The column was a K 16/20 column (Pharmacia Canada Ltd.) 1.6

cm x 13 cm; the eluting buffer was pH 7.4 isotonic phosphate

buffer; the flow rate was 2.0 ml per minute and the void volume -

4

lQ?'

was 9.2 ml. This procedure separated the reaction mixture ingo
three fractfons: tﬁélfirst con;ained labelled fibrinogen, the )
~ second contained iodaté-lZS, and the third contained iodidp-lzs.,
The e]uaEe from the column was collected.in 6.0 mi aliquots'andl
assayed for radfoactivity on a Picker Autowell II gamma spectro-
meter.

The efuate'was.mpnitored as it passed through a thin poiy-.
_ethy]ene cannula placed in front of a shielded 3f NaI(T1) crystal
detector whfch was appropriately connected to é Cénberra MbdéT\ \
1417 B Spectkoscopy Aniplifier, a Canberra Mgde1,148] L Lin/Log_- .
.Ratémeter, A Canberra Model 456 High Voltage Supp?y‘a“l a Canberra
rlodel" 1437 T'imef S. C. A. (Abtec Engineering, Otta'wa)‘.!é A1l .results
were recorded on a Beckman 10" Recorder (Beckman Instruments,

Fulteron, Caltfornia). . o | .
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4. The Parameters of Electrolytic Radioiodination

of Fibrinogen

)
The»prihcipal factorslinfluencing the yield of f—125 fibrinogen

by the electrolytic method were considered to be the following:

1. the amount of currenf flowing through the cell, é.'the voltage

applied across the cell, 3. . the volume of anolyte, 4. the volume

of catholyte, 5. the éonceﬁtration of carrier 1bﬂide in the anolyte,

6. the concentratipn 6f supporting electrolyte in the anolyte,

7. the pH of‘the inolyte, 8. the concentration of the protein

in the anolyte, 9. the temperature of the reactants, and 10. the

technique of electrolysis. The method by which these factors were

studied is given below.

a. The Effect of Constant Current on lodination Yield

In this Study. the anolyte consisted of 3.0 ml of 2 x 1070

M KI, 16.9 mg of protein (Cutter) in pH 8.0 buffer (0.05

M tris, 0.15 M NaCl). - The cathode was filled with 2.0 m .
of supporting buffer. Thé,currenq was applied aF a const!ﬁt
intensity for thirty ﬁinufes; the following amperages weré
examined: 35 uA, 75-uA, 150 uA, and 300 uA. ‘

o
,\»,'“.

b. The Effect of Anolyte Volume on lodination Yield '~ - -.

" The yield of labelled fibrinogen was determined when the
total anolyte volume was decreased from 3.0 ml'to 2.0 ml and
1.0. This was achieved by decreasing the voTume of supporting
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electrolyte {pH 7.0, 0.05 M phosphate, 0.152 M NaCl, u = 0.3),
but maintaining the quantities of Connaught Fibrinogen (20.4
mg) and potassium ibdide (0.2 ml of 3.0 x 1074 M 1 stoék
solution) constant. The;currept was maintained at 75 uA for

30 minutes.

c. The Effect of Concentration of Carrier lodide

The yield of 1abe11ed fibrinbgen was measuréd when the’
initial concentrat%ons of KI in the anolyte were varied
throughout the range of 1.2 x 107 M, 6 x 107> M, 3 x 107> M,
1.5 x 1075 M, 7.5 x 1078 M, t0'3.75 x 107® M. The -anolyte
volume was 1.0»m1 and cghtﬁﬁﬁed 20.4 mg of protein‘in pH

7.0 phosphate buffer. A constant current of 50 uA and a
voltage maximum of 0.8 vs the saturated calomel electrode

(SCE),was passed for 15 minutes.

Q.

d. .  The Effect of Concentration of Protein in the Anolyte

The yield of labelled fibrinogen was measured when the
protein concentration in the_anbijfe was varied from 6 x

10°° 4 to 7.5 x 1072

M. The iodide concentration was

maintained at 1.5 x 107° M in pH.7.0 phosphate buffer and
’the/ano]yte volume was 1.0 ml. The current was 50 uA and
the max{mum-voltage was 0.8 Qolt vs SCE; the reaction time

5
‘was 15 minutes.

e. The Effect”df‘theZVolume of Catholyte on Reaction Yield
Iodination yield of labelled fibrinogen was measured when , °

the volume of catholyte 9pH 7.0 phosphate buffer) was decreased
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from 4.0 to 1.0 ml. The anolyte volume was kept constant
at 1.0 ml, the protefn concentration was 6 x 10'5 M, and
the iodide concentr?tibn was 1.5 x 10'5 M. The current was
50 uA and The maximum voltage was 0.8 volt vs SCE; tﬁe |

reaction tfme was 15 minutes.

f. The Effect of pH on the Iodination Yield

! .

The pH of fhe electrolyte was variéd from'B.O to 8.0 and
vconsisiéd of 0.05 ﬂ phosphate buffer cbntaining 0.15 M

. NaCl. The anolyte contained 20 mg of protein iﬁ a volume
of 1.0 ml, and the jodide concentration was 3 x 1075 M.

- The cathode was filled with 2.0 ml of the ;ame'buffef. The

current was supplied at 1.0 volt for thirty;minutes.

- The effect of applied volEaée maximum on thé yield of fodinated

fibrinogen‘was.determined'by'passing a constant curreﬁt of
50 uA through the cell until the desired applied voltage‘ |

\

" maximum was obtained. This ranged from 0.6 to 1.2 volts. T%e
‘ ¥

\
\
A\
\
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anolyte contained 20 mg of protein, 3 x 10T6 M KI, in pH

e
,:\,

7.0 phosphate buffer, while the cathode contained 4.0 ml

&»

of buffer.

h. The Effect of Supporting Electrolyte

The effect of removing sodium chloride from the electrolyte -

was tested by electrolytically radioiodinating Connaught -~ -~

fibrinogen in pH 7.0 phosphate buffer (u = 0.148) and
comparing the yield of labelled fibrinogen with ‘that
obtained when the above buffer contained 0.152 M NaCl and

® M protein _

w=0.3. Oneml of anolyte contained 6 x 10°
and 3 X 107° n potassium iodide. ~The catholyte consisted
of 4.0 m1 of the apprOpriafe bu%fer, and the current was
50 uA and the maximum voYtage was 0.8 volt vs SCE; the

reaction time was 15 minutes.

9 e

i, fﬁs Effect of Temperaturé bn Iodination Yield -

The efféct of lowering the reaction temper@turé to
approximately zero degrée  Centrigrade was carried out by
dissolving fibrinogen (20.4 mg) in?pH 7.0 phosphate butfer -
(0.30), mixing in_carﬁief iodide (1.5 x IO-S'M) and cooling
the anolyte to 0°C. The catholyte. (pH 7.0:phosdphate
. buffer) was also cooled by placing in ice water. One ml’
'i“:of anolyte was b]gced in the anode compartment, anq‘4.0 ml of
the catholyte in the tafhodé“cbmbértmént. The anode was

‘surrOUnded by icé~water. while 50 uA of current and a maximum
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of 0.8 volt vs SCE was passed for 15 minutes:

j. - The Effect of Labelling by Constant Curpent, Constant -

Potential, and Constant Current-Constant Potential Methods

An ano]}te consistinQPGf 20 mg of pfoteih and 1.5 x ]Ofs

M KI in pH 7.0 phosphate buffer andha total volume of 1.0 ml
" was electrolyzed for 30 minutes by three differedt methods:
1. constant current of 50 uA, 2. a constant cell voltage of
0.8 volt vs SCE, 3. 50 uA current unt11 a voltage of 0.8
, volt Vs‘SCE is reached. The catholyte volume was 4.0 ml

and the reactioh was carried out at ambient temperature.
= . | _
" E.” Methods for Analysis of the In Vitro Properties of

Electrolytically Radioiodinated Fibrfnogen‘
1. Quantitative Ana[ysis:*

A method of quantitative analysis of ‘the fibriaqgen—content
of the Cpmﬁérica] products was fequfred since the oné gfam viafs of -
| freeze-dried human fibrinogeén contained Several adjuvant;, ing]uding
5-10 g of g]dcose_ber via]. They were initially assayed by -
determination of nitrogen ‘content, assuming a protéin nitrogen
content Of'16%(105)" Connaught f1br1nogen was then used as a
’ standard in a modificatlon of a Folin Phenol proceduf‘TZGT) to
~ produce a standard curve of absorbance versus f1br1nogen concenié?*
tion. The quantity of 1solated fibrinogen could therefore be
measured by refefénee to the standard curve.

However, i{'was found‘;hat this'procedurelwas too time
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consuming SO the method of Blomback(12), which measures the
absorbance of a solution ef fibrinogen in 0.2 M NaOH - 40% urea was
used. This procedure required thé incubation of sqmp]es fordat
leas; 1 hour before determination of absorbance. ‘

It was fodnd that the method of Dellenback(268), which
measures the optical density of fibrinogen solutions in 0.005 M
.Na Citrate was the most convenient due to its simplicity and‘”“\\_~\\
abéence of an -incubation beriod. This * procedure was found to be
sufficiently accurate for the purpose required and substitution
of 0.9% saline for 0. 005 M sodium citrate d1d not introduce a
significant eeror: The assay of total protein in f1br1nogen
preparations suppiled by Cutter and Connaught was made by
determination of nitrogenvfn weighed poetions of each product by
means of a Coleman V1trogen Analyzer (Co]eman Instruments Corp s
~ Maywood, Il]1no1s)

Isolated fibrinogen was initially quantitated by the fof]owing
Folin-Ciocalteau procedure(267): lo-mg of lyophilized Connaught '
fibrinogen was diéso]ved_%n 5.0 mi of saline and five aliquots

(O.Z‘to 1.0 m1) of this solution were diluted to 1.0 ml with distilled )
water. One mi of saline was included-as e blank; One ml of 10%
NaOH was added to each so]ut1on, were then p]aced 'in a boiling water
bath for ten minutes. Next, 7.5 ml of. distilled water was added
to each hydLrtﬂ yzate and the blank followed by 0.5 ml of phenol
reagent (Fisher Scﬁentifﬁc Co., Fair LaWn, N. J.) and 3.0 m1 of 20%
(w/v) sodium carbqgate Theosolutidnsewere then incubated=for 30

minutes. The absorbance of the solutions were read at 650 nm against
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the biank, and a standard curve of the absorbance versus weight
of fibrinogen was prepared. -Aliquoti‘of the fiBrinogen solution
freshly isolated fromfplasma were treated in the same manner, and
the absorbance measured against the same blank at 650 nm.  The
' concentration of fibrinogen was then determined by reference to the
standard curve o

Fibrinogen was_also quantitated by measuring the absorbancg
‘of aliquots dissolved in sufficient 0.2 M NaOH and 40% urea to make
4.0 ml against a.blank of the same solution, and comparing the
‘absorbance with the extinctioﬁ,coefficient'for fibrinogen E}:m =
16.17(12). o . o,

Fibrinogen was also assayed by diluting aliquots to 4.0 ml
with.sa]ine, ahd measuring the absorbance of the solution against
agghline blank in a Beckmﬁn DU spectrophotometer. The concentration
‘of the fibrinogen so]ution was calculated by means of the absorbance

coefficient for fibrinogen E? 1% . 1.55(268).

2. Assay of Factor XIII

.. N
.

The presence of factor XIII in samples of fibrinogen was tested
by nbtihg the solubility of clotted fibgiqggen‘in']% monoch1oro-

acetic acid for é4 hours.
3. Assay of P]asminogen

Fibrinogen 1solated by Method I ‘was tested for the presence
. of plasminogen by the method of Bishop(267). at the University of
‘ A]berta Hospita]; under the direction of}Dr. J. R.»Hill.
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4. Sedimentation Velocity Analysis

Sedimentation velocity analysis of a 0.3% solution of human
fibrinogen prepared by method I dissolved in 0.15 M NaCl was
carried out on a Beckman Model E Analytical Ultracentrifuge with
Schilieren optical system (single sector cell with 4° - 12 mm Kel-F
centerpiece, and quartz windows) and was recorded on a Kodak
metallographic plate! The analysis was carried out by Mr. M.. Aarbo

in the laboratory of Dr. C. Kay in the Department of B1ochemistry.

University of A]berta ' {

5. Disc Electrophoresis

Human fibriﬁqéen was isolated by Method I and labelled
e]éctrolytical]y with 1-125 and subjected to disc electrophoresis.
A so]ut1on of 36 mg% fibrinogen in pH 7.0 buffer was diluted with
80% glycerol and chromatographed on large pore gels (5% acrylamide)
‘using a Canmalco Model 1200 Anatytical Disc Electrophoresis .Bath, py
the method, Grabar(275). Therupper and lower buffer was pH 8.5 tris~
glycine - EDTA (0.001‘M) A current of 3.5 mA per tube was app]ied?&s
+ for a two hour. period The gels were stained with Coonass1e
Brilliant Blue R sta1n and desta1ned w1th 7% acetic acid. ' The gels
were then cut 1nto 1.5 mm sectlons and analyzed for radioactivity.
The disc electrophoresis was performed by Mr. E. Browne in the
laboratory of Dr. R. Bridger in the Department of Bfochémistry,

the University of Alberta.
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6. Sepharose Chromatography

Native and electrolytically radioiodinated fibrinogen were
chromatographed on a Sepharose 2B column (20 cm x 2.5 cm) and a
Sepharose 68 column (34 cm x 2. 5 c¢cm). The eluting buffer was pH
7. 4 0.2 M phOSphate - 0.07 M NaCl buffer and the: elution rate was

- 1.0 m} pecynigmde. The eluate was monitored continuousiy at 280 nm

t;;ﬂdcia Canada Ltd.) and the results-were

"lbn aso" Ehart recorder (Pharmacia Cana

the figure ouﬂﬂhnd weighing it, ‘and comparing the weight with that
of a rectangle of §imi]ar known area made from the same paper.

If labelled fibrinogen was chomatographed the entire anolyte
mixture was applied to the columns without further processing The
eluted: frac€;ons were collected and 6 ml aliquots were assayed for
radioactivity on a Picker Nuclear Autowell II gamma spectrometer.
The coiumné were back washed with the same buffer, and the back-

wash was collected ahd counted in the same manner.
7. Clottability Ty

The clottabi]ity of native and e]ectvoiytically radioiodinated
fibrinogen was determined spectrophotometrical]y by the fo]]owing
'me;hod. The absorbance (A]) of fibrinogen solutions containing"

0.5 to 2.0 mg/ml in pﬂ 6.3 phosphate buffer (u = 0.15) was
determined by diluting aliquots to 3.0 ml with buffer, and measuring
the absorbance aéainef a blank of the same buffer at 280 nm. Twenty -

five N.I.H. units of bovine thrombin (Parke-Davis, nontréai)'were
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- added to the,original f1br1nogen solution, and two hours lateY the
clot was removed by winding on an applicator stick or by express1ng
the clot liquor froém the clot by passing it through a-0.45 micron
membrane filter. * The absorbance (A,) of an aliquot of the clot
liquor was measured afteh dilution to 4.0 ml with pH 6.3 buffer
against a blank of the same buffer. Clottability was calculated "

as (A] -AZYA] X IQO). : N . o oy
8. Throﬁbin Time

The thromhih time of native and radioiodinated preparetions
of Connaught Fibrinogen were determined by adding 0.1 ml of the
_f1br1nogen so]ution of 15 mg/ml 1n ‘pH 7.0 phosphate buffer (n = 0. 3).
to 0.1 ml of 0.05 N CaC]2 and warm1ng for at Jeast one minute at
37°C after which 0. 05 ml of thrombin (500 NIH units /ml) was added
The time to visibIe gelation was recorded for three different
preparations of the 1ebe11ed proteih, which had an average protein
to iodine ratio of 3.7:1.0. |

Thrombin times were also determined in three sambles of
'iabelled and un1abelled fibrinogehiisolated by method III. 7Aiiquots :
(0 2 ml) of the preparations (6.1 mg/ml in pH 7. 0 phosphate buffer,

= 0, 3) were warmed to 37°C for at least 1 minute, after which 0 l
m] of thrombin (15 NIH units per ml) were added and the time to
visible gelation was determined. . The protein-to-iodine ratio of

the material was 1:1.6.



J , | | 145

t

9. Stability of the Label

’The rate of hydrolysis of I-125 froﬁ'electro1yt1cally”labelled
samples.of fibrinogen was‘measured oy 1ncobat1ng labelled cOnneught |
: fibrinogeﬁ‘and ?ﬁbrinogen fsolated by method II at 37°C and measuring
the percent of radioactivity bound~to the protein at 24~hour
 intervals by chromatographing 50 u1 samples on a Sephadex 6-10+G-25
column. The freshly fsolated fibrinogen was 1ncubated in pH 7.0
buffer, while the labelled Connaught fibrinogen was 1ncubated in
PH 7.0 buffer, 1.0 x 1073 M cystetne, 6% albumin, and 1n-human.
sg‘um R : | .

‘if' . - ~

F. Methods for Measurement of the In Vivo Properties of 3

*

Electrolytfdally Radioiodinated Fibrinogen
1. -Clearance,of LabelTed Canine Fibrinogen in Dogs

u Six dogs of either sex weighing 10-20 Kg were injected with
-‘300 uCi. of canine fibrinogen labelled with I-125 by the elgptro-
| lytic method. Two animels received fibrinogen isotated- by Method

4, which was {njeoted immediately after isolation and Tabelling. |

:Four dogs received fibrinogen 1solated by Method 5 wh1ch uas frozen
~and stored at -20°C before use.

1 Five uinutes after the injection of the preparution. the
first blood sanples were collected into 2 5ml. heparinized syringes,;
;'using 26 X 1/2' needles. qamm-es were then teken 10. 15 and 30 |
'”*"fthen helf-hourly for the ffrst three hours. then hourly fori:l

the next six hours end then’ twice daily for 13 days. This procedure
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allowed collection of an adequate volume of blood without alteration
of theoanimal s circulatory physiology. the small needle Ollowed
repeated punctures of fone limb ‘veins wlthout causing hematomas or

phlebltis

Blood samples. were centrifuged and 0.5 ml1 plasma samples were

»}assayee.for radioactlvity‘on a Searle 1195 gamma spgctro@etena

TheSe'results (the’log10 of counts per minute versus time in hours)

were analyzee by a strlpplng method on a Dlgital‘bDP-ll computer,
Aquuots of plasma samples”wére?11luted with 1 ml of saline and

mixed with 1.0 ml of 20% xrichloroacetlt acid’and were centnifuged

~at 2,000 rpm'for 10 mlnufes The samples were assayed for radio-

-Qttlvlty in %he precipitate and the supernatant and the TCA

e

| :insoluble fraction was expressed as a percent of the total radio-

e N
=

activity in the sample. T

. o
9

2. Rabbit. Clearancevkates ovaabel’ Ted Human 'l"ibrinogen

Tne following study of the cleanance rate of electrolytically
labelle&‘human flbnlnogen was parformed under the directlon of ,
Mr. " J. R. MclLean at the Radlation Protectlon'Bureau. Divislon of -

[3

'Radiation Mediclne in. Ottawa,<0ntario

Huﬁﬁn Flbrlnogen was 1solated by Method-3 and radlolodinated

A by the elecgpeﬁytic nethod The labelled q:otein was chronatographed

on a column of G~25 to rennve free 1odlde The solution was frozen
and paeked ln dry ice and sh ped by a1r to'Ottaua. Ontarlo. where '
the studfes described bW uere carried out. =

The marginal ear veln of three rabbl:s weighing 4-4. l kg were

_cannulatgd and\§0 uci bf I- 125 husan flbr were 1njected Blood
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samples were collected at 15 minutes, 4 hours, 24 hours, 48 hours
and 72 hours.'”Two 2microliter samples were countedpto at least
20,000 count;T A cohpppiteﬁcurve of results was plotted by y= log]0
(% initial activity remejﬁfﬁg)‘vs the time in hpESE; The:pdrve was
feathered manually. o N -

. Tenth ml a]iqébts'of-the Tsiminutexand‘4 hour samplesjwere
precipitated with 1.0 m] of 10% TCA ahJicentrifuged at 4°C for 20
minutes atCEOOO rpm. Plasma samples ot\the'sgme time periods were

also e]eetrgphdresed on polyacetate strips (Gelman) at 25-30 mA/
strip ang 8t '250-300 volts for 60-90 minutes. -

3. Imaging of Surgicslly Induced Thrombi ih;Leg Veins‘of DOgS

Venous thrombi were induted &n the veins of the h1nd legs | g}ia‘
of mongrel dogs weighing 10-20 Kg. Thrombi were *%Huced by - two 5”1f
methods f. suturing - a cotton thread soaked in bovine thrombin
(1000 un1ts/m1) into the long saphenous veins at the 1évef'6? the
o]ecranon ozvby cauterizing the intima of the vein by pdSS1ng a

. Wire 1n a venocath through the saphenous vein for a dlstance of 11 13
cm lnto the deep veins in the thigh and passing a cauter1zing current

(Wappler Cutt1ng.Coagu1ator) to the exposed- segﬁent (1.5 cm) of the

ol .o ’ e R i
oy ',vnre » - “’n,-:“"r),

fitv

Approximately 500 uCi of labelled fibrinogen 1-125 were
}riinaected 1ntravenous]y immediately afﬁar thrombus fnductioﬂ
*,ZRectilinear scans, venograms, and® ﬁﬁ1t1-wire proport1onal chag?er
* scans (4" x 4" field of view) wére performed at selected. intervals
. To. perform a rectilanear scan, the dog\was lightly anaesthe- X
tized by 1ntra-muscular 1njections of Nembutnl Sodium and Innovac’

* i . . -i ~ 0 ! -
Lo~ - Tl v s
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Vet, the dose be'ing adjusted for the weight of the dog. The animab
was placed on a table of the appropriate height and the leg was
arranged to display a level surface to the scanning probe. The
rectiliriear scanner (Picker Magna-Scanner 500/D, Picker Corporation
eluweland Ohio) was ‘adjusted to detect the low energy emissions of
,igding-lZ::an.&go t &t a low scan“ng speed The detector head was
~“set at gd‘lstance of 3 inches abo’fe the site of the induced thrombus
rlarge area sf the leg containing the thrombus was scanned, the

o \r'eSults “being re’corded on teledeltos paper and on x-ray film.

’» The multi-wire proportional chamber images of the thrombi were
obtained by Dr R ,Snyder, Department of Bio-Medical Engineering,
University of AlbeHa This imaging device was designed and built
by Dr. Snyder. Under light anesthesia the dog was placed on a table,

J and the leg containing the thrombus was placed directly‘oh the -
detecting surface of 'i:he chamber, or in some cases. the chamber was -
placed‘ on top of the leg. Fifty~thousand counts were accumulated by
the equipment and ‘the results were displayed on a cathode ray tube; ‘

. A permanent re(:ord was made by- photographing' the CRT display. |

Venograms were made upder the direction of Dr. L. A. Davis, h
Department of. Qrthopedic *Spgery, Faculty of Hedicme. University of

Albérta. They were obtaiﬂed by the standard technique of ihtravenous
injecﬁﬁj of a radioopaque dye distal to the site of the induced
thrombus and secu@ng umt-ray when the rﬂye had filled the venous

system in the leg. The results were interpreted by Dr. Davis.
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I FIBRINOGEN

A. Measurement of the Yield of Radioiodinated Fibrinogen
1. Paper Chromatography:

Initially, ascénding paper chromatography was . uSed to separate
radio-iodide and radio iodqte-from labelled fibrinogen as previously
described It was found that -when a shipment of Nal- 125 was 0sed for
radioiodirvtion shortly after it was received ‘the: Q‘I’I)Imt of red—ip-
activity associated with fibrinogen on the chrom3tt a:qebefore
beginning the eiectrolytic reaction was always less {? 5% However
as the Nal-125 aged, the amount of actividy associated Mﬁquiwgen
at the origin of the chromatogram increased drastica]ly, thus “LN“ ks
'increasing the uncertaint)‘(about the reliabi]ity of this separation

method. : - . & -
e . ' "»
2. .Trichloroacetic Acid Precipitation:
Although the TCA method of determining the yield of labelled
fibrinogen is :apid, the resu.lting va]ues' were not as reliable as
'those obtained- by chromatographic methods. 'v Duplicate determinations s {
tended to vary from each otherv and v;ere generally higher than the | *
values obtained by Sephadex chromatogr:aphy. For exanlple, the * |
average-gifference between eleven du‘p’li cate determinations made by
‘TCA preéipitation was 5;22. Qne meﬁn percent of vI-12'5 oound to
fibrinogen before initiating electrolytic ioc[i‘nation was 8.8% in ten
determinations Thi’s was 5.6% higher than that obtained by Sephadex

chromtography which were determined for different trials.
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3. Gel Filtration Fractionation:

Fractionation of react'lon mixtures through Sephadex-G -25
columns or a mixture of Sephadex 6G-25%G-10 columns produced the most
accurate and reliable resudts, and were used/:vhere ever posﬁfﬁ’(e
"in this work. For example, the average difference between six
duplicate determinations“made by Sephadex gel filtration was 1.1%
and the amount oﬂf% d¥sociated with the fibrinogen fraction

bef‘orehbeginning the iodination procedure was 3.2% in three trials.

B. Quality Control of Sodium Radioiodide-125 | L

1. Radionuc]id‘ic Purity:.
a .

The energy spectrum of Nal- 125 obtained by mearts of a NaI(T])
crystal detector and mult'l-channel analyzer showed two peaks. The
'lo.wer energy peak was c‘ent’ered at about 27 KeV and was the result of
the 27.4 KeV and 35.5 KeV single emissions. The highBr energy
peak was centered ebbut 55 KeV and was the result of the 55 KeV. ‘
and 63 KeV coincidence emissions of I-125. ﬁlo ‘peaks of higher

energy- were observed. A spectrum of I-125 is-shown in Figure 4.
. ’ ' B . s .

.72, Radiochemicai Pthy: ' . ‘,

o When a. di'luted' quuot of NaI 125/ was chromatographed on a
Se&;&ﬁﬂo +G-25 column to separate iodide and 1odate, not less

than 95#{!‘& the i‘adiofctivity was assoctated with the fodide peak.:

e
v ’f"
;,h‘w-"
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C. Fibrinogen
L

The quality of the fibrinogen preparations (commercial and
fresﬁ]y jsolated) used in the deve]opmént of the radioﬁif?haceutica]
was tested by a variety of in vitro methods. The procedures carried
out include quanfifativeana]ysis, c]ottabil:;y, disc electrophoresis,
ihmunoe]ectrophoresis, agarose gel electrophoresis, gel chromatography
sedimentation velocity ana]isis, and tests for the presence of Factor
XIII and p]asmin.' Not all of these tests were performed on each of

the preparations. A summary ot‘the results of the quantitative

analysis and of the c]ottabi]fty of the preparations is given in
N v

- P
Yo, 4 7S
N

Table 6 . ,

. R L.
1. Commercial Fibrinogen:y,

Difficulty was’encountéred in findiqg a commerica]fy avai]abfé
fibripogen which was sufficiently similar to freshly isolated
fibrinogen to permit comparison of experimental values. Human
Fibrinogen U.S.P. was initially obtained from Cutter Léboratories
‘and was used to define‘electrolytic reaction parameters; but'it did
not compare well wi;h isolated fibrinogen. .It contained 28.2% by
weight of figrinogen, and was 77.5% c]ottab]e. .

Human Fibrinogen was then obtained f;dﬁg?me Connaﬁght Labora-

tories, and was used throughout this study. It contained an aveﬂibe

of 35.6% by weight of protein with a c]ottabi]ity of 88.7%.
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. TABLE 6

Clottability and Quantitative Analysis of Fibrinogen Preparatfons

S~

Fibrinogen Quantitative S.D. P]asma(c) S.B. number of

Preparation Analysis Volume trials
o : ‘ (m1)
Cutter - 28.2% ww'®) - 1
Connaught 35.6% w/w 4.77 i 5
"Method 1 3.9mg® 103 18.3 ° 0.6 6
| 32.0 mg 10.8 18.3 - 0.64 5
| . 40.0 mg 8.8 30.0-" 3.6 8
Method 2 7:6mg  1.25 5.5  0.53 8
‘Method 3 5.5mg 1.76 5.2 0.68 15
Method 4 32.8mg  16.9 32.7 0.2 5
Method 5 - 13.9 mg/m | 450

() Percent by weight of protein content in preparation
(b) Weight of fibrinogen isolated from plasma
(c) Plasma volume from which fibrinogen was isolated

. - -)
Fibrinogen Clottability(d) . Standard f’iumber of
Preparation 2 Deviation . Trials
Cutter _71.5 ' 2.8 3
Connayght . 88.7 1.18 6
Methad: ] 95.1 . 2.43(’A-_—F—- 18
Method 2 93.6 | 2.1 ‘ 1
Method 3 95.8 1.5 - 12
Method 4 92.8 1.8 4
Method 5 9.3 0.72 3

(d) Percent of clottability protein as measured spectrophotometrically .
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2. Isolated Fibrinogen
a. Human

Method 1:

Fibrinogen isolated by Method 1 was subjected to quantit;tive
analysis by several methods. The first method used was a colorimetric
asséy, modified from a method given by Langdel1(266). This procedure
gave an average value of 31.9 mg of fibrinogen from an average volume
of citrated plasma of 18.3. The second method used the extinction
coefficient of E}Em = 16.17, as determined by B10TPack(12);Lthis
method yielded an average of 32.10 mg of fibrinogen for the samé
volume of plasma. The isolation proceduré of Method 1 produced anb o
average of 1.77 mg of fibrinogen per ml of citrated plasma.

It was found that thg§e methods of quantitating fjbrinogen
were too time consuming, and therefore the method of Dellenback(268)
was subsequently usedL Fibrinogen isolated by Metﬁ%d 1 from 30.0 ml
offfSraéed p]aﬁma yielded 4(.).‘0 mg as measured by this meth%%; This

~et

‘ was an average of 1.35 mg_of fibrinog;; per ml of citraged plasma,
and is 0.42 mg/ml legs than assayed by theoprevidu§.methods.

The clottability of fibrinogen isblated by this method was
95.1%,Fibrinogen which was isolated by Method 1 was spbjected to
immunoelectrophoresis and run qgainét anti-ffbrinogen; the results
indicated the presence of native fibrinogen. Samples were .also
run against anti-plasma and the results sﬁowed only one precipitin

, arc, indicating that the samples contained only fibrinogen.

When fibrinogen was subjected to disc electrophoresis,. the
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L 4

stained gels showed only a‘siﬁgle band. Sedimentation vefocfty
analysis of a 0.3% solution of the fibrinogeﬁ so]utiongin\nor@al
saline demonstrated a symmetrical peak with a sedimentation
coefficient °f‘s(ob5) = 6.75. There was.a1so another peak of
approximately 30 S(obs) and was estimated tq be 3-4% of the total.

The preparation was foynd also to be fgge of active or available
plasmin as determined b; the method of Bishop(267). However, 1t does
contain factor XIII, since clots were insoluble in 1% honochloroacetic
acid after 24 hours. An overall assesSfent of this method indicated
it would not be practical for use in the cltnical application of

labelied fibrinogen, due to length of the procédure, and inability
tb guarantee sterility againﬁt the hepatitis virus.
Method 2 : o g
. e
- Fibrinogen isolated by Methed 2 yielded an average quantity
of fibrinogen equal to 7.56 mg.from a volume of 5.5 ml“of plasma. |
This was a yiglg of 1.4 mg of fibrinogen~per‘m1 of plasma. The |
protein was fouﬁd'to be 93.6% clotiab]e.
/Becausé of the length of time required to sterilize and
" pack the chromatographic column, this method was also judged to be
ihpractical from the staﬁd point of routine preparation of o

autologous fibrinogjp.
Method 3

wia_Fibrinogen isolated by Method 3 yielded an average quantity
%\5 mg of fibrinogen from a volgune of 5.2 2 0.16 ml. This l

~
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rebreSentg a yield of 1.05 mg of fibrinogen per ml of citrated plasma.'
The protein was dissolved in a: volume ofv0.83 ml of pH 7.0 buffer at
an concentration of 5.24°mg/ml. fhe average clottability was 95.8%.

This material was chromatographed on Sephaoex G-200 (21 x 2.6
cm). The eluting buffer was oH 7.4 isotonic phdsphate'boffer and the
flow rate was 0.3 ml per minute. The eluate was monitoréed on a UV
Monitor, and in the resulting electron profile the protein appeared
in a single symmetrical peak at the void volume (33 m]). No lower
molecular weight proteins were observed.

Method 3 f1br1nogen was aiso chromatographed on Sepharose 68
column (35 x 2.6 cm). The eluging buffer was pH 8.0 tris buffer and
the flow rate was 1.0 m1 per minute. Native fibr as eluted
at'90‘m1 whereas a small peak of aggregates was eluted at 45 ml; this
peak contained 5.5% of the total protgip eluted.

This pregarationﬁwas olso subjectedﬁgo elect?ophoresis and
immunoe]ectrophd%esis 5(It was. efectrophoreéed with Connaught
F1br1nogen and thh human plas;h for comparison The Method 3
fibr1nogen'showed on1y>a s1ngle stained band located at the same
position of the major band found in the Connaught Fibrinogen. When
run against antf»ﬁumah serum, no precipitin arcs-were ;fsible.

. In this orocedorg, all equipment used in the preparatioﬁ"of
fibrinogen cou]d‘be-aotooléved and.the procedure could be completed
within two hours. ’ |

“In summary, human fibrinogen prepared by Method.3wa5'free of
contaminating proteins and was hvighly clottable. It could be i"solated

3

in two hours and the final solutionwas sterile and pyrogen-free. The

asept1c proceudre did mmuire any special_ equipment that is not

T F
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readily found in hospital laboratories. Wethods 1 lnd 2. cannot be
app]ied c11n1cally. however, Method 1 produced a high qua11ty
fibrinogen preparation in large quantity,. as did  the same method
using canine plasma (Method 4). Beta-alanine cannot be used to

isolate canine fibrinogen (Method 5).
II.  THE PARAMETERS OF ELECTROLYTIC RADIOIODINATION OF FIBRINOGEN

Each value obtained for a given set of conditions is the C
; -
average of three trials, unless stated otherwise. In the graphical
presentation of results, the mean of the values is given together

with the range. In the tables of results, the average is given

with the standard deviation and the standard error of’the mean(SEM).
4 ' .
A. The Effect of Constant Curreht on lodination Yield

For an\anolyte volume of 3 ml, contaiting 2 x 1075 M KI,

\16.9 mg d!%protein in pH 8.0 buffer, the optimum current for

maximum yield of 1abelied ffbrinbgen for the 30 minute time period
was 75 hA. The optimum va]uevwas found to change direcgly with

the vo]umé of ﬁnolyté; ranging frbm 10 vA, for 0.3 ml, 50 uA for 1.0
“ml, to 75 pA for 3.0 m]. The results are presented graphically 1n

Figure 5, and the average values are given in Table 7.
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TABLE 7

L4

The Effect of Constant Current on lodination Yield

Current vA .. ° % Labelled Fibrinogen i S.D. S.E.M.,
350 - . 8002 342 L
< 75 A X} (& X A K
150 ' 83.2 - 2.42 1.40
~ 300 B 78.7 : 1.40° 1.84 -
- . ;
8. Bffect of Volume of Analyte 5

The yield of labelled fibrfnogen was mred when the vo]uue .
ef anolyte was decreased from 3 to 1 ml, butmairtaintng the quantities,
. of prote'ln (20.4 mg) and KI (0 2 ml of stock solution) comstant.~ This
“ has the ;fect M’ increasing the concentration of protein and carrier
iodide by a factor of three, whﬂe mintaini  the ratfo of protein
to 1od1de at 1:1. It was found advantagemk decrease the volume °
:of anolyte to the minimm possiblq fog' a'pari'icular ce'll design to
achieve the highest yield of 1aiﬂ’|ed ﬂbrinQen, and the 1owest
y1e1d of labelled 1od|te Iodatg’ S,MNQ for three reasons:

1. it cannot react with tyrosine to form a labelled product, and

therefore, 2. a high yield of jodate 1s ass,ociated with 2 Tow yield

-of }abe]]ed fibrinogen and 3. 1odate f&ms va ndiochmical impurity

which must be removed before injection of the radiopharuceutical.

~ The results are presented graphically n Figure 6, and the avengﬁ-
L J 4

values are given in Teble 8.

i
o
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the range 6 x 10° -3 M‘to 3
coilcentration at 1 5x 10 -5 M 1n pH 7.0 phosphate buffer and a
total vo]une of 1.0 ml. F'Igure 8 and Table 10 show that the y'ield
of labelled fibrinogen tends to decrease below .a concentration of

3 X 10 ° -5 M protein. and iodate formation tends to increase as the

concentrat1on of. protein is decreased : o
. ) / * - P
. TABLE 10 ... " g

The Effect of 3rote1n Cbnten%at,n on Iod‘ina‘t‘lon Y#fd
C A ) B Y

Molarity of .- % Labeljed STD.. ©S.EM, zrouate s.D. '_*5.‘5.&.

y

Protein Fibrinogen : , ) : s
~ ' . . , ‘ : ' ' u‘.‘ - R e '
6x0F _  ma 1.0 08 107, 15 0B8]
3107 73.5 5.9 S92t 1.9 1.0
3 * ) I- . : . » . . .

1.5% 107> 65.5 2.8 1% “18.9.  0.95, 0.55
7.5x10°% ' 59.2 69 3.0 s 3a% Ly

. ‘ | ‘. » o

" E. ~ The Effect of Voluse of Catholyte

Thene was no appreciﬁ/ diffe?‘ence n. rad1oiodihat10n yield
when t!{e volme of catholyte (pH 7 Q phosphate bu%er) was - decreased

s-\.'

from 4:0'to 1.'0 ml, while maintaining the anolyte_volume enns

1.0 uﬂ. “and the main'ing parameters cons;ant The re“\sults are

given in Tab]e n.
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" .
Figure 8: The Effect of Concentration of -
Protein on the Yield of Labelled
Fibrinogen
f
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. Each point represents.the average of three trials - ;

W:__bar}indi(cdt‘_’e‘;.’ the range of results. °
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TABLE 11
The Effect of Catholyte Vol une on Iodination Yield
. . AQO" . .

Catholyte - Labelled ~S.D. S.E.M. % lodate  S.D. 5@1
Volume “¥ibrinogen R _ . e
{'ﬁﬁ

g

1 70.2 3.6 .2.25 n2 2n Ly
4 731 1.0 0.59 }*\, 07 15 088 .
v , ! A M |

A catholyte volume of 1.0 mJ' reqmres a hxgher mag(jmum applied ' N

X" M .
voihge (1.64 \g) than .at 4.0 ml (“i. O’Jeﬂv) e : .,).u '
g ‘ Lo
F“‘. ',The ﬂ‘ffect of’ pH on the Iodihation Yteld

P

) "'. Theﬁc;: of pH oN’ the y1e1d of 1abe11ed fibrinogen wasw :
measured ov_er ‘the range WS&O to 8 0. Jhe resu'lts shown in

] lFigure 9 .and Table 12 1nd1cate a generally decreasing yield of
-labelled fibrinogen with increasing pH, end that the higr?est yield
occurs at pH60 ) . SR

» The studies of Hung(81) and A]e}ander(ﬁl ,62) suggest tfhat PH sy
_7 .0 is the most ﬁavorablwﬂ for selectfve fodination of tyrosine

.’and histidine, ana for the least degradation of trytophane and -
qysteine Scul]y(276) has found that the most ever@istribution

of radioiodine anong the a]pha> beta, and gamma chains of fibri?;o?p
.1s -achieved .at pH 7.0. In vieu “of these studies, and since the

z,mam of 'labe'lled fib nogen at;pH 6.0 (74. 8) 1 not s#g’ificant]y

_higher than th&t obta'lned’ at pl-l 7~0 (69. 92’), the latter pH appears
. to be the mos_t favo_urable,for electro]ytic; iodination of fibrinogen.

P ; 5 ) -
o - .
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The Effect of pH on the Yield of
Labelled Fibrinogen
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N TABLE 12 -
\. :
The Effect of pH on Iodingtion Yield
: 3 ] 4
pH % Labelled ® of s OS.EM
Fibrinogen Trials ‘
6.0 4.8 . 6 1.8 ~0.73
63 9.8 7 3.7 . Leld
6.8 ‘*‘“’72 7 9 3.8 . 1.28
7.0 69.9 7 5.9 2.1
7.4 . 6 6.2 ) ”2.53
7.7 7 .32 .19
v'.?'.'fz"fi-,. i M U4
8.0 7 5.9 G 2.24
_ - G.° The Effect of Applied Voltage Maximum on lodination Yield
=3 - ‘ -

..‘.‘q~ o

The effect of applied voltage maximum waS'detefmined by pasSing
a constant dh?rent of 50 pA through the electrolytic cell, while
d1lowing the voltage across the cell to rise to a desired max imum
value. At that time, thga%urrent was allewed to decrease, while
the voltage was maintained.ntwthe maximum value. This maximum ygltage
Kt vs Pt) was varied over the range 0.6 voit to 1.2 volts. . .
Figure 10 suggests that the optimum voltage for electr?Jyfic' -
_1od1hation is between 0.8 voit and .1.0 volt. The percent of labelled
- fibrinogen and iodate obtained at 15 minutes and 30 minutes at .
- yarious voltages is given in Tab]g-lB. One vo]t was chosen as the

oaximum_applied (Pt vs‘P;) This value is equal t0.0. 80 volts vs the
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\

Figure 10: The Effect of Applied Voltage
. Maximum on the Yield of Labe]led
. Fibrinogen
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2L

wé« |
saturated calomel electrode. , when it wa?"bossible to use the

.saturated calomel electrode, a reference value of 0.8 volt vs SCE was

]

. used. o

TABLE 13 «
'Y .

-The Effect of Applied Vo]tage Maximum on Iodination Yield =

15 Minutes
| | S-S
Voltage n  %.labelled S.D. S.E.M. % Todate ' S.D. S.E.M.
Pt vs Pt . Fibrinogen ' ' T
0.6 6 150.1 7.3 2.99 © 5.8° 1.29 0.74
0.8 M 671 9.9  2.99 %3 2.03 ;0.91
.00 6 3,68.2 &2 0.86.  10.0 1.63 0.9
2 2 [aftess ms 172 2.6  1.46 0.73
R x ’ w» . »"‘, : N . fﬁ??
"' 30 Minutes © £
0.6 - 3 76.0 5.2 300 -7.1 1,5 0.8 7
0.8 & . A 26 A 67 L 3"" 0.64
1.0 ¢ 70- 05 026 N2z 4. ,o .23
1.2 3 7n.5, 159 089 - 11 6 1.5

v



Standard Reduction'fotentia1s for lodine Reactions(273)

-

L

*

TABLE 14 -

I, + 2 —= 2I
1; + 2 —= 3 |
107 H)0 4 27 e 1T+ 20H 0.49
T 2] ] | en
\ 0y - 6H .+ Se —TZ'_}IZ, + 3H20 SRR
Y0y 4 6H' 4 6eT w—a IT 0+ 3H 0 1.085
’ - ¥ ‘
210, + 124" +10eT —= I -+ 0 - 1.9
10, + ' '¢§5 0.56. -
.10, + 0.26

[} s

’{'ition noéential

can be calculated for the ce11 /1, {a =3x 10‘5)||ng/ugc12 (s) KCI
'l(sat d) assulning the cell resistance,“is negligible and “that the anode '

%rd reduction f‘\'/

o T,

-potentia'l for 1odine reactions is gﬂen in Tab]e 14'.: The Ly

and cathode” over potentials are zere. '’ The

: ‘decompositiokpotential for this cell is initia]ly -0.5608 volt

- For a cell to produce e?ectri_cq , there must be a decrease in

free energy occurring in the’ ce‘ll, i.e., thé change in free energy

must‘ be- negative. Since ~F'= nFE, whem’ n is the number of eanza-

-lents. reacting‘, F is the Faraday and%E 1s cell potential and F i's
‘the free energy, E'must’ be positive for a spontaneous reaction. Since
the potential of the cell above is negative. the reaction 1s not L

spontaneous and at ]east 0 5608 volt must be applied to- produce the (
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reaction. As the iodide is oxidized to iodine, the cell potential
'inc;'eases exponentially to -0.661 ‘olt when the iodide concentration

-

is 1% of the initial concentration.
LI. The Effect of .Supporting Electrolyte

' §\" The effect of sodiun chloride as 'a supporting electrolﬁe was ‘
measured by determining the yield of labelfed fibrinogen when the ~
salt was absent from the anol)’te. which then consisted of pH 7.0
phosphate buffer containing 6 x 10° M protein ami 3 x10 -5 M KI.

‘The yield was 77. 2% labelled fitﬁinogen arm 9.73% labelled iodate
This was not significantll different ‘from the :vi,eld of labelled
fibrinogen when sodium ch‘loridﬁom pr’eseoi: 73,6: 14481 1ed
fibrjnogen and 12 2% labelleq iodate. Thus there is no dvantage
conferred on }the yield of labelled fibrinogen by- hcreasing the ,'o..‘

moncentmfi’on of sodiun chloride The results are giVen in Table lskl
\ ; ) fr§ ¢ - e -

1. The Effect of Teupmture on Iodination Yield. o k .

-

- The effect of lwering the teaperature to\pproxi-ately zero
degrees centrigrade on the yleld pf labelled fibrinogen ﬂi”tln'ied
out as previbusly deséribed The yield of labelled fibrinogen wag
55.2% and tné-ymd of labelled jodate. was 13. 65. At ambient room
temperature (approxiuately 21 ‘C) and under the sane reaction o 'r -
conditions. the yie1¢ of labelled flbrlnogen was 73 l! lnd thg 'yipld '

of labelled fibrinogen was 10:7%. The results are shown in Tab’ie 16.,

-

B 4

. o4
e

Tw my be due to an increase\yl electrolyte resis“tance and an

. . ‘_..- k -'..
\ .ot L ‘.,A,Qu . .\‘- -
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increase in tlﬁ:\tnnsport nMer of 1o‘d1dé fons with decreasing
teu\per"a,ture(zﬂ). s While pmte;n§. are pbre §f:ab'1e at lower tempera-
tures,. the yield of labelléd fibrinogen is signi_f‘ltahtly ]éss_ than
at ambient room ten'uperatﬁre; ard the protein will not be adversely' T

affected at this temperature for short periods of tihe.

.
e

Q.
. ? TABLE 15 -
RN . ‘.' : v ®» " .
Te : ‘The Effect of uppgrting EIectrolyte on Iodimﬂon Yield
e bme S.EM. 'aLabel'led S D. S, E M.
Concentrat'lo&.' F rim . .' S qﬁatg ‘/ﬂ_v/,. ,
. Lo FY ST
o.'-15,2&n- 79, 6 z % 1.09 Qiz 2 T 107 0.6
C 00 | T2 496 275 a7 "fga 22 128
R | ,
o e M . TABLE 16 . -
Y ‘ ! . 1 "Q "“ | "‘f' ,
L The Effect of Tqrepature on- Iodination Yield
: _ <@
Tempsnture ! Labelled S D. S.E-,ll. .z Labelled . S.D. S.E.M. -
L Fibinrogeu N Todiite o
0_' 4 . e : .. ‘;V T “ ._'-'. . R
B TR 4 2.56  13.6 . 0.9 0.5 -
20, . 730 . 103 059 0.7 ‘1.53;@..;—58!

) ‘J.‘g The Effect of Electmiytic Technique on lodmtion Yield

| In order to enluate the uffect of elect@ytic tochnique on
the production of lnbelled fihrinogqn the foI‘ang experimts were ‘

oy - ,,,om, consisting'nﬁ Zo.ng ‘of protein and 1.5 x. (107"




‘ . A ‘

,,M KI in pH 7. 0 phounwte bnffer and a total volume of l ml ‘was
'electrolyzed by three dlffirent methods?

1. A constant current of 50 uA was passed through the cell
while the cell potential (I /12 (2% 3 x 10‘5)//ug/u92c12(s). KC1
. sat'd) was allowed to rise freely Flgure 11 shows the increase in' o a
~ applted (Py vs Pt) and cel] potential wtth tl;me at & constant current
of ‘50 yA. : T ’ , - '

2. A constant, controlled voltage of 0<8 volt versus a
;Qaturm caloml electrode (SCE)- was apglied to.the tell and the

nt uf current was uncont;‘ollod Figure 12 shows the decrease

" ~in applied potentlal and’ current with tlne at a constant potential S,
|
Q 3

of 0.8 volt versus tne SCE . L - )
N 3, A éurrent of 50 uA*%s passed- through the cell untfl the
'l,increaslng c#ll potential reach& 0.8 volt versus SCE. This - '0; R
potentlal was then nalntained uM]e the: cu ent dscr‘%aseq exponenti- Q
ally " Figure 3. shows thl change 1n 'plleo potentla,l wlth constant
. cell potentm. alweJl ps thd enanges in: pumnt.w ~ . -
14 shous ‘that there 1s'a s’lailar incl‘ease in cell potenml and
decrease: in current witn 3 naxiuln current of 50 foll?:ed b_yj
Inaxlm applied potential (Pt v’ Pf) of 1 o volt. . i e
The average yleld of label'ltd ﬁbr'lnogen and“lod e obtained in
'three trials of each of these teclmitwes 13 given in y‘ble l7 o /

. ‘ ST
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Figure 11: The Change in Cell Voltage and
Applied Voltage of an Electrolytic
Cell at Constant Currént of 50 uA
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Figure 13: The Charge in Current, Cell Vol;age.
and Applied ¥oltage when a Maxi
of 50 yA and 0.8 volt vs SCE is
' Applied to the Electrolytic Cell

’
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Each point represents the average of three trials
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L

-
Figrre 14: The Change in Current, Cell Voltage,
- and Applied Voltage When a Maximum of -
50 wA and 1.0 volt (Pt vs Pt) is
Applied to the Electrolytic Cell
P » I
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 TO WHOM IT MAY CONCERN:
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Page 1?9 is not missing but has
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TABLE 17

The Effect of Electrolytic Technique on lodination Yield

: P

Method gLabelled - S.D. S.E.M. % Labelled S.D. S.E.M.
_Fibrinogen lodate

50 A 68.69 1.1+ 0.63 2.6 . 1.8 1.0

0.8 volt 62.4 5.3  3.07 30.1 2.7  1.54

50 vA + 0.8 70.0 1.8 1.05 22.6 2.0 1.16
volt : ;

Table 17 shows that controlled current-controlled potential method
produces a higher.yield of laﬁgiled.fibrinogen thaﬁ;does ihe constant
voltage technique, but not the constant current. This is because
the cell voltage (Pt vs SCE) did not exceed 0.80 volt. If a”non-l
-optimum current had been used, the .yield would have been lower.-

In the third technique, a current of 50 wA is applied until
a potential of 0.8 volt vs SCE is attained, at which time the current
falls exponentially to a residual current(Figure 12) . If the value
of the residual current (18.6 uA) is subtracted from each of the
~ values ‘of current when 1t is Hecreasing exponentially, a set of

values is obtained which wﬂ] yield a straight line when theiﬂii”l~

1§

logarithms are plotted linearly against time. This straight line
fits the equation 10910 y = ax + b, where the slope as= 0a05037f and
the ordinate 1ntercept b = 1.4683, which is the ]og of 29.4. This =
line was fitted by the least squares method. ”

From the above equation, the time required for the éurrent ‘

to decrease to one-half of a given valug, the half time, 1s#§.975
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S

minutes. This shows that the oxidation of iodide is a first-.
order process and the current at any instant is proportional td the
concentration of iodide and to its rate of depletion. Thus, the
time requird to reach a.p;rticu1arkdegree of oxidation is
1n&épendent of the initial concentration. fﬁe time requirfd for
the iodjde to reach one-half of its original concentration is
therefore 6 minutes. If electrolysis was begun at an initial current
flow of 29.4 + 18.6 = 48 uA, it would require ten half-times or
60 minutes to decrease the concentration of fodide by 99.9%, and

30 minutes to oxidize 96.9% of the iodide.

fwo types of electro1y§ic technique have been reported in the
literature for electrolytic radioiodination: constant current
e]ectrolyﬁis and constant potential e]ectrolysisf/’}he disadvantage
of the constant current electrolysis is that‘the voltage required
to supply a conStant current increases beyond that required to
oxidize;iodiné to that which produces large amounts of iodate, and
may reach the potential required to oxidize the phenolic ring of
tyrosine (slightly over 1.0 volt)(269). Other functional.groups of
proteins, such as imidazole, thioether, disulfide, and amine are
also subject to electrolytic oxidation at this potential(269).
' The disadvantage of controlled potential electrolysis for
oxidation of iodide is that a high current is inftially produced,

which decreases exponentially with time according to the following

equation(270):
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-DAt .-kt
nFACD e Vs ® j,e
e 8

-
]

L 4

it - current at time t
n - number of equivalents
F - Faraday

A - electrode area
V. --Volume of solution of concentration C
§ - diffusion layér thickness
D - diffiusion coefficient
i, - initial current = nFACD/¢
K = DA/VS
’
The reaction of iodine with tyrosine appears to be the rate
limitina step in the electrolytic method of radiciodination of
protein. !Malan(128) has found that the time for iodination of
thyrotrophin was about twenty times greater than the theoretical
time for electrolysis of iodide to provide the éame level of iodine.
The preceeding experiments indicate that there is a set of
parameters for electrolytic radioiodination which must be optimized
for eacﬁ e1ectro]yfic cell in order to obtain the highest yield
of labelled protein. For comparison, the parameters of electroNtic
radioiodination- procedures found in the literature are given in TaMe
18. It can be seen that the ano1yte.volume varied between a low
of 10 u1,(Rollag-127) to a large volume of 15 ml (Teulings-121). A
vo]ume_of 1.0 m1 was found satisfactory in the experimental

portion of this thesis. In Table 18, the current used ranged from

‘6-7 uA(122) to 1-2 mA(123). Sammon et al.(124) used a controlled
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potential of 0.8 volt vs the SCE and did nat control the current.
Harwig et al.(132), Khalkhali et al.(63), Rollag et al.(127), and
Rosa et a1.(120) used a potential of approximately 0.5 volts, and
did not cqnirol the current. As a consequénde, Harwig(132) required
1.5-4.5 hours for‘Féésfion‘ffﬁe. In this thesis,a maximum current
of 50 uA, combined with a maximum cell potential of 0.8 volt vs the
saturated calomel electrode was found satisfactory. B
~ Harwig et al.(132) found that they could not iodinate fibrinogen'd‘
in phosphate buffer, but required agarbital buffer. Caro(125), Katz
(123), Krohn(16), Malan(128), Rollag(127), and Sammon(124) reported
the successful use of electrolyte containing phosphate. A number of
workers used unbuffered saline, including Uonabedian(126),
Khalkhali(63), Pennisi(122), Rosa(120,23), apd Teulingéf121). Ii oot
the experiments described in this thesis, a pﬁosphate-sodium
chloride buffer of ionic strength equal to 0.3 was found satisfactory.
The pH of the electrolyte used in radiofodinations was )
reported between 7.0 and 7.5. Teulings and Biggs(121) selected
pH 8.0 on theoretical grounds, while Janonovic(130) used pH 10.
Krohn(16) radioiodinated fibrinogen at pH 7.8. In the experiment
dealing with pH, it was found that the yield decreased with
increas{ng pH, particularly ét pH 8.0, However, pH 7.0 was chosen
based on the work of Hung(31) and Alexander(61,62). .
The temperature used for electrolytic radioiodination was
generally reported as room termperature. However, Sammon gg_gL(124)

used 4°C; Rosa et al.(23) jodinated albumin at 8-10°C, and Krohn

(16) labelled fibrinogen at 4°C.. Pennisi(122) used a temperature of
- .

e
*
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5°C to improve the stability of the protein. In the experimenta)
portion of this thesis, decreasing the temperature was foynd to

decrease the yield. ’ ‘ .

. » .
Most rea(ija: times reported were less than 30 minutes. A

notable except as Harwig(132) who reported reaction times of

1.5-4.5 hours, and Krohn(16) who labelled f1br1no§en for 7% 1§0
minutes. In the experimental portion- of this thesis. it was found

that 30 m1nutes was sufficient time to produce y1e1ds of 70 to 80%.

III. lﬂ_VITRO PROPERTIES OF ELECTROLYTICALLY RADIOIODINATED
F IBRINOGEN ) RN

_A. The Yield of Labelled Fibrinogen

Following electrolytic radioiodination of isolated human

fibrinogen for minutes at pH 7.0, the yield of labelled fibrinogen
was determined by paper chromatography (Methods1 and 4 fibrinogen),
Sephadex chromatography (Method 2 fibrinogen), and trichloroacetic
acid precipitation (Hethod 3 fibrinogen). The resilts are'given in

Table 19. , S

[

TABLE 19

v . ‘ N rd A4
The Yield of Labelled Fibrinogen by Electrolytic Radioiodination

Fibrinogen Anolyte Fibrinogen "~ n S.D. S.E.M.
Isolated by: Volume, .Yie]?&%? '

Method 1 1-2 ml 75.0 5 4.84 2.16
Method 2 0.3 ml 70.3 14 5.47 -1.46
Method 3 0.6 m) 72.6 16 10.7  2.60
Method 4 - 1-3 m 85.9 3 3.58 2.06

Method 5 '~ 2ml . 72.6.
. ™~
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8. .The Clottability of Label led Fibrlnogen s LY

S L

- . The c'lottability of labellee fibrlnogea was de erplnﬁ-by
the simeMethod as that used for native fljﬂnogen. The, clottabllﬂa
-of 1abelled Connaught fibrinogen and. hwman. flbrinogen 1solated by ot

e P

methods 1, 2, and 3 is presented in Table 20.: The «c'ld“ttabﬂ“lty of
labelled canine fibrlnogen isolated. by nthods 4 and 5 ws not - .
"h s <: N
determlned. > A ) N LA
TABLE 20 )
) Lo s e S i
The CTottability of Natl_‘ng-;g;nd Eabelled Fibrinogen v, Y,
| . o . o ‘. |
Fibrinogen form % Clottability . n  S.D. S.E.M.: liodlne/
: RS Protein ‘ .
Connaught Native " 88.7 - 6. 1.2 9;48 R
| Labelled 859 ' 6. 3.8 1.55- "1:4
. : N b §
Method 1 Native . - 96.3 -8 1.5 .75 . °
T, labelled 947 T2 2.2 .0.64  1:2 i, o
Method 2-  Natife 93.6 . 1 23 0.6 |
“ Labelled - 88.5 -7 .5.92 i:l} - -1 _
_Method 3 Native -  95.8 12 1,53 0.4 ~ T
. ¢ " Labelled -"95.6 12 4.4 1.20 . 1

It was. first reported 'bY‘M’éFarlané(ZO) that tlle'*?lunber'of»" N

iodine atoms substituted in each protein molecule has an effect

on

\ « .
* the .metabolism of the labelled prdtein ée found that protﬁns S

/
“substituted with 6 or more ‘atoms of lodine (I/P = @ werg £

. -

f"lm‘lmted o

" more rapidly than c-u tabelled proteins ‘but at~ 8.5 aton per mlecule;:""'
of protein, flbrinogen bebaved the same way as C-14 lﬂ)elled protelns‘ c

However.Jegoeczi (213) and Ly and Kierulf(le) found that ‘
o
there were.no substl tutfon depende\nt chenges ln the clotubllity of

’¥ ,.‘

Ve ey v A"
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iodine labelled fibrinogen. In addition, Harwig et al.(214)

found that canine and human fibrinogens labelled up to I/P ratios

oé 4.5 demdonstrated 1itt)e change in bio1ogica1 clearance rate.
Student'#t test was used to determin\é if the difference in

clottability of the labelled fibrinogen was significantly different

from the clottability of the native fibrinogén. In no ins;ance

was the difference significantly different at the 5% level using a

one-tailed.t-test. Thus, it appears that the labelling methods did

not significantly affect the clottability of native fibrinogen.

C. Thrombin Clotting Time

Thé thrombin time has been suggested as a sensitive indicator
of fibrinogen den%turatign(Z]l). This was measured on native
' a;d labelled Connaudht Fibrinogen (iodine to protein ratio 1:4) and
on native and labelled Method 3 fibrinogen (iodine to protein ratio

1:1); the results are presented in Table 21.

. TABLE 21
The Thrombin Clotting Time of Native and Labelled Fibrinogen
| v ) IS
Fibrinogen _Form Thrombin Time n S.D. S.E.M. Iodine/
(seconds) Protein

Connaught Native 29.3 8 3.4 1.20 1:4

Labelled 27.8 8 3.5 1.25 -
Method. 3 Native 23.5 14 2.8 0.75

Labelled 21.6 13 2.0 ,0.56 1:1

The decrease in thrombin*c]ofting time from the native to the

labelled Connaught fibrinogen is not statistically significant at the

~



189

5% level as measQred by the Student's t-te§t. However, it is
significant for tpe.hifference between native and labelled Method 3
fibrinogen, and thus a true decrease in thrombin times exists for
this highly clottable preparation. This decréase suggests sthat
some alterétion of the native state of the protein has occurred as
a result of the iodination process. However, the decrease may also
indicate ag\increased susceptibility oflabelied fibrinogen to

the enzymatic action of thrombin and which may, therefore, be

preferentially taken up into forming thrombi.

) D. Electrophoresis

\

'Y iFibrinbgen igolated by Method 1 was labelled by the
electrolytic method and subjected to polyacrylamide gel electro-
phoresis (PAGE). A typical example of the distribution of aétivity
in the gels is shown in Fiqure 15. This grapn suagests that the
iodinated fibrinogen is a single entity, and since the peak is
symmetrical in appearance and no o}her areas of activity are »
observed, the labelled protein does not appear to be grossly
denatured. Gels contain{gg the labelled protein were stained as
previgusly described and compared with gels containing unlabelled
protéz;' they were identical in appearance.

Fiibrinogen which had been isolated by Method 3 was subjected
to electrophoresis before and after electrolytic radioiodination.
Connaught fibrinog;n and plasma were run as markers. The labelled
and native proteins were identical in appearance; and consisted of

.a sing]é discrete band.
!
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P

. Figure 15: Polyacrylamide Gel Electrophoresis

of 1-125 Fibrinogen
Ry
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Segment Number
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E. Radiochemical Stability of Labelled Fibrinogen

The rate of hydrolysis of 1-125 from fibrinogen which was
isolated by Method 2 was determined by removing 50 ul samples\gvery
48 hours from the solution incubated at 37°C and chromatograph{hg
theualiquot on Sephadex G-10 + G-25. The procggure was performea\on
thfee different samples over a six day péfiod. The average decreagg
in percent labelled fibrinogen wls 2.2 ! 0.59% per day. It has been\\
reported that the 1-125 fibrinogen bond hydrolyzes rapidly {n ‘
saline, and mﬁch more slowly in a solution of human serum albumin(16).
It was suggested thai|e1ectro]y£ic radioiodination of fibrinogen
produces a 1argg yteld of sulfenyl iodide, by substitution of iodine
for the hydrogen of the sulfhydryl group on cysteine(132). Diluting
the anolyte reaction mixture with distilled water produced an ionic
strength equal to saline; dilution of anolyte with cysteine solution
_provided a system for(sulfenyl iodide in the protein to exchange with

the free sulfhydryl gnoups of the cysteine. Dilution with human

serum albumin and ser proVi&ed a pfotein solution which may
provide a protective pedium for the fibrinogen. o

The rate of hydrolysis of I1-125 from Connaught fibrinogeh
labelled at an initial ratio of 1°'iodide atom pr 4 protein molecules
was measured daily for six days. The reaction mixture was mixed

1:1 with each of: distilled wafer, 1 xlO'3 M cysteine, 12.5% albumin,

and human serum.\ The samples were prepared in duplicate. The rate

of hydrolysis of I-125 from labelled Connaught fibrinogen in pH 7.0

buffer (phosphate - NaCl, n = 0.3) was determined in triplicate.
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The results of these determinations are presented in Table 22,
L\ The hydrolysis rate of electrolytically labelled human
fibrinogen is between 2 and 4% per day. This is considerably less

than the 27% per day previously reported for this method(16).
F. Sepharose Chromatography

The molecular weight profiles of native and labelled fibrinogen

ﬂ—\\\“were detenmined by chromatographing protein solutions on Sepharose

2B and 6B. Two peaks were generally observed; the large peak was

cenzered at approximately 90 ml of eluate, and a smaller peak was
W " observed at half this elution volume at 45 ml. . This small,peakvﬁas
considered to contain aggregated material ~ Metzger 6t ai (131)
found that when aggregated fibr1nogen was 1n3ected into laboratory
animals, jt was rapidly cleared from the circulation and accumulated.
. in the liver and spleen.

;Some workers(16) had found thai some aggregated material was
too large to enter the gel; therefore, the Sepharose columns were
_back-washed with a volume of eluate equal to the elution volume of

iodide (100 m1). The area under the elution profile curve was
detennined by a gravimetric method and the area of the aggregate ‘
peak wa expressed as a percent of the total aJea The elution
profiles\of labelled and.unlabelled fibrinogen are shown in Figure 16,
and the percent'of aggregation in native and labelled fibrinogen

obtained from Connaught Laborafories and by tisolation

fﬁﬁm*pigsma by Method 1 are given in Table 23.
measured by area, the Connaught fibrinogen contained 0.17%
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more aggregates after electrolytic radioiodi;ation. while Method 1
fibrinogen contained 0.96% more aggregated protein after labelling
.Method 1 fibrihogen contained 1.43% of aggregated material as measured
by assaying the radioactivity in the void peak and in the backwash.
This is considerably less than the 47% aggregated content of
electrolytieally labelled fibrinogen reported in the literature(11).

In summary, the yield of labelled fibrinogen varied between
70.3% dna 85.9%. " The decrease in clottability after labelling was
not statistically significant at the 5% level. However, the decrease
in thrombin clotting time wasvsignificant‘at the 5% level for the
highly clottable preparation. MNo degradation was detected by
polyacrylamide gel electrophoresis. The rate of hydrolysis of
[-125 from fibrinogen in various media ranged bet@een‘Z% and 4% per
day in buffer so]utiozé aﬁh in protein containing media. The increase
in aggregation p;oduced by electrolytic radioiodination was not
statistically ;ignificant.

Krohn'gg al(16) reported that 15.6% to 17% of e]ectro]ytica]jy
labelled fibrinojen remained on top of a Sepharose 4B column. Thése
workers found that the yield of fibrinogen was 50% and fhe c]dttabi]-
ity decreased from 97% to 93% after labelling. The Fate of hydrolysis
was 1.5% per day in plasma and 1.24% in albumin. In the experimen}a]
portipn of this thesis,'the hydrolysis rate of labelled fibrinogen
was found to be 2.15% in albumin and 2.44% per day in serum. In
saiine, Krohn(16) found that the hydrolysis rate was 27% in 1 day and

51% in three days. In contrast, the experiments described in this

thesis suggested that the hydrolysis rate ih buffer of ionic s¥rength
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equal to 0.15 (the same as saline) was 0.33% in one day and 9.1% in
three days. Krohn and Welch(119) subsequently reported a yield of
labelled fibrinoéen by the electrolytic method of 30-80%, and an
isotopic clottability of 79% with a 27% per day hydrolysis rate.

The amount of aggregatton by gel permeation chromatography was about

50%(119).

IV. THE IN VIVO BEHAVIOUR OF ELECTROLYTICALLY RADIOIODINATED

FIBRINOGEN - .

>

A. The Clearance of Canine Fibrinogen in Dogs

N \

The clearance rate of canine fibrinojgﬁ isolated by Method 4
was measured in two dogs. The fibrinogen was isolated from an

4‘ .
average volume of 31.5 ml of c1tr§¢ed canine plasma. The fibrinogen

was electrolytically /radioiodinated for 30 minutes; the anolyte

5

volume was betweerd 1 to 2 ml and contained an average 5.8 x 10°

.5 &QIO'SM KI, resulting in an average 1odineﬁ

*

‘M protein and
protejn ratio of 1 to 2. Three hundred microcuries of labelled
fibrinogen was injected into each dog, after the free iodine was
removed by chromatographing the éno]yte on a 0.9 cm x 30 cm column
of G-25 Sephadex equilibrated with pH 7.4 isotonic phosphate buffer.

Since 1t was found that Method 1 of'isoiating human fibrinogen
could not be applied clinically, canine fibrinogen isolated by
Method 4 (the same as Method 1, except canine plasha was used) was
not tested in more dbgs? Instead, canine fibrinogén isolated By

Method 5 was further tested; Method 5 is similar to Method 3 of
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J
isolating human fibrinogen and this latter method was sufficiently

simple and rapid that it could be adapted to clinical use.

M;thod 5 canine fibrinogen was tested in four dogs. It was
isolated from 800 ml of canine plasma, and was electrolytically
radioiodinated for 30 minutes. The 2.2 ml anolyte contained 4 x 10'5
‘M fibrinogen and 2.7 x 107 M KI, and an iodide to protein rati%L of

1 to 1.5. Three hundred microcuries was injected into each dog.
Blood samb]es were collected as described previousiy and the
radioaetivity in 0.5 ml plasma samples was determined using a Searle
1195 Gamma Spectrometef. The log of counts per minute versus time
in hours were analyzed by a stripping method on a Digital PDP-11
computer (Digital Corporation, Maynard, Mass.) interfaced to a

Worthern Scientific NS-636 Multi-Channel Analyzer and a Dicom

Tape Deck.

N o
A single exponential was fitted to the data for the long 1lived

component using a weighted least squares method. The contribution
of this long-lived component was subtracted from the earlier
data and the second 1oh§est lived component was then determined
in a similar manner. The weighting factor in. the program took- into
accbunt the diminishing precision of the data as components were
removed, as wel] as the distortion required td accormodate an
exponential rather than a 1fneqr fit. The precision of the fitting
was indicated in terms of the standard deviations of both the size
of each component and its corresponding elimination constant.

The results of these stripping'procedureséifé inen in Table

24, Fibrinogen isolated by Method 4 was eliminated in two-

-
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_exponential phasés, the first being a mixing and’equilibrium phase
(ti = 4.8 hr) and the second represents the catabolism of fibrinogen
{t4 = 77.2 hr.). The fibrinogen isolated by.Method 5 was eliminetea
in three exbonential phases, the latter two exponentials represent(ﬁb'
the catabo]ism of fibrinogen. (A clearance cd}ve of plasma radio-
activity of labelled Method 4 fibrfnogen is shown in Figure 17y and .
a c1earance ggrve of plasma radioact1v1ty of labelled Method 5 -
fibrinogen is shown in Figure 18.) The problem of the double
exponential elimination of f1br1nogen has been reviewed by Regbecz1
(212) who believed that the phenomenon‘{S\due tg‘old out- dated’
preparations or to poor storage of tHe protein. The mixing and.
equilibrium phase had a helf~1ife of 7.3 hours. The second '_‘
;exponential phase had a ha]f;life of 36.6 hours, and the third
“exponential had a half-11fe of 74.9 hours. “

Metzger et al(131) attributed the second exponential to the
re1ease of 1od1de from the f1p;1nogen in vivo, and found that the
amount of unbound fodide ranged from 20% to 80% for Chloramine T
1abe11ed fibrinogen and 20% to 57% for IC1 labe]led fibrinogen(131).

The average unbound iodide found in these studies was 1. 4% )
hsfmeaiured by TCA precipitation. This amount was deemed small —

eﬁeugh that no further correction of the dqma was necessary for the

content of free iodide.

-

| - ‘ ) i
The doubTe half-life encountered in these-experiments may be
due to the presence of activated c]otting factors in_the blood of :

'

the denbr animal, which had under gdne extensive surgery before.the V

blood was removed - X;\ [

-~
r The fractiona] catabolic rate (FCR) is a measure of the rate
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Figure 17: ‘Pla§ma Clearance Curve of-125
. Fibrinogen and the Two Components

s Depived by a Computorized Stripping «
‘ Technique )
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Figure 18: Plasma Clearance Curve of [-125
Fibrinogen and the Three Components
Derived by a Computorized Stripping

Technique .
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at which a protein is metabolized. It is stated as a fraction of

the injected dose eliminated per unit time. In metabolic studies, it
¥s assumed that the FCR is equivalent to the fraction of the bod

pool of the protein eliminated per unit time. The‘smallqr the FCR,
the slower the rate of clearance of the protein from the plas
Depending on the model used to study the metabolic parameters ofNthe
protein, the FCR may be a function of two or more half-lives 04)
elimination constants.

Since thrombosis may occur in the post-operative patient
several days or weeks after surgery, it is“advantageous to use
fibrinogen I-125.with the longest possible biological half-1life
or lowest FCR, thereby providing the longest possible surveillance
for detectjon of thrombosis.

The fractional catabolic rates for these two sets of fibrinogen

data can be calculated from the following equations:

1. Method 4 Fibrinogen: Campbell's Two Compartmental Model(271):

k = 1 = 1 = 1.07 x 1072 hr”!
[ §5 0.8347 + 0.1452
a, 5 9.01 x 10-3 0.1551

kﬁ - fractional catabolic rate-

C; - v intercept at time 0 for the first component

ay - e]imination'rate constant of the first component

C2 - Yy intercept at time 0 for the second component

a, - elimination rate component of the sééOﬁd component

C3 -y intercept at time O for the third component

- elimination rate constant of the third component
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2. Method 5 Fibrinogen: Matthew's Three-Compartment Open

Parallel Model:

k = 1 = 1
S PP PO P N ¥0.37.6 ¥ 0.1153
3, a, a3 932 x 10-3 1 x 10~ 0.1029

= 1.32 x 1072 pr”]

The fractional catabolic rate of Method 4 fibrinogen is 18.9%
Tower tham that of Method 5. Since it is known that the second
exponential in the double half-life fibrinogen is an artifact, the

intercepts of Method 4 can be modified to eliminate the second

exponential:
Cy = CAC, + Cy) and C,.= C4/(Cy + €4)
Cy = 0.5189/(0.5189 +a0.1153)
= 0.8182
C, = 0.11537(0.5189 + 0.1553) ‘

.0.1818

The fractional catabolic rate for Method 5 fibrinogen can be

recalculated using Campbell's Two Compartment Model:

k = 1 - ] C=1a2x10?
oo, (SN} |- + 0.1818
a * 2 93:x103 0.0 ‘
o

The fractional catabolic réte of Method 4 fibrinogen is now 4.2%
lower than the recalculated FCR.for Method 5.

A better estimate of the values ¢, and C2 can be obtained from
the average of the values from Method 4 results and the recalculated

va]Qes of Method 5:

17" 0.8265 and C2.= 1 - C]

o .
--The fractional catabolic rate can then be recalculated to give the

C = 0.1736

[ J
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best estimate of km:

K = 1 1

"OFg
L I

=1.093 x 1072 el = 0.262 d°

4

Using the same values of C], ars C2 and 35, the rates of transfer

of protein to and from the extravascular compartment can be determined

4’

respectively: ~

i 2

= CiCy(a, - a1)" /g2y *+ Cpay)
1

K,2

1.904 x 1072 hr~
!

0.457 day ~

In this case, 45.7% of the intravascular pool is transferred to

“the extravascular pool per day.
_ - -1 _ -1
2] C]a2 + Cza] 0.1082 hr .2.60d

k
Fibrinogen in the extravascular pop] %s returned to the intravascular
pool at the rate of 260% per day. ;

Dugan et al.(206)reported that fibninggen lébelled-by the
‘chloramine-T method was metabolized by hogs in two exponential
components, haff of'the injected dose being eliminated in 2.2 hours,
and the other half in 103.2 hours. Using Campbell's two compartmen-
tal‘mode1, a fractional catabolic raté of 1.32 x 1072 hr™! can be
calculated. This is 1.2 times faster than the fract}onal catabolic¢
‘rate determined in the experimental portion of this thesis for
fibrinogen eliminated in two exponential componeﬁ%s, namely 1.07 x
1072 hr-l. . similarly, Tytgat et al.(201)reported a fractional
catabolic rate of 1.63 x 10'2 for iodine monochloride labelled

fibrinogen which was eliminated in two exponential components in

—
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dogs. .This 1.5 times greater than the fractional catabolic rate
calculated for the two compartment model of fibrinogen metabolism
in this thesis.

Metzger et al.(131) st2§§éd the elimination rate of fibrinogen
labéi1ed”by the iodine monochloride method, and found that it was
sup;rior to lactoperoxidase iodination, and very much superior to
chloramine-T and electrolytic labelling. The rate of elimination
of iodine monochloride fibrinogen was measured in dogs and these
workers found that it was eliminated in three exponential components.
Using Matthew's three-compartmental model, a fractional catabolic
rate can be calculated far théir data, and this was found to be
4.35 x 1072 hr™!. This rate is 3.2 times faster than the elimination
rate determined in the experimental portion of thi§ thesis for

-

. fibrinogen eliminated in three exponential'compohents, which was

2

found to be 1.32 x 10° hr'].

“

These results suggest that the electrolytic method of radio-
iodination of fibrinogen produces a product which is aé least as
satisfactory (if not better) as the iodine monochloride and cﬁ]oramine—
T preparations with regard tb rate of elimination from the plasma of

dogs.
B. CHearance Rates of Labelled Human Fibrinogen
Rabbits

Analysis of curves for clearance of electko]ytica1]y labelled -
human' fibrinogen in rabbits indicated that 40% of the injected dose

was cleared with a half-life 54.2 hours while the remaining 60% was °
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cleared with a half-life of 10 hours. The fractional catabolic
rates of electrolytically radioiodinated fibrinogen and of several

'
commercial preparations were calculated from the following formula

(279):

k = . In2 :
"X E TG x D)

The results are bresented in Tadle
TABLE 25

Human Fibrinogen Plasma Clearance Rates in Rabbits

Method of Labelling Fractional Catabolic
Human Fibrinogen Rate (pool fraction/hr)
Iodine Monochloride 0.044

Iodine Monoch]ofide 0.041
Chloramine-T ‘ 0.043
Electrolytic _ - o 0.025

Thus, the FfR of electrolytically radioiodinated human fibrinogen -
in rabbits is 42.5% lower f?an the average FCR of commercial
preparat1ons

' The average amount of free iodide in rabbit plasma as measured
by TCA precipitation was 0.6% at }5 minutes and 1.2% at four hours.
Electrophoresis of the product o; Gelman pdlyacetate strips, using
Gelman high resolution barbital buffer pH 8.8, indicated that 75.3%
migrated similarly to pure fibrinogen. The remaining 24.7% failed
to migfate from the origin; the commercial products shqﬁed from
30-55% of the activity at the origin, with only 45 70% running as

monomeric fibrinogen
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Electrophoresis of rabbit plasma samples at fifteen minutes
showed tha: 96.8% of the tota]lactivity in the plasma migrated with
the fibrinogen peak and 2.8% remained at the origin. Analysis of
plasma samples obtained after .four hours indicated that 92.6% of
the activity ran with the fibrinogen peak, while 5.8% remained at
the origin. Positions of the proteins were determined by running
non-labelled albumin and- fibrinogen (Connaught Laboratories) and

staining the electrophoretograms with Ponceau S.:
///A;V. IMAGING OF SURGICALLY INDUCED THROMBI IN LEG VEINS OF DOGS

The results of various 1maging procedures which were
carried out for a maximum of 5 days after induction of the ‘thrombus,
are given in Table 26, These results suggest that the fibrinogen
-preparationcan be used to detect thrombi shortly after they are
induced. Induction by electrocauterization (Trials 3 te 6) appears
to be a- superior method of inductiod since the venograms indicated
that cauterization of the intima produced only partial occlusion
'by the thrombus, which lyzed in . three dajs. The use ef a thrombin
soaked thread (Trials 1 and 2) produced total occ]déion of the veih
and swelling of the extremity Figures 19 and 20 show muiti-wire |
proportional chamber scans of thrombi produced by the thrombin
soaked thread procedure and the e]ectrocautery method respective]y

The multi-wire proportional chamber is particularly suited for'
the detection of deep venous thromb051s by means of the I-125
fibrinogen uptake test. The device is most sensitive for Tow energy

gamma radiation and less sensitive as the energy of the radiation



Trial

Canine Thrombosis Studies

Site of Thrombosis
Right Rear Calf

Right Rear Calf
Sham operated
Left rear Calf

Right Rear Thigh
Left Rear Thigh
Right Rear Thigh

Right Rear Thigh

Left Rear Thigh

ll».on++1

TABLE 26

Scan Method
MIPC*

- Rectilinear
~Venogram

MWPC*
Rectilinear
Venogram

MUPC*
Rectilinear

‘Venogram

MWPC*
Rectilinear
Venogram

MWPC*

Rectilinear

Venogram

MWPC*

Rectilinear

Venogram

Symbols

good resolution
fair resolution
poor resolution
absent

procedure not performed ,
Multi-wire Proportional Chamber
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Figure 19:
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Multi-Wire Proportional Chamber
Image of a Superficial Thrombus p
in the Rear Leg of a Dog Inje .rd .
with 1-125 Fibrinogen

i
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Figure 20: Multi-wire Proportional Chamber
‘ Image .of a Thrombus in the Deep
~Veinous System in the,Rear Leg
- of a Dog Injected with 1-125
Fibrinogen

!
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increases. The chamber ‘can be built to any dimensions, such as the
length and width of the calf. " Thus, the entire calf (or the entire
thigh) could be imaged at one time. The chamber and its associated
electronics are relatively small and 1ight weight, and could be
brought to the patient;s bedside. The combination of a good
fibrinogen preparation and the multi-wire prqportional chamber

appear to be a powerful tool for the investigation f- the natural ,

history of thrombosis.

’



SUMMARY AND CONCLUSIONS

N

A3



’ - ' 214

Various parametefs for electro]jt1c‘radioiodipation‘yere
investigated. Optimum ytelds of labelled fibrinogen could

be obtained whep the anolyte volume was the smallest posgible
for a particular cell design. A satisfactory electrolyte

was found to be pH 7.0 phosphate-sodium chloride buffer of !
fonic strength equal to 0.3. The yield of labelled fibrinogen |
‘fwaéwfaund to be independent of éatho]yge volume. The procedure
qdu]d be best carried out at room ﬁemperature; rather than at
Tawer tembératures. _The optimum vb]taée was found to be 0.8
volt versus.thefsaturated calomel electrode; the optimum
current was found to vary with\the anolyte vo]ume,ibbing 50 uA
for 1.0'h1 and 10 uA for 0.3 ml..‘A satisfactory technfque

of electrolysis was to apply the optimum current to the cei].
until the vqltage reached 0.8 volt vs SCE, and Ehen allow

the current to decrease exponentiai]y, while the voltage

was maintéinéd at 0.8 volt. The optimum iodide and protein
c6ncentrations was fpundvto be 3 x 10'5 M. Thirty minutes

was found to be sufficiént time to producé a yield between

~

70% and 80%. _

A rapid precipitation technique was developed for iﬁo]afion of
human fibrinogen. An average quantity of 5.5 mg of fibrinogen
wa§ isd]ated from an average volume of 5.2 ml of plasma. The.
;;;preparélion was stabilized by the use of an adsorbent to
‘remove the pfothrombzn coﬁp]ex and by the use of epsilon-
aminovcaproic acid to inhibit plasminogen. - .
ISq]ation of fibrinogen by means of a large co]umh of Seépadex

Al

G-200 was unsatisfactory and impractical with regard to\it§
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.speéd and sterility.

The yield of fodination reaction was determined by means of

a small column consisting of 75% Sephadex G-25 and ZSX‘G-IO.

,This procedure was found to be more accurate and less time .

consuming thahlqpre conventional methods.

Pre-pécked, disbosable Sephadex<G-25'solumns were found to

be satisfactory for removing unbound iodide from the 1odinated
fibripogén. l

The decrease in c]ottability after labelling by the electro-
lytic method ranged from 0.2% for a good fibrinogen preparation
to 5.1 for an unsatisfactory preparat1on Llhzxe was a slight

“in thrombin clotting time, which suggested that

iodinaftion might induce a change in the fibrinogen molecules
ich rendered them more susceptjbie to the action of thrombin.
No change i; chromatographic behavioyr ofvf;Be112d fibrinogen
compared to native fibrinogen was observed bxlpolyacrylamidg

gel electrophoresis or agarose gel electrophoresis.

P

The rate of bydro]ysis of rédioiodine from fibrinoéen ranged
from 3. pek.day in cysteine solution tr 2.15%‘pér day in . °
albumin, measured at 37°C. | | |

It was found that electro1yt1c radio1od1natlon did produce

aggregate formation in th‘£f1br1nogen preparation, but this

was less than 1%. o - : ‘ ' ~

The clearance rate of‘eTectrolyticaIIy radioiodinated canine
fibrinogen was studied in dogs It was found‘that one. type .

of preparat1on was c]eared from plasma fﬁ two exponent1a1

\\

Tomponents, the slow component with a ha]f ]1fe of 77. 2 hours

€
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~

and a rapid component with a half-life of 4.8 hours. The
second pr%Paratlon was found to be cleared in three
equnentia] components, the longest with a half-life of

74.9 hours, the intermediate component with a half-life

of 36.6 hours, and the shortest component with a half-life
of 7.3 hours.

Since it is known that the intermediate half-life is not
always demonstrable, this component was eliminated mathe-
matically, and a corrected fractional catabolic rate was
determined.. The best estimate of canine fibrinogen batabo]ic
rate was considered to be 0.262 of the pool per day.

The fractional catabolic rate of electrolytically labelled
human fibrfnogen in ravbits wés determined to be 0.025 of the
pool per aour. This was found to be 42.5% lower than the
fractional catabo]ic rate for iodine monchloride and chlqramine—

T labelled human fibrinogen preparations.

" Human fibrinogen was found to be cleared from the blood of .

rabbits in two exponential phases. The slow component was

cleared with a half-life of 54.2 hours, and the rapid

component was cleared with half-1ife of 10 hours.

The results of several qualitative studies of the imaging

of surgically induced thrombi in dogs suggest that electrolyti-

- cally radioiodinated fibrinogen selectively accumulated in

the forming thrombi to the extent that-the thrombus could be

ihagéd by multi-wire proportional ‘chamber and by a

‘rectilinear scanrer.
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