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Carbodiimides have been used to study macromolecular structure and to
produce immunologically active antigens. We have used this method to label
a labile coagulation protein, factor VIII, with C-glycine-ethyl-ester. No dis-
cernible chemical change, loss of biologic function in vitro, or alteration
of the plasma disappearance of factor VIII resulted. The carbodiimide
labeling method has potentially broad application because many biologic
molecules contain carboxyl groups that are generally not critical to their
chemical or immunologic character. This method can be used to incorpo-
rate short-lived positron emitters, such as *'C and *N, into biologic com-
pounds, or to attach ligands to useful antibodies. for subsequent chelation
to radioactive metals, such as ''In. Carbodiimides are especially useful for
radionuclidic labeling of labile proteins because of the mild conditions,

rapid reaction, and firmly attached label.
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Carbodiimides have been used to produce modi-
fications of carboxyl groups in the study of macro-
molecular structure (I/-3), and to produce pre-
cipitating antigen—antibody systems by forming
hapten—protein conjugates (4). Heretofore carbodi-
imides have not been used as a means of introducing
exogenous radioactive labels into biologic substances.
Since the carbodiimide-labeling method offers the
advantages of a mild, simple, and quick reaction,
which provides an opportunity for attaching a variety
of radionuclides to biologic compounds, it has po-
tentially broad application in nuclear medicine. With
this method a covalent bond can be formed between
available carboxyl groups and radioactive nucleo-
philes. By this reaction, we have firmly attached a
radioactive tracer to a labile protein, factor VIII (an-
tihemophilic globulin), without ‘measurably chang-
ing its biologic activity. In contrast, this protein
could not be labeled by any of the standard methods
of iodination without complete loss of biologic ac-
tivity. Recently other methods of labeling have been

472

devised that either decrease the damage to proteins
or increase the variety of radioactive nuclides that
may be attached (5,6). These methods are either
limited to the use of radioiodine or require a reaction
time of several hours.

Radionuclide labeling of factor VIII, employing
a water-soluble carbodiimide, and the subsequent
chemical and biologic characterization of the labeled
protein, provide a suitable model to illustrate this
potentially important method.

MATERIALS AND METHODS

The procedure for incorporating a radioactive
label into a protein molecule by means of the car-
bodiimide reaction is illustrated in Fig. 1 and is
described as follows. The purity of the protein to
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be labeled, the stability of the label, and the effect
of the label on chemical structure and biologic ac-
tivity of the protein, had to be established prior to
its clinical and investigative application. The meth-
ods for meeting these requirements were the fol-
lowing.

I. CHARACTERIZATION OF THE PROTEIN
TO BE LABELED
A. Chemical Analysis
1. Cellulose Acetate Electrophoresis
Unlabeled factor VIII was purified in
our laboratory by the method of Hersh-
gold et al. (7) and was dissolved in
saline citrate (0.13 M NaCl, 0.014 M
Na citrate, pH 6.5). Electrophoresis was
carried out on cellulose acetate strips
for 45 min at 250 V in 0.05 M sodium
barbital buffer, pH 8.6. Human plasma
was diluted 1:3 in saline citrate and
processed similarly as a control. The
cellulose acetate strips were fixed in
20% sulfosalicylic acid for 2 min,
stained for 10 min with Coomassie blue
dye* (8), and decolored in distilled
water for 2-3 hr.
" 2. Gel Electrophoresis

Electrophoresis of unlabeled factor VIII
was performed in 0.9% agarose gel
plates using 0.05 M sodium barbital
buffer, pH 8.6. Twenty-five microliters
of protein (0.1 mg/cc) in saline—citrate
buffer were applied to the well, and elec-
trophoresis proceeded at 600 V and 14
mA/plate for 2.5 hr. A series of 1-cm
strips were then cut in parallel with the
origin and these were divided in half
longitudinally along the length of the
slide. One half of each strip was re-
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moved, centrifuged for 5 min at 5 g,
and the supernatant assayed for factor
VIII activity. The other half of the gel
strip was fixed in 20% sulfosalicylic
acid for 5 min, stained with Coomassie
blue dye for 20 min, and decolored in
distilled water.

The protein stained by Coomassie blue
was then compared with the factor VIII
assay profile.

3. Gel Column Chromatography
Three milligrams of unilabeled factor
VIII were loaded on a 24 X 2.5-cm
column (Vo = 15 ml, V, = 120 ml)
of 2.5% agarose gel and eluted at 20
cc/hr using saline-citrate buffer, pH 6.5.
One milliliter fractions were collected
and the amount of protein in each tube
was measured by optical density at 280
nm. The amount of factor VIII in each
fraction was determined by the one-
stage factor VIII assay method (7,9).

B. Biologic Function In Vitro

The one stage factor VIII assay (7,9) was
done (A) on the original purified protein,
(B) on the supernatant from the gel elec-
trophoresis strips, and (c) on each fraction
from the gel chromatography column. This
assay is essentially a measurement of the
degree to which an unknown sample short-
ens the cephaloplastin-activated clotting
time of hemophilic (factor VIII deficient)
plasma. The results are expressed as a per-
cent of the activity (clotting-time shorten-
ing) in the same volume of normal plasma.

II. LABELING PROCEDURE
A. Labeling

1. Factor VIII, purified as previously dis-
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4.

cussed, was added to a test tube in a
concentration of 1 mg/ml in 0.03 M
NaCl.

0.1 ml of 'C-glycine-ethyl-estert (27
pCi/mg), in a concentration of 3.7
mg/ml, was added to each milligram of
protein to be labeled. The molar ratio
of factor VIII to glycine-ethyl-ester
thereby became 1:10¢.

During continuous and vigorous mixing,
0.1 ml of freshly prepared solution of
the carbodiimide ECDI-HCI (1-ethyl-3-
[3-dimethyl-aminopropyl] carbodiimide
HCl)1, 0.005 M, was then added per
mg of protein (1500 ECDI/molecule of
factor VIII).

The reaction mixture was then incu-
bated at room temperature for 5 min.

B. Purification by Separation
The reaction mixture was purified by pas-
sage through a 2.5 X 24-cm column (V, =
15, V¢ = 120 ml) of 2.5% agarose gel
eluted with saline-citrate buffer, pH 6.5, at
the rate of 20 ml/hr. One milliliter fractions
were collected and théir optical density de-
termined at 280 nm. The *C-glycine-ethyl-
ester eluted at the bed volume.

C. Liquid Scintillation Counting

1.

A 0.1-ml aliquot from each fraction
from the agarose column was solubilized
for 5 min at room temperature with 0.5
ml solubilizer.

A 10-ml aliquot of scintillation fluid (5
gm PPO and 0.25 gm POPOP in 1 liter
of toluene) was added to each sample
and radioactivity determined using a
liquid-scintillation spectrometer. Quench
correction was made after adding a
standard source of radioactivity to each
sample (10).

The distributions of the amounts of ra-
dioactivity and protein were plotted and
compared.

III. CHARACTERIZATION OF THE LABELED
PROTEIN
A. Chemical Analysis
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1.

Cellulose Acetate Electrophoresis

Electrophoresis of labeled factor VIII
was performed in paired strips in a
manner identical to that previously de-
scribed in section I-A. After electro-
phoresis, one strip was stained as de-
scribed. The other was fixed by drying
and the distribution of radioactivity de-

termined using a radiochromatographic
strip scanner. The profile of the radio-
activity was compared with the profile
of the stained protein.

. Gel Electrophoresis

Gel electrophoresis of the labeled factor
VIII was identical with that described
in section I-A of this paper. Strips from
parallel slides were either assayed for
their factor VIII activity or counted in a
liquid-scintillation spectrometer, as de-
scribed in section II-C. The movement
of the radioactivity and factor VIII ac-
tivity were compared.

. Gel Column Rechromatography of

14C-labeled Factor VIII

At 1 hr and 24 hr after radioactive la-
beling, factor VIII was rechromato-
graphed through a 2.5 X 24-cm column
of 2.5% agarose gel eluted with saline-
citrate buffer. One-milliliter fractions
were collected, and the optical density
at 280 nm and the radioactivity were
determined for each fraction.

B. Biologic Analysis
1. In Vitro

The one stage factor VIII assay method
(7) was used, this being a modification
of the activated partial thromboplastin
time of Rapaport (9). See section I-B.

. In Vivo

Two milliliters (0.3 pCi) of chroma-
tographically purified, **C-labeled factor
VIII were injected into the ear veins of
white rabbits. During the initial 48 hr
after injection, a minimum of eight ve-
nous blood samples were withdrawn
from the other ear into EDTA. Aliquots
of 0.2 ml plasma from each sample were
mixed with 0.5 ml solubilizer and 10
ml of scintillation fluid, as described
in section II-C. The radioactivity was
measured using a liquid-scintillation
spectrometer.

RESULTS

I. CHARACTERIZATION OF THE PROTEIN
TO BE LABELED
A. Chemical Analysis
1. Cellulose Acetate Electrophoresis

Factor VIII migrated anodally as a sin-
gle band in the alpha-3 region (between
alpha 2 and beta globulins; reference:
human plasma). There was no evidence
of any other protein.
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FIG. 2. Agarose-gel electrophoresis of unlabeled (°F-Vill) and
labeled (*F-VIIl) factor ViIl. Radioactivity and biologic activity

(expressed

as percent of normal plasma) were determined on each

gel cut. This was compared with stained reference plasma and un-
labeled factor VIl run concurrently. Radioactivity, biologic activity,
and the alpha-3 protein band (factor VIIIi) migrate identically.
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FIG. 3. Rechromatography of labeled g 209 5
(*F-VIIl) and unlabeled (°F-VIIl) factor o -
VIIl. (2.5% agarose gel, 2.5 X 24-cm 8 S
column, Ve = 120 ml, Vo = 15 ml, V, < 10+ <
[factor VIII] — 24 ml.) No change in the *

elution pattern before and after labeling.
Factor VIl is within the included volume,
and no other peak for protein, biologic

2. Gel Electrophoresis
Factor VIII migrated as a single band
between alpha 2 and beta lipoproteins
(reference: human plasma), as detected
by staining with Coomassie blue dye and
by assay for clotting activity (Fig. 2).

3. Gel Column Chromatography
Gelfiltration chromatography of factor
VIII produced a single peak as assessed
by optical density (Fig. 3). This peak
was within the included volume (V,
15 ml, V, = 120, V. = 24 ml). There
was no evidence of more than one mo-
lecular species by this sensitive method.

RADIOCHEMISTRY AND RADIOPHARMACEUTICALS

B. Biologic Activity In Vitro

One milligram of purified factor VIII had
50 times the biologic activity of 0.1 ml of
human plasma and was very close to 100%
pure (7). (Reference 7 is a detailed evalu-
ation of the same factor VIII preparation.)

II. LABELING RESULTS

AO

Labeling

Ten microcuries of *C-glycine-ethyl-ester
were added to the reaction mixture per 0.1
mg of factor VIII. Approximately 7% of
the added radioactivity was bound to the
protein. This represented an average of
6,000 moles of #C-glycine-ethyl-ester-HCl
(MW 136) per mole of factor VIII (MW
3 million).

Purification by Separation

Unreacted #C-glycine-ethyl-ester was sepa-
rated from factor VIII by elution from the
preparative column at a volume of 120 ml.

ITIIl. CHARACTERIZATION OF THE LABELED

PROTEIN

A.

Chemical Analysis

1. Cellulose Acetate Electrophoresis
Labeled factor VIII migrated between
the alpha 2 and beta lipoproteins exactly
as did unlabeled factor VIII (reference:
normal human plasma).

2. Gel Electrophoresis
When labeled factor VIII was subjected
to gel electrophoresis, the protein (as
followed by Coomassie blue), the co-
agulation activity (as demonstrated by
the factor VIII assay), and the radio-

-<—— Total Volume

.....
..................

activity, or radioactivity was detected.

Volume

18, Number 5

ELUANT VOLUME, ml.
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activity migrated together and lay be-
tween alpha 2 and the beta lipoproteins
as did unlabeled factor VIII (Fig. 2).

3. Gel-Column Chromatography
Labeled and unlabeled factor VIII
showed the same elution pattern by
2.5% agarose gel chromatography.
There were no other spectrophotometric
or radioactive peaks. After 24 hr, re-
peat chromatography of labeled factor
VIII showed the same peak but no free
radioactivity (Fig. 3), thus showing the
stability of the radioactive label.

B. Biologic Activity

1. InVitro
The biologic activities of labeled and
unlabeled factor VIII were the same.

2. InVivo
Carbon-14-labeled factor VIII was in-
jected intravenously into 5 rabbits. The
half-times for the second phases of the
plasma disappearance curves were 10,
10, 15, 16, and 18 hr (Fig. 4). By 10
hr after injection, less than 30% of the
injected radioactivity remained in cir-
culation, and by 72 hr the radioactivity
level had reached background.

DISCUSSION

The use of carbodiimides as an intermediate acti-
vator provides a simple, mild method to label most
biologic compounds firmly with either beta or gamma
emitters. The reaction involves (A) activation of the
carboxyl groups common to almost all biologic com-
pounds by a water-soluble carbodiimide at a neutral
pH and room temperature, and (B) the subsequent
reaction of the activated carboxyl groups with nu-
cleophiles, such as glycine-ethyl-ester. Reaction is

20

Percent Injected Dose
w
o
1

=)

T 1 1
6 12 18 24 30 36
TIME (hours)

FIG. 4. Example of clearance of radioactivity (labeled factor
Vill) from blood of a white rabbit. In this rabbit, biologic half-life
of second phase was 15 hr.
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complete in minutes, making it potentially usable
for short-lived isotopes.

Despite the extreme lability of factor VIII, the
chemical characteristics of the labeled protein were
indistinguishable from those of the unlabeled pro-
tein, even though many carbodiimide groups were
added to each molecule. Furthermore, the labeling
procedure failed to change the biologic activity of
the labeled factor VIII—an integral component of
the coagulation system—either in vitro or in vivo.
The plasma disappearance of the labeled factor VIII
in rabbits was similar to reported results in hemo-
philiacs who were given large amounts of factor VIII
and in whom the biologic activity of factor VIII in
the plasma was serially assayed (17). There was,
therefore, no evidence that the addition of the 14C-
glycine-ethyl-ester group on this protein caused any
increase in its clearance rate from the plasma.

This mild but effective method of creating a firm
bond between a radiolabeled nucleophile and a pro-
tein offers multiple possibilities for a broader use of
labeled biologic compounds. By means of this chemi-
cal activation, a nucleophilic moiety containing
either an amine group or a carboxyl group may first
be labeled by a relatively harsh or chemically re-
strictive method and then be firmly attached to the
labile protein by use of a mild intermediate carbo-
diimide activator.

Nucleophilic reagents are electron rich and are
attracted to the positive center associated with the
carbodiimide. They displace the carbodiimide moiety
which is a good leaving group. Common nucleophilic
reagents that potentially could be used to effect this
displacement are amines, cyanide, alkoxides, and
carboxylates. Whether or not these displacements
will occur depends on the reactivity of the nucleo-
philic reagent, which must be capable of reacting
more rapidly with the O-acylisourea than does H,O,
which only regenerates the original carboxylic acid
group (I). The relative reactivity of each nucleo-
phile will vary, but a quantitative yield is not re-
quired since the large differences in molecular size
between the labeled protein and the unreacted nu-
cleophile make chemical separation rapid and sim-
ple. Harsh oxidizing methods, such as chloramine-T
or iodine monochloride (8,9), could therefore be
used to iodinate a small moiety having a nucleophilic
group in an exposed position, and this gamma-
emitting moiety could then be attached to any pro-
tein activated by carbodiimide.

With the advent of more sophisticated positron-
imaging devices (12), interest in short-lived posi-
tron-emitting nuclides is increasing. Carbodiimide
intermediates should be helpful in the preparation
of 1!C and 3N proteins. Carbon-11-labeled carbon
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dioxide (13), cyanide (I4), and glycine (15) have
been prepared by direct recoil and/or radiolysis, and
the CO, can be reduced by lithium aluminum hy-
dride to formaldehyde or methanol (/6). Ammonia-
N-13 can be prepared indirectly to give yields ap-
proaching 500 mCi (17). These radionuclides pro-
vide many short-lived nucleophilic groups that could
react with carbodiimide-activated proteins.

Although radionuclide-labeled chelates are ther-
modynamically unstable, they may be very stable
kinetically. Indium-111-transferrin provides an ex-
cellent example. Since !''In has excellent physical
properties for clinical use, it may be profitable to
attach 'In-transferrin by a covalent bond to plasma
proteins, such as gamma globulin, using carbodiimide
activation. This type of biologic gamma emitter may
be useful in developing immunologic tumor-localizing
agents.
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