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Summary.—Carcinoembryonic antigen (CEA) has been shown to contain no free
cysteine thiol groups but 6 cystine disulphide bonds. 5,5’ -Dithiobis-(2-nitrobenzoic
acid) (DTNB) will react with CEA only after reduction of the disulphide bonds with
dithioerythritol. Reduction-alkylation of CEA using dithioerythritol and bromo-
[1-14C] acetic acid confirmed the presence of 6 disulphide bonds, as did oxidation
of the glycoprotein with performic acid. The products from the DTNB and reduction-
alkylation treatments of CEA had less capacity to inhibit the binding of [12°I]-CEA
to anti-CEA in a radioimmunoassay than the original CEA but could, in sufficient
quantities, totally inhibit the binding. Removal, using mercaptoethanol, of the
thiol blocking groups from the DTNB-treated CEA resulted in a 559, recovery of
antigenic activity. The product from the performic acid oxidation could only
inhibit approximately 509, of the binding. Treatment of CEA with 0-533M sodium
periodate (NalQ,) greatly reduced its antigenic activity, presumably a result of the
oxidative cleavage of the disulphide bonds. No loss in activity, however, was ob-
served when 5-33mM NalO, was used, and one Smith degradation (i.e. treatment in
sequence with periodate, borohydride and mild acid) of CEA removed approximately
509, of the carbohydrate, including all of the fucose, sialic acid and 2-acetamido-2-

deoxygalactose but did not change the antigenic activity.

AT the present time, little is known
about the precise nature of the immuno-
logical determinant(s) of carcinoembryonic
antigen (CEA). Evidence for the involve-
ment of 2-acetamido-2-deoxyglucose in
the immunodominant grouping has been
presented by Banjo et al. (1972) and is
well supported by further work from the
same laboratories (Banjo et al., 1974).
In addition, Watanabe and Hakomori
(1973) have shown that purified glyco-
sphingolipids from tumour tissue or
erythrocytes give a strong precipitin
reaction with wheat germ lectin and with
anti-CEA. It is known that sialic acid
does not form part of the immunological
determinant (Banjo et al., 1972; Coligan
et al., 1973), nor, according to recent work
on the treatment of CEA with periodate,
does fucose (see Terry et al., 1974).

Recently, Neveu et al. (1975) proposed

that CEA and the ‘ nonspecific cross-
reacting antigen ’, NCA, have common
antigenic determinants on both the carbo-
hydrate and polypeptide parts of the
molecule, while Hammarstrom et al. (1975)
conclude, tentatively, that the carbo-
hydrate moiety of CEA does not contain
the tumour associated determinant(s).
The latter statement concurs with our
report (Westwood, Thomas and Foster,
1974b) and that of Coligan and Todd (1975)
that a large quantity of carbohydrate in
CEA can be destroyed using periodate,
without causing any loss in antigenic
activity.

Whichever parts of the molecule consti-
tute the immunological determinants,
carbohydrate or protein or both, it is
obvious that disorientation of the deter-
minant groups by cleavage of the protein
chain using either proteolytic enzymes
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(Banjo et al., 1974) or dilute acid or alkali
(Westwood et al., 1974a) produces a
marked reduction in the ability of the
molecule to bind to anti-CEA antiserum.

The work described in this paper was
concerned with the determination of the
number of disulphide bonds in CEA and
an examination of the role played by
these disulphide bonds and by the carbo-
hydrate component, in the binding of CEA
to its antiserum. Evidence is presented
for the presence in CEA of 6 intramolecular
disulphide bonds, which appear to play an
important réle in holding the CEA mole-
cule in a fixed conformation. Also, we have
shown that a considerable part of the
carbohydrate can be removed from the
glycoprotein using sodium periodate
(NaIO,) but the retention of full antigenic
activity is dependent on the molarity of
the NaIO, used. The difference appears
to be due to a cleavage or non-cleavage of
the disulphide bonds. Some of this work
has been published in a preliminary form
(Thomas, Westwood and Foster, 1974;
Westwood et al., 1974b).

MATERIALS AND METHODS

CEA.—All preparations of CEA used in
this work were isolated from the metastatic
liver tumours of patients with colorectal
carcinoma using essentially the method
described by Krupey, Gold and Freedman
(1968). Thus, after extraction of the tumour
homogenate with 1-0 mol/l perchloric acid,
purification was achieved by chromatography
on Sepharose 4B and Sephadex G-200
columns, followed by an acetone precipitation
of the CEA from 5%, aqueous acetic acid.
No electrophoresis step was used. Each
CEA sample gave a single band in poly-
acrylamide gel (10 and 209, in acetic acid,
pH 2-4) electrophoresis, a high titre in the
radioimmunoassay and values in amino acid
and monosaccharide analysis close to those
already reported (Turberville et al., 1973;
Westwood et al., 1974a) for CEA preparations.

Chemicals.—Dithioerythritol was pur-
chased from the Sigma Chemical Company,
Kingston-upon-Thames, Surrey, England.
5,5’-Dithiobis-(2-nitrobenzoic acid) (DTNB)
was obtained from the Aldrich Chemical
Company Inc., Milwaukee, Wisconsin, U.S.A;
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NalO, was bought from May and Baker
Ltd, Dagenham, England, and sodium
borohydride from the British Drug Houses
Ltd, Poole, England. Bromo[l-14Clacetic
acid (40 mCi/mmol) and sodium borotritiide
(870 mCi/mmol) were bought from the Radio-
chemical Centre, Amersham, England. The
bromoacetic acid was diluted to a specific
activity of 150 uCi/mmol using unlabelled
bromoacetic acid and the sodium borotritiide
diluted to 40 mCi/mmol using sodium boro-
hydride. All other chemicals were of
analytical grade.

Monosaccharide and amino acid analysis.—
Monosaccharide analysis was carried out
according to the method described by Clamp,
Bhatti and Chambers (1971), using a Perkin—
Elmer F-30 gas chromatograph containing 2,
matched 6 ft X 0-25 in glass columns packed
with 2-59%, silicone gum rubber (E 301) on
AW.-DMCS Chromosorb G (80-100 mesh).
After injection of the samples the temperature
of the columns was raised from 120°C at the
rate of 1°C/min to 210°C. Mannitol and
perseitol were used as internal standards.
Sialic acid was determined using Warren’s
(1959) thiobarbituric acid method. Amino
acid analyses were carried out using a Jeol
automatic amino acid analyser (JLC 6AH)
after hydrolysis using 6N~ HCl of samples
under an atmosphere of nitrogen, at 110°C
for 24 h. Tryptophan was determined using
the method of Goodwin and Morton (1946)
and the following formula, derived by
Beaven and Holiday (1952):

Mrry = (0-263 X K2go—0-170 X K2g4) X 10-3,

where Kog9s and Kago are the extinction
coefficients of the protein in 0-1x NaOH at
294 and 280 nm and Mrry is the amount of
tryptophan (gmol) in 1 g of protein.

Radioimmunoassay.—The radioimmuno-
assay used throughout this work was the
double antibody technique described by
Laurence et al. (1972).

Liquid scintillation counting.—This was
performed using Packard Tri-Carb liquid
scintillation spectrometers (Models 3320 and
3375) and a phosphor mixture containing
toluene (1925 ml), dioxan (1925 ml), methanol
(1150 ml), naphthalene (400g) and butyl
PBD (35 g).

Reaction of CEA with bromo[1-14Clacetic
acid.—The procedure used was essentially
that described by Konigsberg (1972). CEA
(2 mg) was dissolved in 1 ml of a 0-15M tris
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buffer (pH 8-0) containing 0-002M ethylene
diamine tetraacetic acid (EDTA) and 6Mm
guanidine hydrochloride. This solution was
incubated at 50°C for 0-5h and dithio-
erythritol (60 pmol) added. The solution
was purged for 10 min with oxygen-free
nitrogen and incubated for a further 4 h at
50°C. Bromo[l-1%CJacetic acid (200 pmol,
250 pCi/mmol) was added and the solution
again purged with nitrogen and finally
incubated at 25°C for 1-5h. The solution
was then extensively dialysed with water
(3 changes of 3 1 for 24 h) and freeze-dried.
The specific activity of a standard solution of
the freeze-dried material was calculated after
liquid scintillation counting. Samples were
also submitted for radioimmunoassay, amino
acid analysis and monosaccharide analysis.
Controls in which the dithioerythritol or both
dithioerythritol and 6m guanidine hydro-
chloride were absent were carried out at the
same time.

Ozidation of CEA using performic acid.—
The procedure described is essentially the
method of Hirs (1966). CEA (2 mg) was
dissolved in formic acid (0-1 ml, 98-100%,)
and kept at 0°C. Hydrogen peroxide (30%,
10 pl) was added and the mixture kept at
0°C for 2:5h. At the end of this period, ice
water (2 ml) was added and the mixture was
freeze-dried. The dried material was dis-
solved in water (2 ml) and freeze-dried again.
Samples were subjected to amino acid and
monosaccharide analysis and also submitted
for radioimmunoassay.

Reaction of CEA with 6,5-dithiobis (2-
nitrobenzoic acid).—CEA (4 mg) was dissolved
in 0-15M Tris-HCl buffer (2 ml, pH 8-0)
containing 0-002m EDTA and 6M guanidine
hydrochloride. This solution was incubated
for 4 h at 50°C and flushed with nitrogen. A
solution of 5,5'-dithiobis(2-nitrobenzoic acid
DTNB, 200 umol in 1 ml of the above buffer)
was added and the mixture incubated for a
further 0-5h. The optical density of the
solution at 412 nm was measured using a
Unicam SP500 spectrophotometer. After
dialysis with water, the solution was freeze-
dried and the product submitted for radio-
iImmunoassay.

CEA (4 mg) was dissolved in 2 ml of the
above buffer and incubated at 50 °C for 0-5 h.
The mixture was flushed with nitrogen and
dithioerythritol (60 umol) added. The solu-
tion was incubated at 50°C for a further 4 h
when DTNB (500 pmol) in 2 ml of the buffer
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was added. The solution was then dialysed
with two 2 1 changes of a 3mm DTNB
solution. The material was further dialysed
with four 2 1 changes of water, and then
freeze-dried. The solid was dissolved in
water (3 ml) dialysed with a further 2 1 of
water freeze-dried again and submitted for
radioimmunoassay.

A weighed sample of the solid material was
dissolved in 0-15m Tris-HCI buffer (pH 8-0,
1 ml) and 2-mercaptoethanol (10 ul) added.
The change in E,;, produced was measured
spectrophotometrically. The solution was
then dialysed with a 5mm solution of 2-
mercaptoethanol (2 1) and chromatographed
on a column of Sephadex G-200 (1-6x 100
cm). Tubes containing CEA-active material
were pooled, the solution freeze-dried and the
residue again analysed by radioimmunoassay.

Molecular weight determinations by gel
filtration.—Two columns, a Sephadex G-200
and a Biogel A-1-5m (both 1-6 X 100 cm),
were prepared and calibrated using a range of
standards (Andrews, 1965). The standard
proteins and modified CEA samples were
eluted from the G-200 columns using a
0-05M phosphate buffer (pH 7-2; containing
0-19% sodium azide) and from the Biogel
A-1-5m column using 0-1m Tris-HCl buffer
(pH 7-5, containing 0-29, sodium azide).

Gel electrophoresis in  sodium dodecyl-
sulphate.—Gel electrophoresis of CEA samples
in sodium dodecylsulphate was carried out
using the method of Weber and Osborn 1969).

Sedimentation velocity measurements.—
Sedimentation experiments were performed
in a double sector cell (0-36 ml channel at
50740 rev/min in a Beckman Model E Ultra-
centrifuge. Samples of the glycoprotein to
be analysed were dissolved in 0-1M phosphate
buffer (pH 7:0). Sodium dodecylsulphate
(0-19%, or 0-5%,) was incorporated for some
experiments.

Quantitative N-terminal analysis.—The
procedure was that of Stark and Smyth
(1963). CEA, after performic acid oxidation,
was carbamylated overnight with KCNO and
10-4 mg of the carbamylated glycoprotein
used for the determination of the N-terminal
amino acid.

Treatment of CEA with solutions of NalO4
of different concentrations.—Equal weights
(800 ug) of CEA were treated with aqueous
solutions (110 ul) of NaIO, of the following
molarities: 4-:85 x 10-m, 4-41 X 10—2m,
4-01 x 103 and 3-65 x 10~*m. The
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solutions were left isolated from light for 20 h
at room temperature. After destruction of
excess of NalO, using ethylene glycol,
samples were submitted for radioimmuno-
assay.

Treatment of CEA with 0-533m NalO ,.—
Solutions of CEA (10 mg/ml) in aqueous or
buffered (0-2m acetate buffer, pH 3-8)
0-533m NalO, solution were stored in the
dark at room temperature for various
periods of time. The excess of NalO, was
destroyed using ethylene glycol and samples
were submitted for radioimmunoassay.
Amino acid analyses were carried out after
dialysis of the solution for 24 h with distilled
water and freeze-drying. For one of the
analyses extreme care was taken to exclude
molecular oxygen from the hydrolytic stage
by rigorous purging of the solution with a
stream of nitrogen gas in an attempt to detect
any cystine in the product.

In one experiment, instead of freeze-
drying (which gives an insoluble product) the
solution after dialysis, a small volume (350 pul)
was added to 50 mm phosphate buffer
(pH 7-2) and eluted from a column (100 cm X
1-6 cm) of Sephadex G-200 in the same
buffer. The remaining solution was added to
an equal volume of 0-2M carbonate-bicar-
bonate buffer (pH 9-2) and a 3 x 10 molar
excess of sodium borohydride (to CEA) was
added. The solution was left at room
temperature for 6 h and then dialysed for
24 h with distilled water and freeze-dried.
Monosaccharide analysis was carried out on
the product and the extent to which it
inhibited, at different concentrations, the
binding of ['#I]JCEA to anti-CEA in the
radioimmunoassay, was measured.

Treatment with 5-33mm NalO, and
Smith degradation of CEA.—Solutions of CEA
(I mg/ml in aqueous or buffered
(0-2m acetate buffer, pH 3-8) 5-33 mm NalO ,
solution were stored in the dark at room
temperature for times up to 44 h. Radio-
immunoassays and amino acid analyses were
carried out exactly as described for the above
treatment  with  0-533m NalO,. Also,
chromatography on Sephadex G-200 and
reduction of the product using sodium
borohydride and examination of the reduced
product were carried out as described above.

For the complete Smith degradation
(Goldstein et al., 1965) the solution from the
NalO , oxidation was dialysed with distilled
water for 24 h and its pH then adjusted to
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9-2 with 0-1MNaOH solution. After mixing
this solution with an equal volume of 0-2m
carbonate-bicarbonate buffer (pH 9-2),
sodium borotritiide (40 mg, specific activity
40 mCi/mmol) was added and the solution
left at room temperature for 6 h and then
dialysed for 3 days with distilled water.
The product was freeze-dried, its inhibitory
activity in the radioimmunoassay and its
specific activity (in uCi/mg) were determined.

A solution of the above product (5-7 mg)
in 0-1x H,SO, (2 ml) was kept at 37°C for
22 h. After dialysis with frequent changes
of distilled water for 24 h and freeze-drying,
the inhibitory activity in the radioimmuno-
assay and the specific activity (in uCi/mg) of
the product were determined. Mono-
saccharide and amino acid analyses were
carried out.

Treatment of CEA sequentially with sodium
borotritiide and 0-Ix H,SO ,.—A solution of
CEA (2-54 mg) in carbonate-bicarbonate
buffer (pH 9-2) containing dissolved sodium
borotritiide (6-5mg, specific activity 40
mCi/mmol) was left for 6 h at room tempera-
ture. The solution was then dialysed with
distilled water for 36 h with frequent changes
of water and then freeze-dried. The specific
activity of this material was determined.

The remaining product (1-7 mg) was
dissolved in 0-1x H,SO , and kept for 22 h at
37°C. After dialysis with water for 24 h the
solution was freeze-dried and the product’s
specific activity and inhibitory activity in the
radioimmunoassay were determined.

RESULTS

Treatment of CEA with bromo-[1-14C]
acetic acid, performic acid and DTNB

When bromo-[1-14Clacetic acid was
reacted with CEA under reducing and
denaturing conditions, 16-7 mol of 4C
were incorporated per mol of CEA.
Reaction of native CEA with bromo-
[1-1*Clacetic acid in the absence of
dithioerythritol and in the absence or
presence of 6M guanidine hydrochloride
resulted in the incorporation of 4-8 mol
and 5-2 mol respectively of 14C per mol of
CEA. Subsequent amino acid analysis of
the products showed the presence of 10-8
mol of carboxymethyl cysteine per mol of
CEA from the sample reacted under
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denaturing conditions while in the alkyl-
ated native CEA there was no evidence for
the presence of carboxymethyl cysteine.
The site of labelling in the native CEA
could not be identified. No other changes
in the amino acid composition of CEA
could be observed and the carbohydrate
analysis was unchanged. Gel filtration
on Sephadex G-200 showed that the
molecular size of the reduced, alkylated
CEA was of the same order as that of
native CEA.

When CEA was oxidized with per-
formic acid, amino acid analysis of the
product showed the presence of 11-5 mol
of cysteic acid per mol of CEA. There
was no modification of other amino acids
except tryptophan (889, loss) and the
carbohydrate analysis was identical to
that of native CEA. The oxidized
material also behaved similarly to native
CEA on gel filtration.

After reaction with DTNB under
reducing conditions followed by disulphide
exchange with 2-mercaptoethanol, colori-
metric estimations of liberated 5-thio-2-
nitrobenzoate showed the presence of
12-2 mol of sulphide (as cysteine) per mol
of CEA. Reaction of CEA with DTNB
without prior reduction confirmed the
absence of any free cysteine. Gel fil-
tration of DTNB-modified CEA again
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showed no gross change in molecular size.
The results from these experiments are
summarized in Table I. The results from
the amino acid and monosaccharide
analyses are shown in Table II.

Sodium dodecylsulphate electrophore-
sis in polyacrylamide gels of native and
performic acid oxidized CEA failed to
demonstrate any changes in the electro-
phoretic mobility of the performic acid
oxidized material.

Determination of the sedimentation
velocities (S,g,w) of native and performic
acid oxidized CEAs, however, showed
striking differences. Native CEA had a
S0, w value of 6.21 while the modified mat-
erial had a Sgo,w value of only 3-80. In the
presenceof0-19%,SDS,theS,,, wvalueforthe
oxidized CEA remained the same while a
second component with an S,, w value of
3-5 was observed with the native CEA
sample. Increasing the SDS concen-
tration to 0-59, again resulted in two
components being observed for the native
CEA with S,, w values of 49 and 3-3
respectively. These results are not indi-
cative of a gross molecular weight change
in the oxidized CEA but rather a gross
change in the overall conformation of the
molecule, extended molecules tending to
sediment more slowly than more compact
molecules (Bais et al., 1974).

TaBLE 1.—The Disulphide Bridges of Carcinoembryonic Antigen

No. mol of -SH reacting/
mol CEA (2-2 x 10%)

Modification

None (native CEA) —
Bromo-[1-14C)acetic acid

alone 0
Bromo-[1-14Clacetic acid +

6M guanidine HCI 0
Bromo-[1-14Clacetic acid + 11-5, 11-9*

6M guanidine HC! + DTES§ 10-8%
Performic acid 11-5%
DTNB in non-reducing

conditions 0
DTNB + DTE 12-2

Disulphide exchange of
DTNB-CEA with mercapto- —
ethanol

Mol. wt. of modified CEA RIA|| value

by gel filtration (%)

22 x 103 100

— 100

— 100

2-8 x 105 8

2-8 x 10° 10

2-2 x 103 100

2-8 x 10% 15

2-3 x 105 55

* By incorporation of label-—this value represents the difference between the number of mol of label
incorporated in the presence of DTE and 6M guanidine HCI (16- 7) and the number of mol of label incorporated
in the absence of DTE and in the presence (5-2) or absence (4-8) respectively of 6m guanidine HCI.

+ By amino acid analysis for carboxymethyleysteine.

1 By amino acid analysis for cysteic acid.
§ Dithioerythritol.
|| Radioimmunoassay.
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TABLE I1.—Amino acid and Monosaccharide Analyses* of Performic Acid
Oxidized and Reduced Alkylated CEA

Performic acid

Reduced alkylated
CEA

CEA oxidized CEA E
CM Cyst — — 1-2
Cys. ac. 0-6 1-5 —
Asp 14-6 15-0 14-9
Thr 9-4 9-6 9-6
Ser 10-4 10-8 10-6
Glu 10-4 10-3 10-5
Pro 8-1 8-2 8:2
Gly 5-4 56 5-7
Ala 6-1 6-1 6-1
Val 7-2 7-1 7-1
Cys none none none
Met, trace none none
Ile 5-1 5-0 5:2
Leu 8.7 8-6 8-3
Tyr 3-7 2-9 3-3
Phe 2-3 2-5 2-4
Lys 2-7 2-6 2-5
His 1-9 1-9 15
Arg 3-4 2-3 2-9
Fucose 20 23 23
Mannose 10 9 9
Galactose 22 22 23
GalNAc 1 1 1
GleNAc 43 44 44
Sialic acid 4 n.d.t n.d.

* Values are expressed as mol percentages, separately for amino acids and mono-

saccharides.
1 n.d. not determined.

Quantitative N-terminal analysis of
CEA confirmed the likelihood that the
molecule consists of only a single polypep-
tide chain by showing lysine as the major
N-terminal (~909%,) with 0-8 mol of the
amino acid per mol of CEA.

The variously modified CEAs were
then analysed with respect to their
ability to bind to antibody directed
against native CEA. Inhibition curves
for native CEA, performic acid oxidized
CEA and reduced and alkylated CEA are
shown in Fig. 1.

The modified antigens have a reduced
activity in the radioimmunoassay and
complete inhibition of labelled antigen—
antibody binding is never achieved in the
case of the performic acid oxidized
material.

CEA, reacted with DTNB, also had a
much reduced activity in the radio-
immunoassay, about 109%, of that of
native CFA. However, after disulphide
exchange with 2-mercaptoethanol and gel

filtration to remove released 5-thio-2-
nitrobenzoate the isolated antigen had
recovered approximately 559, of the
activity of the original CEA.

Treatment of CEA with solutions of NalO,
of different concentrations

Table III shows the titres in the
radioimmunoassay of the solutions of CEA
left for 20 h at room temperature in
different concentrations of NalO,. In
only one case, that involving 0-485m
NalO,, was the titre below that of the

TaBLE IIL.—RIA* wvalues in different
concentrations of NalO ,

Concentration of NaIO,

(M) RIA value (ng/ml)
3-65 x 10—¢ 85-0
4-01 x 103 87-0
4-41 x 102 73-0
4-85 x 101 17-5
0 64-25

* Radioimmunoassay.
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Fic. 1.—Inhibition of [125I]-CEA-anti-CEA binding. Normal CEA standard curve (A); performic

acid oxidized CEA (@); reduced-alkylated (bromo-[1-14Clacetic acid) CEA (Hl); CEA treated with
5-33 mm NalO, and sodium borohydride (Q); Smith degraded CEA (A); CEA treated with

0-533m NalO, and sodium borohydride ([(]).

control. The other 3 NalO, solutions
elevated the titre in the radioimmuno-
assay.

Treatment of CEA with 0-533M NalO ,

When a solution of CEA (10 mg/ml) in
0-533m NalO, (12-5 mol/mol of mono-
saccharide) was left at 20°C in the absence
of light, the titre in the RIA fell, after 22 h,
43 h and 66 h to 11-49%,, 3-59%, and 1-09%,
respectively of the original value. The
dialysed, freeze-dried material proved to
be insoluble in water, N aqueous sodium
hydroxide and N aqueous acetic acid.
Its total amino acid analysis (see Table IV)
showed a loss of nearly all the tyrosine,
approximately one-third of the arginine
and possibly small amounts of lysine and
histidine but, otherwise, little difference
from that of the original CEA. From the
analysis in which precautions were taken
to exclude molecular oxygen during the
hydrolysis stage, no cystine could be
detected in the material whereas a
quantity of cysteic acid, equivalent to
approximately 7 mol per mol of CEA,
were detected.

Chromatography of the product from
the oxidation on Sephadex G-200 pro-
duced a peak of activity in the radio-
immunoassay at an elution volume
corresponding to a mol. wt of ~200,000.

A curve representing the inhibition by
the reduced, modified CEA of the binding
of [125I]-CEA to anti-CEA in the radio-
immunoassay is given in Fig. 1. A
concentration of 18 ug/ml was required
for an inhibition of 509%,.

Treatment of CEA with 5-33 mMm NalO,

The radioimmunoassay titre of equal
aliquots of a solution of CEA (1 mg/ml) in
5-33 mM NalO, (1-3 mol/mol of mono-
saccharide) had increased after 24 h to a
value 8-39, greater than the value at the
beginning of the experiment but after 44 h
had fallen back to the original. Dialysis
of the solution with water for 24 h and
freeze-drying produced an insoluble pro-
duct whose total amino acid analysis is
shown in Table IV. As in the oxidation
using 0-533M NalO,, destruction of
tyrosine and arginine and possibly small
amounts of lysine -and histidine was
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TABLE IV.—Amino Acid Analyses of CEA and Modified CEA Samples
(mol/100 mol Amino Acids)

a* b
Cys. ac 0-6 1-5 (0-25)t
Asp 14-6 15-3
Thr 9-4 9-5
Ser 10-4 10-7
Glu 10-4 11-0
Pro 8-1 8-3
Gly 5-4 6-1
Ala 6-1 6-3
Val 7-2 7-0
Cys none none (0-85)1
Met trace none
Ile 5-1 4-9
Leu 8-7 8-4
Tyr 3-7 1-3
Phe 2-3 25
Lys 2-7 2-3
His 1-9 1-6
Arg 3-4 2-6

c d [
1-5(0-9)t none none
16-4 15-3 15-3
10-3 9-9 9-6
10-9 10-5 11-0
11-0 10-6 11-1
7-6 9-4 8-7
6-0 55 5-6
6-4 6-0 6-1
7-0 7-1 7-1
none (0)} none none
none none none
4-8 4-5 4-6
8-5 8-4 8-5
trace 3-2 2-7
2-4 2-4 2-4
2-4 1-9 1-9
1-6 1-5 1-6
2-3 2-8 3-3

a, CEA; b, CEA treated with 533 mm sodium periodate; ¢, CEA treated with 0-533M sodium periodate;
d, CEA treated with 5-33 mMm sodium periodate-sodium borohydride; e, product from one Smith degradation

of CEA.
* Analysis results from Turberville et al. (1973).

+ Values obtained after rigorous de-oxygenation of solution for hydrolysis.

observed but otherwise the NalO,
appeared to have had little effect on the
protein part of the molecule. In the
amino acid analysis in which precautions
were taken to exclude molecular oxygen
in the hydrolysis stage, both cystine and
cysteic acid were detected in amounts
equivalent to 7 mol of cysteine and 2 mol
of cysteic acid per mol of CEA.
Chromatography on Sephadex G-200 of a
solution of the oxidized material, after
dialysis but before the freeze-drying stage,
eluted at a volume corresponding to a
mol. wt of approximately 200,000.

Reduction of the products from the
44 h NalO, treatment of different samples
of CEA with sodium borohydride gave
soluble materials. On monosaccharide
analysis they were found to have lost
(average of 4 samples), compared with the
original amounts of monosaccharides, all
of the fucose, 2-acetamido-2-deoxygalac-
tose and sialic acid, 159, of the mannose,
50%, of the galactose and 39, of the
2-acetamido-2-deoxyglucose. Analysis
(see Table IV) of the material showed that
the amino acid composition was still
almost the same as that of CEA.

49

A curve depicting the inhibition of
[125I]-CEA/anti-CEA binding by the modi-
fied CEA is given in Fig. 1. A concen-
tration of 74 ng/ml was required for 509,
inhibition.

Smith degradation of CEA

The product obtained from the reduc-
tion of the oxidized CEA using sodium
borotritiide had a specific activity of
33-82 xCi/mg and its inhibition curve, as
measured in the radioimmunoassay, was
identical to that of the material obtained
at the corresponding stage of the de-
gradation when sodium borohydride was
used instead of sodium borotritiide (see
above).

Figure 2 shows the accumulation of
radioactivity outside the dialysis bag
during an experiment designed to measure
the rate at which the labelled, degraded
fragments of sugar are eliminated by the
dilute acid treatment. The modified CEA
from this treatment was found to be still
radioactive, with a specific activity of
19-65 uCi/mg. Itsinhibition curve in the
radioimmunoassay is shown in Fig. 1.
Thus a concentration of 64 ng/ml was
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Fic. 2.—Elimination of tritium label during acid treatment stage of Smith degradation of CEA. A
solution of the sodium borotritiide reduced material in 0- 1~ H,SO, was contained inside a dialysis
bag. This was dialysed with 0-1x H,80, at 37°C and aliquots of the solution outside the bag
were removed at noted times and the amounts of radioactivity determined.

required for 509, inhibition. On chroma-
tography of the product using water on a
Biogel P-10 column, all the radioactivity
was excluded from the column and was
shown by radioimmunoassay to be associ-
ated with the material which would
inhibit the ['?5I]-CEA/anti-CEA binding.
A comparison between the values from the
monosaccharide analysis of this product

TABLE V.—Monosaccharide Analyses (in
umol[100 mg of glycoprotein) of Smith
Degraded CEA

Smith
degraded

. CEA CEA
Fucose 51-8 none
Mannose 24-6 21-1
Galactose 63-9 36-9
GalNAc* 1-0 none
GleNAct 91-5 111-4
Sialic acid 5-6 none

* 2-acetamido-2-deoxygalactose.
1 2-acetamido-2-deoxyglucose.

and the CEA from which it was derived is
shown in Table V. Thus fucose, 2-
acetamido-2-deoxygalactose and sialic acid
were absent in the modified material.
As the figures in Table V are expressed in
£mol/100 mg of glycoprotein, calculations
of percentage amounts of monosaccharides
lost must take into account that approxi-
mately 509, of the -carbohydrate is
destroyed on periodate oxidation. On
this basis, this particular sample of CEA
lost 269, mannose, 579%, galactose and 99,
2-acetamido-2-deoxyglucose. Amino acid
analysis (Table IV) showed a reduction in
tyrosine content (~309,) and small losses
of lysine and histidine compared with the
original CEA. No cysteic acid could be
detected in the modified material. A
determination of tryptophan in this
material showed a decrease from 10-5
mol/mol of glycoprotein in the original
CEA to 6:15 mol/mol of glycoprotein in
the Smith degraded material. Again,
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allowing for the loss of carbohydrate from
the material, this represents a loss of
tryptophan from the protein part of the
glycoprotein of 619.

Treatment of CEA sequentially with sodium
borotritiide and 0-IN H2S04

The direct treatment of CEA with
sodium  borotritiide produced, after
dialysis with distilled water and freeze-
drying, a product of specific activity 9-68
£Cijmg. Subsequent treatment of this
material with 0-1x H,SO, for 22 h at
37°C (as in the Smith degradation) gave a
product, still labelled (specific activity
857 xCi/mg) and which had retained full
antigenic activity, requiring a concen-
tration of 49 ng/ml for 509%, inhibition in
the radioimmunoassay.

DISCUSSION

Any discussion of the immunogenic
groups of material as complex as CEA is
necessarily limited in relation to the
antiserum used to measure such activity,
until it has been shown that all antisera
raised against the material are directed
against the same part(s) of the molecule.
In our attempts to relate the different
binding capacities to the changes effected
in the CEA molecule by chemical and
enzymatic means, we have so far used only
a goat anti-CEA antiserum. Previous
work (Westwood et al., 1974a) showed that
when using this particular system, a large
percentage of the antigenic activity of
CEA is lost by cleavage of the protein
chain using either chemical (0-058 NaOH
or 0-01x HeSO4) or enzymatic (pepsin)
methods. It was recognized that such
chemical agents as alkali and acid have
effects on CEA other than cleavage of the
protein chain and we have now used
reagents more discriminate in their action
on the glycoprotein.

The presence of cysteic acid in the
amino acid analysis (Turberville et al., 1973)
of CEA prompted an examination of the
nature of the involvement of cysteine in
the molecule. The use of bromo-[1-14C]
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acetic acid with 6Mguanidine hydrochloride
in the absence and presence of dithioeryth-
ritol indicated that CEA contained no free
cysteine but, rather, cystine in the form of
6 disulphide bonds. Further evidence for
this structural feature was obtained by
oxidation of CEA using performic acid and
determining the amount of cysteic acid
(11-5 mol/mol CEA) produced. Apart
from the oxidation of the cystine residues
to cysteic acid and an 889, reduction in
tryptophan, this reagent did not alter the
composition of CEA in any other way.
However, a loss of 619, of the tryptophan
after periodate oxidation did not result in
any loss in antigenic activity.

Of particular interest was the reaction
of CEA with DTNB, which enabled not
only a confirmation of the presence of 6
disulphide linkages in the molecule, but
also a direct means of illustrating the
involvement of these linkages in the
binding to the antiserum. Thus, the CEA
carrying the 5-thio-2-nitrobenzoate groups
had an activity in the radioimmunoassay
of only 109, of the activity of the native
CEA whereas on removal of these groups
the CEA regained 50-55%, of its original
activity. That the activity did not
return fully to its original value is pre-
sumably due to the failure of the
disulphide bonds to rejoin completely in
the original conformation.

A common feature of the products
from the experiments involving cleavage
of the disulphide bonds, as described
above, was that they had lost most
of the antigenic activity of the original
CEA. An additional point of interest
was that if sufficient quantities were used,
the product from the reduction—alkylation
experiment produced virtually maximum
inhibition in the radioimmunoassay
whereas the product from the performic
acid oxidation, which is unchanged in
composition (except for ocystine and
tryptophan) never produced more than
45%, inhibition. This result is surprising
as it suggests that destruction of important
determinant groups occurred. An
explanation suggesting that the antiserum
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contains a population of antibodies which
only bind CEA in its native conformation
ought equally to apply to the reduced-
alkylated product.

The change in shape of the CEA
molecule when the disulphide bonds were
broken was manifested in the measure-
ments of sedimentation velocities.
Quantitative N-terminal analysis showed
that CEA almost certainly contains a
single polypeptide chain and gel filtration
of the products in which the disulphide
bonds had been broken showed that no
gross change in molecular size had
occurred. However, in sedimentation
velocity measurements CEA behaved as a
much more compact molecule than did the
material from the performic acid oxidation.

Schmid et al. (1974) recently deter-
mined the positions of the 2 disulphide
bonds in the polypeptide chain of «,-acid
glycoprotein. We believe that a situation
similar to the one represented by their
schematic diagram exists in CEA with 6
disulphide bonds cross-linking a long
single polypeptide chain.

The reduction of the antigenic activity
of CEA by cleavage of the disulphide
bonds does not, of course, give any
information on the nature of the deter-
minant groups as it could merely result
from a disorientation of groups so as to
seriously diminish the antigen—antibody
binding.

A possible way of investigating the
role of the carbohydrate part of the mole-
cule in the antigenic activity is to use a
reagent, such as NalO,, which under
suitable conditions will preferentially
destroy carbohydrate, in this case all
monosaccharides containing vicinal diol
groups, so including all terminal sugars,
but leave the protein less damaged. The
oxidizing conditions (pH 3-8, room
temperature, i.e. ~20°) were chosen to
give a reasonably rapid oxidation of the
sugars without overoxidation (Jeanloz and
Forchielli, 1951). At 0-533M periodate
destroyed a large part of the antigenic
activity of CEA whereas at 5-33 m™ no
change in activity occurred. The latter

J. H. WESTWOOD AND P. THOMAS

conditions destroyed (average of 4
samples) all the fucose, 2-acetamido-2-
deoxygalactose, and sialic acid, 159, of
the mannose, 509, of the galactose and 39,
of the 2-acetamido-2-deoxyglucose.

The loss of activity in the stronger
NalO, solution is probably due to cleav-
age of the disulphide bonds. Only cysteic
acid could be detected in this product but a
considerable amount of cystine was found
in the 5-33mM oxidation product.
Completion of the Smith degradation
yielded a product retaining full antigenic
activity but having lost approximately
509, of its carbohydrate. This meant
that the terminal monosaccharides of CEA
play no part in its antigenic activity. It
is much more probable that the deter-
minant groups reside on the polypeptide.

During the Smith degradation the
polypeptide lost 619 of its tryptophan
and approximately 309, of its tyrosine.

Clamp and Hough (1965) have reported
the destruction of some amino acids in
13 mm periodate. Thus the isolation of
an unmodified polypeptide chain using
this method is not possible. Tyrosine and
tryptophan are attacked even at very low
concentrations of periodate whereas the
cleavage of the disulphide bonds of cystine
requires higher concentrations.

It has therefore become clear that the
breaking of the disulphide bonds of CEA
causes a large loss of antigenic activity.
In the case of cleavage with performic
acid, there seems to be associated destruc-
tion of important antigenic determinant(s).
This observation has prompted a potenti-
ally useful modification of the CEA assay
involving absorption of the normal anti-
CEA antiserum with the material from the
performic acid oxidation of CEA. The
results obtained using this absorbed anti-
serum will be reported later.
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