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ABSTRACT

Genes encoding the four principal polypeptide domains (N, A1-B1,
A2-B2, and A3-B3) of Carcinoembryonic antigen (CEA) were synthesized
and expressed in Escherichia coli as fusion products with bacterial CMP-
KDO synthetase (CKS). The four synthetic fusion proteins were purified
in high yield and used as targets in Western blots for 11 anti-CEA MAbs
and to compete with immobilized CEA for binding to four of these MAbs.
Each of the MAbs showed strong binding to one or more of the fusion
proteins. In Western blots, MAbs H19C91 and 4230 bound only to CKS-
N. MAbs H8C2 and H11C35 bound only CKS-A1-B1, and MAbs
T84.66, H46C136, and H21C83 appeared to be specific for CKS-A3-B3.
None of the MAbs tested bound only to CKS-A2-B2. However, two
MAbs bound both CKS-A1-B1 and CKS-A3-B3 and one MAb (3519)
bound to all three of the repeated domains. Since these three domains
exhibit over 90% amino acid sequence homology, the latter results were
not surprising. The competition studies largely confirmed the results of
Western blots but did show some MAb-fusion protein interactions not
observed in Western blots. These competition studies also allowed esti
mation of the relative affinities of the MAbs for the synthetic domains
and for native CEA. These studies demonstrated that epitopes in CEA
recognized by the MAbs in this study are peptide in nature and that the
fusion proteins are of utility in the localization of the epitopes on the
polypeptide chain of CEA.

INTRODUCTION

CEA2 is a tumor-associated glycoprotein, first described by

Gold and Freedman (1). Serum levels of CEA are widely used
in the clinical management of patients with a variety of cancers
including carcinomas of the gastrointestinal tract, breast, and
lung (2). Although the principal clinical utility of CEA is in
monitoring disease activity, serum CEA levels also are used in
assessing response to treatment and in staging (3). In addition
there is increasing interest in the in vivo use of anti-CEA MAbs
in tumor therapy (4) or localization (5).

CEA is a single-polypeptide M, 180,000 chain that contains
approximately 50% carbohydrate by weight (6). The amino acid
sequence as deduced from nucleotide sequences of cloned com
plementary DNA (7-9) reveals that the polypeptide moiety of
CEA is comprised of an NH2 terminal domain (Domain N) of
108 amino acid residues followed by 3 highly homologous
internal domains (A1-B1, A2-B2, and A3-B3) of 178 residues
each (for nomenclature, see Ref. 10). Each of the 3 internal
domains consists of 2 homologous subdomains (e.g., Al and
Bl), each of which contains a disulfide bridge. The 23-residue
C-terminal domain (Domain M) has been shown to be removed
post-translationally and replaced with a glycophospholipid
moiety that anchors CEA in the cell membrane (11). The
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binding of several MAbs to proteolytic fragments of CEA
provides immunochemical evidence in support of this domain
model of CEA (12).

Since CEA exhibits internal homology, may be variably gly-
cosylated, and is a member of a family of up to perhaps 13
structurally related proteins (for review, see Ref. 13), elucida
tion of the specificity of a MAb used to detect CEA is a
particularly difficult undertaking. The specificity of anti-CEA
MAbs has been evaluated by several approaches including the
investigation of the binding to CEA and other members of the
CEA family of proteins (14), immunohistochemical localization
to a variety of normal and cancerous tissues (15), and binding
to peptide fragments generated by enzymatic or chemical cleav
age of CEA (12, 16). The most extensive investigation of the
antigenic sites of CEA involves classification of 43 MAbs into
5 distinct epitope groups (Gold 1-5) by competitive binding

analysis (17).
Recently, fusion proteins have been produced after cloning

the cDNA of NCA-50, a member of the CEA family, into an
expression vector, and the epitope of an NCA-50-specific MAb
was deduced using site-specific mutagenesis (18). In this report,
we describe the preparation of the fusion proteins composed of
bacterial CMP-KDO synthetase and each of the 4 principal
domains of CEA and demonstrate the utility of these proteins
in mapping the epitopes of the CEA molecule.

MATERIALS AND METHODS

Reagents

CEA was prepared from liver mÃ©tastasesof colon adenocarcinoma
by published procedures (19). Purified CEA electrophoresed as a ho
mogeneous protein of M, 180,000 in an SDS-PAGE (7.5% acrylamide)
system (20). CEA concentrations were estimated using an extinction
coefficient of 9.2 x 10" M'1 cm-'.

Monoclonal antibodies to CEA were developed by standard proce
dures and provided by Dr. Use Tribby (Abbott Laboratories), Dr. I.
Ikeda of Dainabot, and by Dr. J. Shively, City of Hope. All of the
MAbs were shown to react with CEA by Western blots (see below).
MAb B72.3 was also provided by Dr. Use Tribby and affinity-purified
goat anti-CEA by Dr. Dennis Delfert of Abbott Laboratories. Conju
gates of MAb H19C91 and HRPO (Sigma Chemical Co.) were prepared
at a 2/1 enzyme-to-antibody molar ratio by the procedure of Nakane
and Kawaoi (21).

Restriction enzymes, T4 DNA ligase, polynucleotide kinase, and
bacterial alkaline phosphatase were purchased from Bethesda Research
Laboratories or New England Biolabs and were used according to the
manufacturers' specification.

Escherichia coli strain JM109 (22) was used as the host strain for
conventional transformations and plasmici DNA analysis. E. coli strain
JM83 (22) was used for oligonucleotide-directed double-stranded DNA
break repair (bridge) mutagenesis, and E. coli strain XL 1-Blue (pur
chased from STRATAGENE) was used for expression analysis.

All other chemicals were reagent grade or better and used without
additional purification.
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Fig. 1. Structure of the expression vector.
A, map of pTB210 CKS-fusion expression
plasmid. The plasmid was constructed by in
serting a multi-site cloning linker into Bgl\\-
///ndlll digest of pTB210. B. sequence of the
linker DNA.
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Preparation and Characterization of the CKS Domains

Isolation of Plasmid DNA and Restriction Fragments. Medium-scale
(250 ml) cultures of E. coli harboring plasmid DNA were grown
overnight at 37Â°Cin LB medium with 50 //g/ml of ampicillin. Plasmids

were extracted using alkaline/SDS and purified by equilibrium centrif-
ugation in CsCl-EtBr gradients (23). Restriction fragments of between
100 and 4000 base pairs were isolated by electrophoresis on 5% (50/1,
acrylamide/bis) polyacrylamide gels using a Ix buffer of 89 mM Tris,
89 m.Mboric acid, 2.5 mM EDTA, pH 8.3. The DNA was recovered by
crushing and soaking the gel slice in elution buffer [500 mM ammonium
acetate, 10 mM magnesium acetate, 1 mM EDTA, 0.1% (wt/vol) sodium
dodecyl sulfate), while vortexing overnight at 37Â°C.Smaller fragments

were isolated on 8% (19/1) polyacrylamide gels.
Construction of Expression Vector. CEA was expressed as a fusion

protein with the kdsB gene (encoding E. coli CMP-KDO synthetase)
(24) in the pTB210 vector (Fig. \A). The vector was constructed by
digesting pTB201 (25) with fig/11and Hindlll and ligating in the linker
sequence shown in Fig. IB. Multiple restriction sites were included for
cloning heterologous DNA. The linker was composed of 2 synthetic
oligonucleotides, which after annealing contained 5' overhangs that

were homologous to the overhangs of fig/II/A/mdlll-digested pTB201
plasmid. However, due to the sequence adjacent to the linker fragment
overhangs, these sites were not regenerated after ligation, and thus the
sites could be included elsewhere within the linker for cloning purposes.

Synthesis of CEA Domain Genes. The genes encoding the CEA
domains were constructed utilizing the Fokl method of gene synthesis
(26). The genes were subdivided into fragments (Figs. 2 and 3) with the
division points within the domains selected such that improper ligations
(due to homology between overhangs of inappropriate fragments) would
be minimized. The FRAGMENT program (written and developed by
Earl Gubbins, Abbott Laboratories), which calculates the extent of

cross-homology between fragment overhangs, was used to determine
optimal division points. The fragment building blocks were generated
in a 3-step process: (a) oligonucleotides for bridge mutagenesis were
synthesized on an Applied Biosystems 380B Synthesizer using nucleo-
side-0-(2-cyanoethyl)-A',A'-di-isopropyl-phosphoramidites; (b) the oli

gonucleotides were used for bridge mutagenesis (27) to generate clones
that contain the CEA DNA fragments; and (c) Fokl digestion was used
to liberate the CEA DNA fragments, which were then purified by
PAGE.

The fragments comprising the domains (5 to 8 per domain) were
ligated in sets of 4 to 8 with an appropriately digested cloning or
expression vector (pUCIS, pUC19, or pTB210). Following transfor
mation, colonies were cultured and DNA was extracted and sequenced.

[_N-TERM ; A1-Ã•M

Fok , Nl N2 N3 N4 N5
Fragments/ v TlLJZ. JIJi JiJt
mpWMSOO \_ \ /

A3-B3

A;B
Subclones
in pUCl
Â«PUC19

' 21 22 23 2-1 25 26 27 28"T T 3! 32 33 34 35 36 37

Exp Level â€¢20Â°o

Fig. 2. Construction of the synthetic CKS-CEA domains. Fragments were
involved in the ligations (arrows) in constructing the domains (or subdomains).
The expression levels of the CKS-CEA hybrid genes are indicated as the relative
percentages of the fusion products to the total cellular proteins of E. coli.
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Fig. 3. Sequence of the synthetic gene en
coding CEA. In addition to the DNA sequence,
the translated amino acid sequence is also
shown. The end positions of the Fokl frag
ments from which the genes were assembled
are indicated. The restriction enzymes used in
subcloning the domains and subdomains are
shown ( | , cut positions of the top strand).
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SDS Gel Electrophoresis/Western Blots

Domains A1-B1 and A2-B2, which were cloned as subdomains, were Coomassie brilliant blue staining (20).
then digested with BamHl-Hindlll (A) or HÃ¬nd\\l-Kpnl(B) and ligated The insoluble material, which included the fusion products, was
with SamHI-///ndIII pUC19 or Hindl\l-Kpnl pUC18. Domains N and pelleted by centrifugation and resuspended in 6 ml of 8 M urea. The
A3-B3 were cloned in their entirety into Bgfll/Kpnl-digested pTB210. urea-soluble material was then dialyzed against PBS (0.15 M NaCl,
The 2 subfragments of domains A1-B1 and A2-B2 were assembled and 0.02 M sodium phosphate, pH 7.2) to yield soluble products.
cloned into ÃŸg/II/A/wI-digested pTB201 as well. The cloning strategy
is summarized in Fig. 2.

Expression and Purification of Fusion Products. XLl-Blue cells with Samples for electrophoresis were reconstituted in 2 mM /V-2-hydrox-
plasmids containing the hybrid CKS/CEA genes were cultured as yethyl-piperazine-/V'-2-ethanesulfonic acid buffer and diluted in sample

follows. Cultures (2 ml) of LB broth containing 50 Mg/ml ampicillin buffer containing 1% SDS without reducing agent to give a concentra-
were inoculated with a single colony from a transformation plate. tion of approximately 0.5 mg/ml. The samples were then heated at
Cultures were incubated for approximately 3-4 h at 37Â°C(Atm of 0.3 37Â°cfor 1 h or at 90Â°Cfor 5 min. Electrophoresis was performed in

to 0.5) and isopropylthio-/S-galactoside was added to a final concentra- precast (ISS-Enprotech, Hyde Park, MA) Tris-SDS 10-20% acrylam-
tion of 1 mM. Growth was continued for an additional 5 h, then the Â¡de,3-12% acrylamide, or 10% acrylamide gels with 4% stacking gels
cells were pelleted and frozen at â€”70Â°C. at 30 mA/gel (20).

Cell pellets were resuspended in 3 ml of 10 mM Tris, 1 mM EDTA, Samples were transferred to nitrocellulose paper (Schleicher and
pH 10.0. Lysozyme (6 Mg)was added and the samples were placed on Schuell) or polyvinylidene difluoride (Immobilon-P, Millipore) at 300
ice for 15 min. The samples were sonicated (5 x 30 s) following the mA/gel for 8 h (28). Papers were blocked with 1% Sanalac nonfat dry
addition of 0.3 ml of 20% Triton X-100. Three more ml of 10 mM milk (Ross Laboratories) in PBS (pH 7.4) for 1 h at room temperature
Tris, l mM EDTA, pH 10.0, were added and the samples were sonicated and then treated with MAbs or goat anti-CEA at 10 ng/ml in PBS/
again (5 x 30 s). The Triton-soluble as well as the insoluble fractions 0.5% fetal bovine serum overnight at 2-8Â°C.After exhaustive washing,

were assayed for the presence of fusion proteins by SDS-PAGE and the blots were incubated with goat anti-mouse IgG-HRPO or rabbit
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anti-goat IgG-HRPO (Kirkegaard and Perry Laboratories) at 200 ng/
ml in PBS/fetal bovine serum for 90 min at room temperature. After
washing, the blots were developed with diaminobenzidine tetrahydro-
ehloride (Polysciences)/H2O2 for 30 min at room temperature. In some
experiments goat anti-mouse IgG-alkaline phosphatase was used with
5-bromo-4-chloro-3-indoylphosphate and nitroblue tetrazolium to de
tect bound MAbs.

Competition Experiments

CEA. at a concentration of 1 Mg/ml in 0.05 M Na2CO3 (pH 9.5), was
used to coat the wells of a 96-well microtiter plate (Dynatech Labora
tories, Inc.) for 0.5 h at room temperature. The wells were blocked by
incubation with 1% bovine serum albumin (Sigma Chemical Co.) in
PBS for l h at room temperature. MAb-HRPO conjugates (50 n\ of
0.5-1.0 /jg/ml in 1% bovine serum albumin/PBS) were mixed with
either PBS, CEA, or the CEA-CKS CEA domains (50 Ml)and incubated
with immobilized CEA for 45 min at 37Â°C.The concentrations of the

CKS domains were estimated by A2soof solutions (29). Similar results
were obtained when free MAb (50 ÃŸ\of 30-200 ng/ml) was mixed with
competing protein (50 p\) and incubated with immobilized CEA for 1
h at 37Â°Cfollowed by detection of bound MAb by incubation of the
plate with goat anti-mouse IgG-HRPO (0.2 Mg/ml) for l h at 37Â°C.In

either case, HRPO activity was detected using o-phenylenediamine/
HiO: as substrate.

RESULTS

Expression of CKS Domain Fusions and Purification and
Characterization of Fusion Products. The goal in expressing
small portions of CEA was to produce significant amounts of
unique CEA-specific antigens. Expression levels of clones con
taining CKS-CEA fusion genes on the pTB210 plasmid ranged
from 10 to 20% of the total cellular protein based on Coomas-
sie-stained gels of whole cell lysates (values per clone are
included in Fig. 2). The purified fusion proteins appeared to be
greater than 95% homogeneous based on SDS-PAGE electro-
phoretic patterns under reducing conditions. Molecular weights
were approximately 36,000 for CKS-N and 42,000 for CKS-
A1-B1, CKS-A2-B2, and CKS-A3-B3. These values were con
sistent with the size of the CKS moiety plus the polypeptide
portion of each domain.

Epitope Maps. The specificity of the 11 anti-CEA MAbs for
the synthetic fusion products was evaluated by Western blots
after SDS-PAGE electrophoresis under nonreducing condi
tions. These MAbs were selected to provide a wide antigen/
epitope specificity population based on preliminary studies that
characterized their binding to various members of the CEA
family of proteins (data not shown). Representative blots of
MAbs H19C91. H8C2, and H6C8 to the 4 CKS domains (Fig.
4) demonstrated their primary specificities for Domains N, Al-
Bl, A3-B3, respectively. In addition to binding in a band
corresponding to the molecular weight of monomeric CKS
domains, binding to a higher molecular weight species is also
often observed. These higher molecular weight forms presum
ably resulted from the formation of interchain disulfide bonds
in some fusion protein preparations. Under these experimental
conditions, each of the MAbs bound to at least one fusion
protein, and these MAbs fell into 3 general groups based on
their specificity profiles (Table 1).

The first group consisted of MAbs that reacted with only a
single fusion protein. Two of the MAbs (H19C91 and 4230)
reacted specifically with CKS-N. Two MAbs (H8C2 and
HI 1C35) exhibited specificity for CKS-A1-B1 and 3 (T84.66,
H46C136, and H21C83) only bound to CKS-A3-B3.

Representing the second group, 2 of the MAbs reacted pref-

B

1234 1234 1234

Fig. 4. Western blots demonstrating the specificities of MAbs H19C91 (A),
H8C2 (A), and H6C8 (C). Lanes 1. 2, 3, and 4 contained CKS-N, CKS-A1-B1,
CKS-A2-B2, and CKS-A3-B3. respectively. SDS electrophoresis in gels contain
ing 10rc acrylamide was followed by electrophoretic transfer to polyvinylidene
diiluoride as described in the text.

Table 1 Binding of anti-CEA MAbs to CKS-CEA domains as determined by
Western blot analysis

MAbs were obtained from Abbott Laboratories (H8C2, H6C8, H19C91,
H11C35. H21C83, H46C136. and B72.3). from Dainabot (4969,4230. and 3519),
and from City of Hope (T84.1E3, T84.66). Polyclonal gt anti-CEA was also from
Abbott Laboratories.

MAb CKS-N CKS-Al-Bl CKS-A2-B2 CKS-A3-B3

H8C2 ++ - -
H6C8 - +/- ++
HI9C91 ++
HI1C35 ++
H46C136 +
4969 + +
4230 +
3519 - ++ ++ ++
T84.1E3 ++ +
T84.66 ++
H21C83 - - +
B72.3
gt anti-CEA + + + +

Â°Staining intensities are: -. none; +, weak; ++, moderate; +++, strong.

erentially with a single domain, but exhibited some cross-
reactivity to other domains. MAb T84.1E3 bound more
strongly to CKS-N than to CKS-A3-B3, and MAb H6C8 ex
hibited a strong preference for CKS-A3-B3 over CKS-Al-Bl.
In both cases, binding to the other domains was not detected.

MAbs 3519 and 4969 represent the third group in that they
bound approximately equally well to more than one fusion
protein. MAb 4969 reacted with CKS-Al-Bl and CKS-A3-B3,

and MAB 3519 bound to all 3 of the repeating domains. Since
MAb 4969 bound neither CKS-N nor CKS-A2-B2 and MAb
3519 did not bind CKS-N, the apparent reactivity that these
MAbs displayed toward multiple domains was presumed to be
due to their binding to homologous amino acid sequences rather
than to nonspecific binding.

As controls, MAb B72.3, which was generated to the tumor-
associated glycoprotein-72 mucin (30), did not bind any of the
fusion proteins, and a polyclonal goat anti-CEA bound to all 4
domains.

Competition Studies. Because of our interest in MAbs
H19C91, H6C8, H11C35, and H8C2 for possible in vivo and
in vitro applications in the management or treatment of cancer
patients, they were selected for more extensive study. In this
series of experiments, CEA immobilized on microtiter plates
competed with soluble CEA or the individual CKS domains for
binding to different MAbs.

1879

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/7/1876/2446618/cr0510071876.pdf by guest on 19 M

ay 2023



o
z

o
m

cn
u
01

125

100 -

75

50-

25

I
-11 -10 -9 -8 -7 -6 -5

LOG [CONCENTRATION OF COMPETITOR (M)]

-9 -8 -7 -6 -5

LOG [CONCENTRATION OF COMPETITOR (M)]

125

o
m
m
<

cs
o
00

100--

75--

50-

25 â€¢

D

X
\

\

ii.\\\\
o
m

oo
o

-10 -9 -8 -7 -6 -5

LOG [CONCENTRATION OF COMPETITOR (M)]

-4

125

100

75-

50-

25

-10 -9 -8 -7 -6 -5

LOG [CONCENTRATION OF COMPETITOR (M)]

Fig. 5. Competition between immobilized CEA and soluble proteins for free MAbs. HI9C91 (A), HI1C35 (A). H8C2 (C). and H6C8 (D) were incubated with
CEA (D), CKS-N (O), CKS-Al-BI (â€¢),CKS-A2-B2 (A), or CKS-A3-B.1 (A) in microtiter wells coated with CEA. Bound MAb was detected using goat anti-mouse
IgG-HRPO as described in the text. Data are presented as the percentage of the A492 at each concentration of competing protein relative to that of the control wells
containing only MAb.

As is shown in Fig. 5A, only CEA itself and CKS-N exhibited
significant competition with respect to the binding of H19C91
to immobilized CEA. These data confirmed the specificity of
MAb H19C91 as determined from Western blots (Table 1).
The data of Fig. 5A were also used to estimate relative binding
affinities of H19C91 for the 2 proteins. The midpoints of the
inhibition curves occurred at approximately 1.7 n\i and 31 /Ã•M
for CEA and for CKS-N, respectively. Thus, H19C91 bound to
CEA approximately 20,000-fold more strongly than it bound
to CKS-N.

The competition data for HI 1C35 (Fig. 5B) were also con
sistent with Western blots (Table 1). This MAb exhibited also
a high degree of specificity for a single fusion protein (CKS-
A1-B1). In this case, the MAb bound native CEA and the fusion
protein with similar affinity.

Competition data for H8C2 (Fig. 5C) produced a slightly
different picture of the specificity of this MAb than did Western
blot analysis. Whereas Western blots indicated that H8C2 only
bound CKS-A1 -B1, a weak binding to CKS-A2-B2 was detected
by competition studies in addition to the expected strong affin
ity for CKS-Al-BI. In this case, there was approximately 20-
fold weaker association between the MAb and its preferred
fusion protein, CKS-A 1-B1, relative to CEA.

Finally, competition studies for H6C8 (Fig. 5D) confirmed
Western blot analysis in that this MAb bound CKS-A3-B3
more strongly than it bound CKS-A 1-B1. However, binding to
CKS-A 1-B1 and to CKS-A2-B2 was also detected in competi
tion studies but not by Western blots. In the case of H6C8,

there was less than a factor of 10 decrease in the apparent
association constant of the MAb for the preferred fusion protein
relative to that for CEA.

DISCUSSION

Gene Design and Synthesis Strategy. The strategy used for
designing and constructing CEA Domains N, A1-B1, A2-B2,
and A3-B3 is represented schematically in Fig. 2. The carboxyl
terminal domain is excluded from this study since it is not
found in the mature protein (11). The sequences of the synthetic
genes are derived from the published protein sequence (7-9)
using codon bias from highly expressed genes in E. coli (31).
Exceptions to the E. coli bias had to be made when engineering
restriction endonuclease sites (adding desirable sites and re
moving undesirable ones as well).

The Fok\ method of gene synthesis was chosen for the
construction of the CEA domains. This method has several
advantages over contentional cloning of synthetic double-
stranded DNA. It is faster, more accurate, and more economical
since only one strand of DNA is synthesized. Secondly, and of
even greater benefit, the method generates subclones that con
tain and express 70-90-base pair fragments of CEA in fusion
with the Â«-donor portion of /Ã-galactosidase. These subclones
can be used for epitope mapping as well as for inoculation and
subsequent production of epitope-specific antibodies.

The principal criteria in selecting an expression vector for E.
coli are: (a) high-level production of the heterologous gene
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(fragment) of interest; and (Â¿>)if a fusion were used, the "carrier"

protein should not interfere with the antigenic activity of the
CEA portion of the protein. Although it is difficult to predict
how a heterologous gene coding for a protein of interest will
react in a particular host or vector, the CKS expression system
in E. coli XLI-Blue cells has proven useful both in producing
high levels of viral antigens and in the maintenance of antige-
nicity of fusion proteins produced.3 The CKS-fusion expression

vector, pTB210, is derived from pTB201, which was modified
by the replacement of a Bgill-Hindlll fragment at the 3' end

of the kdsB gene with a linker containing restriction sites to
facilitate cloning the CEA DNA. The replacement results in a
truncation of 9 amino acid residues from the carboxyl-terminus
of CKS and the addition of 7 residues encoded by the linker.
This region includes an acid-labile aspartyl-proline bond as well
as cyanogen bromide-cleavable methionine to provide means of
separating the CEA and CKS moieties of the fusion products
should that have proved necessary (Fig. IA).

Binding of MAbs to Synthetic Domains. The binding of 11
anti-CEA MAbs to synthetic CKS-CEA domains has been
assessed by Western blot analysis. Based on this study, 3 groups
of MAbs may be identified: (a) MAbs that only bind a single
domain; (b) MAbs that bind preferentially to a single domain
but that also exhibit some cross-reactivity with one or more
additional domains; and (<.â€¢)MAbs that bind approximately

equally well to more than one domain.
Four of the 11 MAbs were selected for more extensive study

based on their potential for use in the management or treatment
of cancer patients. In each case, the primary target domain
identified by Western blots is more effective than the other
domains in competing with immobilized CEA for its respective
MAb. However, competition studies appear to be more sensitive
than Western blots in that weak cross-reactivity with additional
domains is detected by the former technique. For example,
H8C2, which binds only to CKS-A1-B1 in Western blots, is
also shown to bind weakly to CKS-A2-B2 in competition studies
(Fig. 5C). Similarly, H6C8 binds CKS-A3-B3 > CKS-A1-B1
by Western blot analysis and CKS-A3-B3 > CKS-A1-B1 >
CKS-A2-B2 by competition (Fig. 50).

Competition studies also provide information as to the rela
tive affinities of the 4 MAbs for intact CEA and for the fusion
proteins. MAb H11C35 binds native CEA and CKS-A1-B1
with approximately the same affinity. In contrast, each of the
other 3 MAbs exhibits a greater affinity for intact CEA than
for its preferred target CKS domain. The ratios of these asso
ciation constants vary from approximately 20,000 for H19C91
to 20 for H8C2 to about 10 for H6C8. The disparity in these
ratios may reflect differences in the fidelity of folding of the
CKS domains in the region of each respective epitope.

Use of the Synthetic Domains to Facilitate Epitope Identifi
cation. Although CEA is heavily glycosylated, most anti-CEA
MAbs have been shown to bind to the polypeptide moiety (17).
The characterization of the epitopes of anti-CEA MAbs is often
difficult because of the relatively sizable length of its polypep
tide backbone as well as the extensive amount of its internal
homology (7-9). Moreover, the epitopes of many anti-CEA
MAbs are conformationally dependent as is evidenced by a
dramatic loss of reactivity when CEA disulfÃdebonds are re
duced and/or the peptide chain is cleaved by either enzymatic
or chemical procedures (12). Thus, epitope identification may
require the chemical synthesis of many relatively long polypep
tide targets. The use of binding data alone or in conjunction

3T. J. Boiling, unpublished data.

with cross-reactivity studies may simplify this process.
Clearly, the use of the synthetic fusion protein targets as

described in this report may significantly decrease the additional
work required to fully characterize the epitope structure by
limiting the search to a single domain. For a MAb that binds
to more than one fusion protein, the specificity of a given MAb
for the CKS domains may be used in conjunction with their
amino acid sequences to help identify likely epitope structures.
For example, the epitope of MAb 3519, which binds to the 3
repeating CKS domains approximately equally well (Table 1),
should consist of a highly conserved region of these domains.
In contrast, the epitope of MAb T84.66, which only reacts with
CKS-A3-B3, probably involves structures unique to this
domain.

In addition, information as to the cross-reactivity of a given
anti-CEA MAb with other members of the CEA family of
proteins often complements amino acid sequence data and
fusion protein binding data to further restrict the number of
probable epitope structures. For example, MAb H19C91 binds
preferentially to Domain N based on Western blot analysis
(Table 1) and competition studies (Fig. 5A). Since previous
research has shown that this MAb does not bind nonspecific
cross-reacting antigen, a protein exhibiting 75% homology with
CEA in Domain N (32), the epitope of H19C91 most likely
involves a nonconserved region of this domain. Thus, for this
MAb, Western blots of the fusion proteins have narrowed the
search for its epitope to Domain N, which represents 16% of
the sequence (i.e., 108 of 665 residues), and the lack of cross-
reactivity with nonspecific cross-reacting antigen focuses fur
ther study on a few key sequences (i.e., Residues 27-29 or 43-
46) in this domain.

Studies in progress are directed at better defining the epitopes
of key anti-CEA MAbs. This involves the analysis of the reac
tivity of each MAb toward the CKS domains and cross-reacting
proteins in relation to their amino acid sequences followed by
synthesis of appropriate polypeptides to be used as probes in
Western blots and competition studies.
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