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Carcinoembryonic antigen-related cell adhesion molecules (CEACAMs)
comprise a large family of cell surface adhesion molecules that bind to
themselves and other family members to carry out numerous cellular
functions, including proliferation, signaling, differentiation, tumor sup-
pression, and survival. They also play diverse and significant roles in
immunity and infection. The formation of CEACAM oligomers is
caused predominantly by interactions between their N-terminal IgV
domains. Although X-ray crystal structures of CEACAM IgV domain
homodimers have been described, how CEACAMs form hetero-
dimers or remain monomers is poorly understood. To address this
key aspect of CEACAM function, we determined the crystal struc-
tures of IgV domains that form a homodimeric CEACAM6 complex,
monomeric CEACAMS, and a heterodimeric CEACAM6-CEACAMS8
complex. To confirm and quantify these interactions in solution, we
used analytical ultracentrifugation to measure the dimerization con-
stants of CEACAM homodimers and isothermal titration calorimetry to
determine the thermodynamic parameters and binding affinities of
CEACAM heterodimers. We found the CEACAM6-CEACAMS heterodi-
meric state to be substantially favored energetically relative to
the CEACAM6 homodimer. Our data provide a molecular basis for
the adoption of the diverse oligomeric states known to exist for
CEACAMSs and suggest ways in which CEACAM6 and CEACAMS reg-
ulate the biological functions of one another, as well as of additional
CEACAMs with which they interact, both in cis and in trans.

CEACAM | X-ray crystallography | isothermal titration calorimetry |
analytical ultracentrifugation

arcinoembryonic antigen-related cell adhesion molecules

(CEACAMs) are Ig-related proteins encoded by 12 genes on
human chromosome 19q13 (1). Expression patterns of each
CEACAM have been observed to be distinct (2). Several CEACAMs
are expressed and anchored predominantly on the surfaces of
epithelial, endothelial, lymphocyte, myeloid, and granulocyte cells.
Certain CEACAMSs, however, are expressed only on one cell type
or tissue, including CEACAM3, CEACAMS, and CEACAM16,
which are expressed on phagocytes, granulocytes, and in the inner
ear, respectively (3-5). With distinct expression patterns and lo-
calizations, CEACAMs are typically observed to be involved in
numerous and diverse cellular functions, including cell adhesion,
proliferation, signaling, differentiation, tumor suppression, and
survival (6-10). Certain CEACAMSs, however, such as CEACAM3
and CEACAM16, have specific roles in phagocytosis and hearing,
respectively (3, 4). Several pathogenic bacteria, such as Neis-
seria meningtidis, Escherichia coli, and Haemophilus influenza
use adhesins to interact and anchor themselves to host cell surfaces
through CEACAM recruitment (11-13). Because CEACAMs
are involved in proliferation, tumor suppression, and survival,
CEACAM dysregulation is frequently observed in tumor growth
and metastasis (8, 14-17). All CEACAMs, except CEACAMI6, are
tethered to the surfaces of cells through either a single trans-
membrane domain or a glycophosphatidylinositol (GPI) anchor at
their C terminus (7). Each CEACAM contains an N-terminal Ig
variable-region-like (IgV) domain (6, 7), which is separated from
its C-terminal domain by a variable number of Ig constant region-
type 2-like (IgC2-like) domains, ranging in number from zero to
six. One function of CEACAM is cell adhesion (10). CEACAMs
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achieve this primarily through the N-terminal IgV domain, which
can dimerize either through homo- or heterophillic interactions
(18-20). Dimerization of CEACAMs can be either in cis or in
trans, with the latter allowing for cell—cell adhesion (21, 22).

CEACAM6 and CEACAMS are both anchored to cells by a
GPI motif, with two interspersing IgC2 domains (6). They are
thus unable to directly signal like CEACAMI, which is anchored
by a transmembrane domain and contains a C-terminal cytosolic
immunoreceptor tyrosine-based inhibitory motif (6, 23). CEACAMS
is exclusively expressed on granulocytes, whereas CEACAMGO is
expressed on the epithelial cells of the gastrointestinal tract and
granulocytes (24). High levels of CEACAMG6 expression are typi-
cally observed in several different cancers (17, 25, 26). Studies
have shown that CEACAMBG inhibits anoikis, resistance to apopto-
sis in the absence of adhesion to the extracellular matrix, thereby
promoting metastasis (27). Although less is known about CEACAMS,
mRNA of both CEACAM6 and CEACAMS are up-regulated in
acute lymphoblastic leukemia (28).

The homodimerization of CEACAM N-terminal IgV domains,
in particular those of CEACAMI1 and CEACAMS, has been de-
scribed previously (18, 19). However, the molecular mechanisms by
which CEACAMs can heterodimerize have yet to be elucidated. It
has been reported that CEACAMS6 can form heterodimers with
CEACAM1, CEACAMS, and CEACAMS, whereas CEACAMS
can heterodimerize with CEACAM1 and CEACAMBS (20, 29). Like
homodimerization, CEACAM heterodimerization appears to re-
quire N-terminal IgV domains (24). In this study, we present X-ray
crystallographic and biophysical data showing that, in both crystals
and in solution, CEACAM6 homodimerizes, CEACAMS is mo-
nomeric, and the CEACAM6-CEACAMS heterodimer represents
the energetically preferred state.

Significance

Carcinoembryonic antigen-related cell adhesion molecules
(CEACAM:s) are cell surface proteins that regulate cell adhesion
and signaling in cancer, infection, and immunity through their
diverse oligomeric states. Although X-ray crystal structures of
CEACAM homodimers have been described, how they form
heterodimers or remain monomers is poorly understood. Here
we present the crystal structures of homodimeric CEACAMS6,
monomeric CEACAMS, and the heterodimeric CEACAM6-CEACAMS
complex. Our crystallographic and biophysical data suggest
ways in which CEACAM6 and CEACAMS regulate the biological
functions of one another.
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Results

CEACAM6 Forms a Homodimer Distinct from Those Observed Previously.
To gain further insight to CEACAM homo- and heterodimeriza-
tion, we solved the X-ray crystal structure of the N-terminal IgV
domain of human CEACAMS to a resolution of 1.83 A (Tables S1
and S2). As expected, CEACAMG6 exhibited the typical IgV-like
fold of two B-sheets, consisting of strands ABDE and A’'GFCC'C”
(Fig. 14) and forms a homodimer (Fig. 1B), similar but with dis-
tinctions from those observed previously for CEACAMI and
CEACAMS (18, 19). Superposition of CEACAM6 onto CEACAMS
using one pair of chains (i.e., one from each dimer) results in an
RMSD of 0.7 A, with a substantially larger RMSD of 2.5 A
observed for the other pair of chains (Fig. 1C), resulting in a twist
in the dimerization interface and, thus, the entire protein. Similar
regions in each monomer are buried upon dimerization and the
interfaces are both symmetrical. Specifically, the GFCC'C" strands
of each CEACAM form the dimerization interface. The sequence
identity between CEACAMS and CEACAMG is high (88.9%),
with only 11 residues differing between the two proteins, of which
only 3 (130, L45, and Q90) are found in the dimerization interface
(Fig. S1). Relative to CEACAMS, these differences result in the
loss of n-r stacking and a hydrogen bond at positions 30 and 45,
respectively, but the gain of a salt bridge at position 90 (Fig. 1D).
Mutation of these residues individually in CEACAMS (F29I,
Q44L, and H89Q, with sequence numbering as for CEACAMS;
there is a numbering discrepancy of one position in CEACAMS,

CEACAMG
CEACAMS5

CEACAMG
CEACAMS

Fig. 1. Crystal structure of CEACAMSG. (A) The overall structural fold of the
IgV domain of CEACAMS6 with secondary elements labeled. (B) Structure of
the CEACAMS6 dimer. (C) Superposition of the CEACAM6 dimer (red chains)
onto the CEACAMS5 dimer (blue chains). (D) Differences in the dimerization
interface result in the loss of n-r stacking (Left), gain of a salt bridge (Center),
and loss of a hydrogen bond (Right) for CEACAMSG relative to CEACAM5.
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such that position 44 in CEACAMS is position 45 in CEACAMb)
has shown only position 44 to be critical for dimerization, al-
though the other two positions may regulate dimerization (19). In
CEACAMS, Q44 forms a hydrogen bond to the carbonyl of the main
chain at L95. As this contact is asymmetric, the contact is made
twice by each molecule in the dimer, whereas residues at positions
30 and 90 form symmetrical interactions and, therefore, only one
contact each in the dimer interface. The unique surface chemistry
of CEACAM6 compared with CEACAM1 and CEACAMS results
in a difference in buried surface area. CEACAMS buries 1,695 A2
of surface area in the dimerization interface, whereas CEACAM1
and CEACAMS bury 1,600 A” and 1,460 A” of surface area, re-
spectively. Shape complementarity in the CEACAMG6 homodimer
interface (Sc = 0.70) is lower than that of CEACAMS (S¢ = 0.72)
and CEACAMI (Sc = 0.81).

CEACAMSG Is a Weak Homodimer in Solution. To determine whether
CEACAMS6 homodimerizes in solution as well as in crystals, we
measured the CEACAMG6 dimerization constant (Kgimerization) DY
sedimentation equilibrium analysis using analytical ultracen-
trifugation (AUC) (Fig. 24). By globally fitting these data to a
monomer-dimer self-association model, we estimated an average
molecular weight of 15.7 + 0.7 kDa [theoretical molecular weight
(MW) = 12,035 Da] and a Kgimerization Of 60 £ 15 pM, demon-
strating that CEACAM6 dimerizes in solution, albeit weakly.
Using the same AUC methods, we found that CEACAMI1 and
CEACAMS form 130- and 50-fold tighter homodimers, respec-
tively, than does CEACAM6; CEACAMI exhibited an average
molecular weight of 23.0 + 0.9 kDa (theoretical MW = 12,093 Da)
and a Kgimerization Of 450 nM (+370/—230 nM), whereas CEACAMS
exhibited an average molecular weight of 23.0 + 0.8 kDa (the-
oretical MW = 12,581 Da) and a Kyimerization Of 1.3 = 0.6 pM
(Fig. 2 B and C). These data indicate that small differences in the
dimerization interfaces among CEACAMSs can significantly alter
their propensities to homodimerize. A difference of just three
amino acids between CEACAM6 and CEACAMS is sufficient to
weaken the Kjimerization DY 50-fold, and results in a CEACAM6
homodimer that is structurally distinct from those formed by
CEACAMI and CEACAMS. We made alanine mutations of the
three differing amino acids in the homodimerization interface
(I30A, LASA, and Q90A) as well as the L96A mutation, which has
been shown to be important for dimerization (19) and measured
their dimerization constants by AUC (Fig. S2 and Table S3). We
found that the LA5A and Q90A mutation had little effect on di-
merization with a Kgimerization Of 61 pM (+24/—17 uM) and 48 uM
(+12/-12 uM), respectively. However, the L96A mutation results
in an ~fivefold weakening of dimerization with a Kgimerization Of
330 uM (+200/-120). The I30A mutation abolishes dimerization.
Our mutational studies show that 130 is critical for CEACAMG6
dimerization, whereas 1.96 is also important for self-association.

The CEACAMS Crystal Structure Indicates a Physiological Monomer.
Relative to all other CEACAM crystal structures, we observed
distinct crystallographic packing properties for CEACAMS (Table
S1), in which the interface was comprised of the GFCC'C"’ strands
from one molecule of CEACAMS and the AE strands of the
second molecule (Fig. 34), forming an asymmetrical dimer, unique
for CEACAM . This interface buries only 1,140 A? of surface area
between two CEACAMS molecules, significantly smaller than the
other dimerization interfaces, suggesting an interaction dependent
on crystal packing rather than a physiological complex. CEACAMS
has only 71% sequence identity to CEACAMS (Fig. S1). Of the 30
differing residues, 9 are in the dimerization interface. We created
a CEACAMS homodimer model by superimposing two copies
of CEACAMS onto the CEACAMS dimer and identified
two residues, R45 and M97, which exhibit a steric clash (Fig.
3B), suggesting at least one structural incompatibility with the
typical CEACAM dimerization interface. A previous study showed
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Fig. 2. Oligomeric states of homotypic CEACAM preparations. Sedimenta-
tion equilibrium analyses (Upper) and residuals of the fits for each curve
(Lower) for (A) CEACAMS, (B) CEACAM1, (C) CEACAMS, and (D) CEACAMS.
(E) Kgimerization Values and SDs for all homotypic CEACAM interactions.

that the L 44R mutation in CEACAMS (position 45 in CEACAMS)
results in a CEACAMS monomer (19). Although CEACAMS can
homodimerize, albeit weakly, it is unknown whether the crystal
structure of CEACAMS represents the measured dimer as seen by
AUC or is in fact a monomer. To test this we made two mutations,
R45A and 196A, and measured their Kgimerization (Fig. S2). If
CEACAMS forms a canonical dimer like those observed in the
CEACAMLI, -5, and -6 structures, in which both R45A and L96A
mutations make important dimerization contacts, it therefore would
be monomeric as measured by AUC. However, if dimerization of
CEACAMS forms an asymmetrical dimer as described above,
R45A would have no effect on dimerization as it is not buried in this
dimerization interface. We found that both the R45A and L96A
mutations resulted in monomeric CEACAMS, demonstrating that
the observed asymmetrical dimer described above is actually mo-
nomeric and that dimeric CEACAMS most likely forms a canonical
CEACAM dimer similar to those observed for CEACAMI, -5,
and -6. We made a further mutation in the CEACAMS dimerization
interface, Q90A and also found it to form monomers (Fig. S2).

CEACAMS Exists Predominately as a Monomer in Solution. To confirm
the monomeric state of CEACAMS in solution, we performed sedi-
mentation equilibrium analysis, by which we estimated a molecu-
lar weight of 13.0 + 0.8 kDa (theoretical MW = 12,192 Da) and a

Bonsor et al.

Kimerization Of 650 pM (+350/-300 pM) for CEACAMS (Fig. 2D).
These data indicate that although CEACAMS homodimerization
can occur at the likely nonphysiologically high concentrations that we
tested in our AUC experiments, it is most probable that it is found in
an exclusively monomeric state. Furthermore, CEACAMS exhibits
the weakest homodimerization constant compared with the mea-
sured values of other CEACAMS, a 1,300-fold difference compared
with the strongest, CEACAMI (Fig. 2E).

CEACAM6 and CEACAMS Form a Heterodimer. Cell-based studies have
shown that CEACAM6 and CEACAMS can form heterodimers
(20, 24). With such weak homodimerization constants as we
measured for CEACAM6 and CEACAMS, a CEACAMG6/8
heterodimer may represent an energetically more favorable in-
teraction, which we tested using isothermal titration calorim-
etry (ITC). Upon titrating CEACAMS into CEACAMBS,
we observed that this interaction is both enthalpically (AH =
—4.6 kcal/mol™") and entropically (~TAS = —3.2 kcal/mol™)
driven, with a Kp of 2.0 + 0.8 uM (Fig. 44), indicating that the
CEACAMGO6/8 heterodimer is 30-fold tighter than the CEACAM6
homodimer. Several studies have noted that other CEACAM
heterodimers can form, including: CEACAM6/1, CEACAM3/5,
and CEACAMS/1 (20, 29). Accordingly, we also measured the

A

C-Cea5

B/

Fig. 3. Crystal structure of CEACAMS. (A) Crystal structure of CEACAMS8
depicting an asymmetrical dimer due to crystal packing relative to CEACAMS5
(superimposed onto the CEACAMS structure shown in gray). (B) An artificial
CEACAM8 homodimer modeled by superposition of CEACAM8 onto the
CEACAMS5 homodimer shows that residues R45 and M97 of CEACAMS clash
in the dimerization interface.
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affinities of these interactions by ITC but observed no heterodi-
mer formation (Fig. S3 A-D). As CEACAMs are highly glycosy-
lated proteins and our studies thus far had been conducted
with unglycosylated proteins, we expressed, secreted, and purified
CEACAMS6 and CEACAMS from HEK293 cells to investigate
whether glycosylation has an effect on the CEACAM6-CEACAMS
interaction. Both N-terminal domains are predicted to have three
N-linked glycosylation sites (Fig. S1). A silver-stained SDS/PAGE
gel showed that both proteins are glycosylated and polydisperse
(Fig. S3E). Titration of glycosylated CEACAMS into glycosylated
CEACAMGS6 only results in a twofold reduction in affinity, with
a Kp of 45 + 0.5 pM, and remains both enthalpically (AH =
—6.4 kcal/mol™) and entropically (TAS = 0.9 kcal/mol™) driven
(Fig. 4B). However, the stoichiometry of the interaction changed
from 1:1 to 1:0.7, suggesting some inactive species are present.
To gain further insight to the CEACAMG6/8 heterodimer, we
solved its crystal structure to a resolution of 1.85 A (Fig. 54
and Table S1). The heterodimer complex superimposes onto
the homodimers of CEACAMI, -5, and -6 (CEACAMG6 of the
heterodimer onto a single chain of the homodimer) with low
RMSDs of 0.5, 0.4, and 0.4 A, respectively. The RMSD of CEA-
CAMB with the second chain of the homodimers is much higher,
with values of 3.0, 4.6, and 2.6 A, for CEACAM]I, -5, and -6, re-
spectively (Fig. 5B). This deviation is greater than that observed for
any of the CEACAM homodimers, although the heterodimeriza-
tion interface remains similar to them. It buries a smaller surface of
1,450 A% and exhibits an Sc value of 0.58, smaller than the
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Fig. 4. ITC binding curve of (A) nonglycosylated CEACAMS titrated into
nonglycosylated CEACAM6 and (B) glycosylated CEACAMS titrated in to
glycosylated CEACAMG.

13564 | www.pnas.org/cgi/doi/10.1073/pnas.1509511112

B

CEACAMG6

CEACAMG dimer

Fig. 5. Crystal structure of the CEACAM6/8 complex. (A) Structure of the
CEACAM6-CEACAMS heterodimer. CEACAM6 and CEACAMS are cyan and
green, respectively. (B) Superposition of the CEACAM6-CEACAMS8 complex
(cyan and green, respectively), CEACAM6 dimer (magenta), and onto the
CEACAMS5 dimer (gray). (C) 2F,—F. composite omit maps of (Left) residues
42-48 of CEACAMG (cyan), and 93-99 of CEACAMS (yellow), and (Right) of
residues 93-99 of CEACAMG6 (cyan) and 42-48 of CEACAMS (yellow).

homodimers. The dimerization interface is still comprised of the
GFCC'C” strands from both CEACAMSs, which is surprising as
CEACAMS does not homodimerize using these strands. Unlike
the modeled CEACAMS homodimer (Fig. 3B) in which R45 and
M97 exhibit steric clashes, however, we observed in the CEA-
CAM6/8 heterodimer that R45 and M97 of CEACAMS pack
against V97 and L45 of CEACAMEG, respectively, forming van der
Waals interactions (Fig. 5C).

All seven mutations that we made to investigate their role in
homodimerization (I30A, L45A, Q90A, and L96A for CEACAM6
and R45A, Q90A, and LI96A for CEACAMS) are found buried in
the heterodimeric interface as well. We tested the effect that these
mutations had on the formation of the CEACAM6-CEACAMS
complex by ITC (Fig. S4). We found that the I30A and L96A
mutations in CEACAMS6, and the R45A and L96A mutations in
CEACAMS, abolish complex formation. We also found that the
Q90A mutation in CEACAMS results in 2.5-fold increase in af-
finity with a Kgimerization Of 800 nM, whereas the L45A and Q90A
mutations in CEACAMBS result in a weakening of affinity with a
Kiimerization Of 12 pM and 22 pM, respectively. Mutations in
CEACAMGS that disrupt (I30A) or weaken (L96A) homodime-
rization also prevented heterodimerization. The two CEA-
CAM6 mutations that had little effect on homodimerization
(LASA and Q90A) weakened heterodimerization only slightly. All
CEACAMS mutations produced monomeric proteins. However,

Bonsor et al.
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one mutation (Q90A) increases the affinity of heterodimerization,
whereas the other two (R45 and L96A) results in no heterodimer
formation. Taken together, these data suggest that the chemistries
of both homo- and heterodimerization interfaces are the same.

Discussion

CEACAMs are involved in and regulate diverse cellular func-
tions, including cell adhesion and tumor suppression (10, 30). Cell
adhesion is achieved through dimerization in a trans arrangement
via the N-terminal IgV domains of CEACAMs (21, 22). Thus far,
only CEACAM1 and CEACAMS homodimers have been de-
scribed structurally, with CEACAMS forming homodimers with
an affinity of 1 pM and CEACAMI1 potentially forming higher-
order oligomers (19). In this study, we measured the affinity of
the homodimerization events for CEACAM1 and CEACAMS
as 450 nM and 1.3 pM, respectively. This is much tighter than what
we observed for CEACAMS6, which forms a weak homodimer,
and CEACAMS, which is effectively monomeric. These homo-
dimerization constants span a range greater than three orders-of-
magnitude, despite being modulated by only a few amino acid
differences in the interface. All of our studies used only CEACAM
N-terminal IgV domains. Notably, several studies have suggested
that the presence of multiple IgC2 domains, each separated by
flexible linkers, or the transmembrane motif of CEACAMI1, GXXXG,
increases the affinity of homophilic binding (21, 31, 32). These in-
teractions could potentially strengthen cis engagements. Further-
more, the CEACAM1 ectodomain (IgV+3IgC2) in liposomes form
clusters of cis dimers (33). Formation of trans homodimers in these
liposomes increases the amount of cis dimer but disrupts the clusters
(33), suggesting that the N-terminal domain is flexible enough around
the IgC2 domains to allow both cis and trans homodimer interactions.

Using ITC, we observed a heterodimeric interaction between
CEACAMS6 and CEACAMS that was energetically favored over
any other state of either protein. Glycosylation of CEACAMSs
occurs in vivo with at least 35 different glycosylation forms
identified for CEACAMI1 (34). Glycosylation of CEACAMS6 and
CEACAMGS only slightly weakened the interaction; however, we
did observe a change in the stoichiometry. We suspect that cer-
tain glycosylation forms of CEACAMs create folded yet in-
activate CEACAM molecules that could potentially prevent the
formation of the CEACAM6-CEACAMS interaction and possibly
CEACAM homodimers.

Our data suggest that CEACAM6 and CEACAMS likely function
as regulators of both cis and trans interactions for one another, as
well as potentially for other CEACAMSs that bind to either or both of
them. For example, a granulocyte expressing both CEACAM6 and
CEACAMS would predominately form cis CEACAMG6/8 hetero-
dimers (Fig. 64), inhibiting CEACAMS from engaging in trans in-
teractions. As CEACAMS is expressed exclusively on granulocytes
and CEACAMG is expressed additionally on epithelial cells of the
gastrointestinal tract, a trans CEACAMG6/8 heterodimer (Fig. 6B)
could provide a mechanism by which the immune system can engage
the epithelia.

Disruption of the CEACAMG6/8 heterodimer has the potential
to increase the pool of free CEACAM6 and CEACAMS to
interfere with other CEACAM functions. Several studies have
shown that CEACAMG also forms heterodimers with CEACAM1,
CEACAMS, and CEACAMS3 (20, 30), whereas CEACAMS can
form a heterodimer with CEACAMI1 (35). Although we observed
no formation of these other heterodimers by ITC, we cannot
dismiss the possibility that these heterodimers do form, but that
they must do so at concentrations higher than the maximum
(35 uM) that we used in our ITC experiments. The presence of
IgC2 domains, or the formation of clusters and therefore an in-
crease in the local concentration of these proteins, may make the
formation of heterodimers more energetically favorable. Several
splice variants of CEACAMI1 exist, with the long form contain-
ing a cytosolic immunoreceptor tyrosine-based inhibitory motif,
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CEACAM6 homodimers
CEACAMSE monomers

CEACAME6/8 heterodimers

Trans

CEACAMG/8 heterodimers

CEACAME monomers

Fig. 6. Effects of CEACAM6 homodimers, CEACAM8 monomers and CEACAM6/
8 heterodimers on cis and trans interactions. (A) CEACAM6 and CEACAMS
expressed on the same granulocyte energetically favors formation of cis
CEACAMG6/8 heterodimers. (B) Expression of CEACAM6 and CEACAMS on
epithelial cells and granulocytes, respectively, energetically favors formation
of trans CEACAM®6/8 heterodimers.

allowing CEACAMI1 to signal and several short forms that cannot
signal (7, 8). CEACAM6 and CEACAMS are anchored in the
membrane by a GPI moiety and therefore cannot signal in the same
manner as does long-form CEACAM1 (6). Overexpression of the
short form of CEACAMI interferes with CEACAMI signaling
(36). Assuming that CEACAM6 and CEACAMS can interact with
CEACAM]1 at high concentrations on the cell surface, they too
have the potential to disrupt CEACAMI signaling through for-
mation of heterodimers. Furthermore, the CEACAM1/8 in-
teraction has been shown to inhibit Toll-like receptor 2-triggered
immune responses (37). Thus, CEACAMBS could potentially mod-
ulate Toll-like receptor-2 inhibition through its recruitment of
CEACAMS.

In summary, we present the X-ray crystal structures of homo-
dimeric CEACAM6, monomeric CEACAMS, and heterodimeric
CEACAMG6/8. Coupled with our quantitative biophysical analyses
of these CEACAMs with themselves and others, we provide a
molecular basis for the diverse oligomeric states of CEACAM IgV
domains that are important for cell adhesion and signaling in
cancer, infection and immunity.

Materials and Methods
For details, see S/ Materials and Methods.

Protein Production. All nonglycosylated CEACAM N-terminal IgV domains were

expressed in E. coli and refolded in vitro from inclusion bodies, and were
purified to homogeneity by ion exchange and size-exclusion chromatography.
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Glycosylated CEACAM N-terminal IgV domains were expressed in HEK cells
and were purified to homogeneity by nickel affinity and size-exclusion
chromatography.

Structural Analysis. CEACAM6 and CEACAMS8 N-terminal domains were
concentrated individually to 6 mg/mL or together to 9 mg/mL and crystallized
by vapor diffusion in conditions optimized from the JCSG* screen (Qiagen).
Single crystals were flash-cooled in liquid nitrogen in mother liquor con-
taining 20-30% (vol/vol) glycerol. X-ray diffraction data were collected at
100K at the Advanced Photon Source beamline 23-ID-B and the Stanford
Synchrotron Radiation Laboratory beamlines 7-1 and 12-2. CEACAM6 and
CEACAMS structures were determined by molecular replacement using a
monomer of CEACAM5 (PDB ID code 2QSQ) as a search model and final
models built by iterative cycles of manual building in Coot (38) and re-
finement in Refmac5 (39). The CEACAM®6/8 structure was determined by
molecular replacement using the refined CEACAM6 and CEACAMS struc-
tures as search models; refinement proceeded as above.

Biophysical Analysis. Sedimentation equilibrium measurements of CEACAMs
were performed using a Beckman-Coulter XL-I analytical ultracentrifuge at
20 °C. Each CEACAM protein sample was prepared at three concentrations and
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centrifuged at three rotor speeds. Scans were acquired at 280 nm with a step
size of 0.001 and five averages per step. The data were globally analyzed
using the program WinNonLin (40). ITC experiments were performed using
an iTC200 instrument (Malvern). A typical experiment was carried out by
titrating CEACAM6 or CEACAMS loaded in the syringe into a cell loaded
with CEACAM1, CEACAM3, CEACAMS5, or CEACAMG at ~10:1 molar ratios at
25 °C. Heats of dilutions were measured and subtracted from each data set.
When no binding was observed at 25 °C measurements were also made at
10 °C. All data were analyzed using Origin 7.0 software.
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