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CEACAM1-LF, a homotypic cell adhesion adhesion mole-
cule, transduces intracellular signals via a 72 amino acid
cytoplasmic domain that contains two immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) and a binding site for
β-catenin. Phosphorylation of Ser503 by PKC in rodent
CEACAM1 was shown to affect bile acid transport or hep-
atosteatosis via the level of ITIM phosphorylation, but the
phosphorylation of the equivalent residue in human
CEACAM1 (Ser508) was unclear. Here we studied this analo-
gous phosphorylation by NMR analysis of the 15N labeled
cytoplasmic domain peptide. Incubation with a variety of Ser/
Thr kinases revealed phosphorylation of Ser508 by GSK3bβ but
not by PKC. The lack of phosphorylation by PKC is likely due
to evolutionary sequence changes between the rodent and
human genes. Phosphorylation site assignment by mass spec-
trometry and NMR revealed phosphorylation of Ser472, Ser461
and Ser512 by PKA, of which Ser512 is part of a conserved
consensus site for GSK3β binding. We showed here that only
after phosphorylation of Ser512 by PKA was GSK3β able to
phosphorylate Ser508. Phosphorylation of Ser512 by PKA
promoted a tight association with the armadillo repeat domain
of β-catenin at an extended region spanning the ITIMs of
CEACAM1. The kinetics of phosphorylation of the ITIMs by
Src, as well dephosphorylation by SHP2, were affected by the
presence of Ser508/512 phosphorylation, suggesting that PKA
and GSK3β may regulate the signal transduction activity of
human CEACAM1-LF. The interaction of CEACAM1-LF with
β-catenin promoted by PKA is suggestive of a tight association
between the two ITIMs of CEACAM1-LF.

CEACAM1 is a homotypic cell adhesion molecule expressed
in many cell types with a variety of signal transduction prop-
erties conveyed by its cytoplasmic domains (1, 2). Due to
alternative mRNA splicing, the cytoplasmic domain may be
expressed as either long (CEACAM1-LF, about 72 amino
acids) or short (CEACAM1-SF, about 12 amino acids) iso-
forms (3, 4). The cytoplasmic domain of CEACAM1-LF con-
tains two immunoreceptor tyrosine-based inhibitory motifs
(ITIMs; Fig. 1) that when phosphorylated by Src kinases (5)
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recruit the inhibitory phosphatases SHP1 (6, 7) or SHP2 (8),
limiting signaling by other cell tyrosine phosphorylated surface
receptors (9). Important biological functions of CEACAM1-LF
include a role in the immune response in lymphocytes (1) and
insulin clearance in the liver (10). A highly conserved sequence
spanning residues 462 to 471 in rodents and 467 to 476 in man
(Fig. 1) has been shown to bind to β-catenin (11–14), a key
signaling molecule involved in cell adhesion (15) and gene
transcription (16). The CEACAM1 knockout mouse has major
effects on tumor progression (17), immune responses (1) and
insulin signaling (10) with a remarkable defect in lipid storage
in male mice (18, 19). The cytoplasmic domain of CEACAM1-
SF binds G-actin (20) and Annexin A2 (21, 22) via the key
residues Phe454 and Thr457 in human CEACAM1, where
both residues are shared in the proximal sequences of both
isoforms (Fig. 1). Re-expression of CEACAM1-SF reverts
breast cancer cells to a normal phenotype (23, 24). Expression
of the two isoforms varies among cell types, with CEACAM1-
LF expressed mainly in lymphocytes (1), CEACAM1-SF
mainly in epithelial cells (25), and both isoforms in hepato-
cytes (26, 27).

Due to the extensive sequence homology of CEACAM1
cytoplasmic domains among mammalian species (28), it has
been assumed that signaling the phenotypes deduced from
rodents applies to humans. However, a comparison of the
rodent and human sequences reveals interesting evolutionary
changes that challenge this assumption (Fig. 1). For example,
the end of the transmembrane and start of the cytoplasmic
domains are in doubt between rodent and human CEACAM1.
One of the double basic residues, Arg450-Lys451 in the rodent
sequences, a classic halt sequence at the end of a trans-
membrane domain, is reduced to a single basic residue Lys456
in humans. Furthermore, residue Phe454 that precedes Lys456
and was shown to bind G-actin and annexin A2 in humans is
missing in rodents. Although many Ser/Thr residues in
CEACAM1 are potential phosphorylation sites, the adjoining
sequences that often determine kinase specificity are notably
different. This is especially true of Ser503 in rat that has
proximal double basic residues Lys499 and Arg500 preceding
Ser503, while mouse has a single basic residue, and human
none at this location. The importance of this difference be-
comes clear when one realizes that Ser503 was shown to be a
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Phosphorylation of CEACAM1 by PKA and GSK3β
target for PKC phosphorylation in rat and its mutation to Ala
abrogated bile acid uptake in a heterologous cell reporter (29).
Furthermore, the null mutation Ser503Ala in rat (29) and in
mouse (30–32) was shown to affect the phosphorylation of the
ITIM residue Tyr488.

A transgenic mouse expressing the null mutation Ser502Ala
in Ceacam1 that developed insulin resistance and fatty liver
disease (33) had a similar phenotype to the Ceacam1 knockout
mouse (34). Furthermore, the null mutation Ser503Ala in
murine Ceacam1 was shown to affect insulin signaling (31).
Thus, it was thought that Ser503 was a key determinant in the
signal transduction of the cytoplasmic domain of CEACAM1-
LF. However, the transgenic mouse model can be questioned
on the basis of coexpression of wild-type CEACAM1. These
questions become important when trying to apply rodent
mutation studies to man. Based on the sequence differences
surrounding the rodent Ser503 and human equivalent Ser508
residue (Fig. 1), we speculate that the kinase responsible for
phosphorylation of human Ser508 may not be PKC. In fact, the
presence of conserved Ser512 four residues downstream of
Ser508 conforms to a GSK3β phosphorylation consensus site
(35), that if verified, would strongly link the function of
CEACAM1 to insulin-mediated glucose and lipid regulation,
since the action of insulin on its receptor results in the
phosphorylation of Akt, which phosphorylates GSK3β, ulti-
mately inhibiting glycogen synthase (35) and affecting both
glucose and lipid regulation (36).

A further source of confusion is the assertion that CEA-
CAM1 is a bile acid transporter and that the null mutation
Ser503Ala in rat CEACAM1-LF was able to abrogate this
function (29). This was a tempting conclusion, since the major
biliary protein BGP1 (37) was later shown to be identical to
CEACAM1 (38). However, later studies unambiguously
demonstrated that bile acid transporters NTCP, BSEP, ASBT,
and OSTα/β were responsible for the import and export of bile
acids (39). Thus, the functional status of CEACAM1 in the bile
remains unclear.

Although mouse models for protein function have many
correlates in man, many cautionary studies demonstrate that
evolutionary changes in amino acid sequences can dictate
changes in function (40). We believe this may be the case for
Ser508 in human CEACAM1-LF. As a first step in approaching
the problem, we tested the activity of a variety of kinases on
the cytoplasmic domain of human CEACAM1-LF expressed in
E. coli with and without 15N-labeling, the latter allowing
Figure 1. Sequence comparison of murine, rat, and human CEACAM1-LF cy
are in green, basic residues are in magenta, tyrosines in blue, and predicted serin
in blue, ITIM sites in green, and GSK3β site in orange. The location of the mRNA s
arrow along with the amino acid sequence resulting from the splice site.
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assignment of residues by 2D NMR, as well as phosphorylation
kinetic studies. Since we had previously predicted that a
phosphorylated form of CEACAM1-LF would bind β-catenin
more strongly than unphosphorylated CEACAM1-LF (11), we
also performed binding studies of β-catenin to the peptide
before and after phosphorylation and built a model of their
interaction based on the NMR data and molecular modeling.
Results

Screening of Ser/Thr kinases for CEACAM1-LF cytoplasmic
domain phosphorylation using 2D 1H-15N HSQC and 1D
1H NMR

The backbone assignment of the 74 amino acid cytoplasmic
domain of human CEACAM1-LF was performed using 2D
and 3D triple resonance experiments carried out on
15N, 13C-labeled CEACAM1-LF peptide at pH 5.5 as described
in the Experimental procedures. The backbone chemical shift
analysis using TALOS-N (41) showed the CEACAM1 peptide
is unstructured and very mobile (Fig. S1). Initial assignments
acquired at pH 5.5 from the 1H-15N HSQC spectra are shown
in Figure 2A. The assignments at pH 6.6 (Fig. 2B) were ob-
tained by a series of titrations from pH 5.5 to 6.6 and were
used to monitor phosphorylation of 15N-CEACAM1 by a va-
riety of kinases through the comparison of the spectrum in the
absence and presence of the kinases. The tested Ser/Thr and
Tyr kinase or mixture of kinases is listed in Table S1. Among
the tested kinases, PKA, PAK1, and Src were able to phos-
phorylate the peptide, while PKCε and other tested Ser/Thr
kinases did not phosphorylate the peptide under the same
conditions. After phosphorylation, the amide proton chemical
shift of Ser/Thr residues moved down field by 0.5 to 1.5 ppm
(42). These chemical shift changes are mainly caused by the
intraresidue hydrogen bonds formation between amide pro-
tons and the phosphate group (43), which make the phos-
phorylated amide group well resolved from other amide
proton chemical shifts in an unstructured peptide, thus
enabling the longitudinal study of phosphorylation through 1D
1H NMR. The phosphorylation of unlabeled CEACAM1-LF
peptide by PKA followed by GSK3β as monitored by 1D
1H NMR is shown in Figure 3. Compared with the control
spectrum in the absence of PKA (Fig. 3A), three strong (b, c, d)
and one weak (a) peaks appeared between 8.7 and 9.1 ppm
after phosphorylation by PKA (Fig. 3B). This indicated at least
three Ser/Thr residues in the peptide were phosphorylated by
toplasmic domains. Presumed residues within the transmembrane domain
es in the GSK3β consensus site in red. The conserved β-catenin site is boxed
plice site leading to formation of CEACAM1-SF in human is indicated with an



Figure 2. 2D NMR spectra of 15N labeled CEACAM1-LF cytoplasmic domain peptide. A, pH 5.5. B, pH 6.6. The assignment of CEACAM1-LF peptide at pH
6.6 was derived from tracking peak position changes versus a series of pH values of 5.5, 5.7, 5.9, 6.1, 6.2, 6.4, 6.6, and 6.7. Residue numbers are according to
Figure 1.

Figure 3. Monitoring kinase reactions on CEACAM1-LF cytoplasmic domain peptide by 1H NMR. A, the down field amide region of a 1H NMR spectrum
acquired immediately after addition of PKA to the CEACAM1-LF. B, the 1H NMR spectrum after 5 days at room temperature. Four new peaks appear in the
monitored region due to phosphorylation of either Thr or Ser residues. C, the 1H NMR after 2 days of addition of GSK3β to the sample in (B) after denaturing
the PKA at 60 �C for 30 min. See Experimental procedures for more details. New peak “e” appeared due to additional Thr or Ser phosphorylation by GSK3β.
The peak position of “d”moved compared with that in spectrum B likely due to the close proximity of the new phosphorylated residue “e”. D, the 1H NMR of
CEACAM1-LF at 2 days after addition of the GSK3β without pretreatment of PKA.

Phosphorylation of CEACAM1 by PKA and GSK3β
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Phosphorylation of CEACAM1 by PKA and GSK3β
PKA. The sample was then heated at 60 �C for 30 min to
denature the PKA, after which GSK3β was added, resulting in
an up-field shift of peak d and the appearance of new peak e
(Fig. 3C). This result suggested that GSK3β phosphorylated an
additional Ser or Thr in the peptide, and that this residue was
proximal to peak d. The control spectrum in which the peptide
was treated with GSK3β prior to PKA demonstrated that
GSK3β was unable to phosphorylate the native peptide
(Fig. 3D).

Identification of phosphorylation sites by mass spectrometry

Following 1D NMR analysis of unlabeled CEACAM1-LF
peptide before and after kinase treatment, the peptides were
analyzed by high-resolution ESI/MS and MALDI/MS (Fig. 4).
The results are consistent with the presence of three major
phosphorylated sites by PKA and a fourth site after the addi-
tion of GSK3β. To identify the precise sites of phosphorylation,
the peptide samples were digested with endo Lys C and
analyzed by multistage LC/MS. The analysis covered the entire
sequence except for the first four amino acids (Fig. S2) and
identified Ser512 as one of the sites of PKA phosphorylation
and Ser508 as the site of GSK3β phosphorylation after
Figure 4. Mass spectrometric analysis of CEACAM1-LF cytoplasmic domain
orbitrap MS of the intact CEACAM1-LF peptide showing charge states. B, high-r
8249.977 Da (expected 8249.965 Da). The deduced average mass was 8255.
expected M + H+ at m/z 8255 (observed m/z 8256). D, MALDI-MS analysis after
addition of three phosphates (80 mass units per phosphate, +nP). E, MALDI/
modified by the addition of up to four phosphates (+4P).
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treatment with PKA (Fig. 5 and Tables S3–S7). The two
additional PKA sites were identified as Ser461 and Ser 472
(data not shown).

Identification of PKA phosphorylation sites in CEACAM1-LF
peptide by 2D NMR

When Ser/Thr residues are phosphorylated in an unstruc-
tured peptide, their proton chemical shifts are increased
significantly, as well as the chemical shift perturbation of
nearby residues, but to a lesser extent (43). The chemical shift
changes in 2D spectra of the 15N-CEACAM1-LF peptide were
monitored over time of treatment with PKA, and three of those
time points are presented in (Fig. 6). The results demonstrate
that Ser 472 is phosphorylated first (Fig. 6A), followed by
Ser461 and Ser512 (Fig. 6, B and C). As expected, phosphory-
lation of these three residues caused minor perturbations in
adjacent residues. For example, phosphorylation of Ser472
perturbed residues H469, K470, S474, T477, and N475; phos-
phorylation of Ser461 perturbed T457, G458, A460 and Q463;
and phosphorylation of S512 perturbed S508, L513, T514 and
A515. The assignments of peak positions in Figure 6C (red
spectrum) are based on agreement of their intensity change rate
peptide before and after treatment with PKA or PKA plus GSK3β. A, ESI
esolution analysis of the z = 8+ charge state. The deduced monoisotopic was
14 Da (expected 8254.94 Da). C, MALDI-MS analysis of the intact peptide,
treatment of the peptide with PKA. The intact peptide was modified by the
MS analysis after treatment with PKA plus GSK3β. The intact peptide was



Figure 5. LC-MS/MS analysis of CEACAM1-LF cytoplasmic domain peptide. A, mass spectrometric evidence was obtained for the entire sequence
(underlined in red) after digestion with endoproteinase-LysC with exception of the first four amino acids. Phosphorylated Ser508 and 512 are shown in red.
B, MS/MS spectra of a phosphopeptide (underlined in black) after treatment with PKA. C, MS/MS spectra of phosphopeptide (underlined in blue) after
treatment with PKA + GSK3β. The phosphorylated serine residues are marked with a lower case “s” and an asterisk. Fragment ion assignments and mass
differences from calculated values are shown in the mass error maps underneath each spectrum (B and C).

Phosphorylation of CEACAM1 by PKA and GSK3β
relative to the three phosphorylated Ser residues, and their peak
position movements relative to their corresponding initial peak
positions (blue spectrum). To further verify the phosphoryla-
tion site of S512, a 37 amino acid C-terminal peptide (E490-
Q526) of CEACAM1-LF was synthesized in which S508 and
S512 were 15N-labeled. When this peptide was treated with
PKA, the cross peak position of phosphorylated S512 was
identical to that of phosphorylated S512 in the full-length
15N-labeled CEACAM1-LF peptide (Fig. S3A).

Identification of GSK3β phosphorylation site in CEACAM1-LF
peptide after treatment with PKA by 2D NMR

After Ser512 in the 15N-peptide was fully phosphorylated by
PKA, as confirmed by the 2D spectra, the sample was heated at
60 �C for 30 min to denature the PKA and separated from the
phosphorylated CEACAM1-LF peptide as described in
Experimental procedures. The PKA phosphorylated peptide
was then treated with GSK3β (Fig. 7A). Ser508 was identified
as a new site of phosphorylation along with minor perturba-
tions in adjacent residues S510, pS512 (phosphorylated
Ser512), and L513. The same 37 amino acid peptide used in
Fig. S3A was used to further confirm that Ser508 was phos-
phorylated by GSK3β after phosphorylation of Ser512 by PKA.
When the 2D spectrum of this 37 amino acid peptide,
sequentially treated with PKA and GSK3β, was overlaid with
the spectrum of the full-length 15N-CEACAM1-LF peptide,
also phosphorylated by PKA and GSK3β, the peak position of
phosphorylated Ser508 was identical (Fig. S3B).

Phosphorylation of tyrosines in CEACAM1-LF peptide by Src
before and after phosphorylation of Ser508

Since it was reported that phosphorylation of Ser503 in
rodent CEACAM1-LF affected phosphorylation of Tyr488
(29), we tested the effect of PKA plus GSK3β on the phos-
phorylation of tyrosines Tyr493 and Tyr520 in the 15N-peptide
of human CEACAM1-LF. Since Src is the relevant tyrosine
J. Biol. Chem. (2021) 297(5) 101305 5



Figure 6. Longitudinal 1H-15N spectra of CEACAM1-LF cytoplasmic domain peptide treated with PKA. The spectra in blue (A–C) were acquired on
CEACAM1-LF peptide without PKA. The spectra in red were acquired at three time points (A–C) after addition of PKA. A, after 360 min, S472 was almost
completely phosphorylated. A few residues close to S472 with chemical shift perturbation were labeled. B, phosphorylation peaks of S461 and S512
together with nearby residues were found at new positions as indicated by black and green arrows, respectively. C, phosphorylation of S472 and S461 was
complete at the indicated time, and majority of S512 was phosphorylated. Some residues close to the three phosphorylated serines with notable chemical
shift perturbation are labeled.

Figure 7. Phosphorylation of Ser508 by GSK3β after treatment with PKA and phosphorylation Tyr by Src. A, spectra overlay of phosphorylated
CEACAM1-LF peptide by PKA (in blue) and further phosphorylated by GSK3β (in red). The residues close to S508 with notable chemical shift perturbations
are labeled. The peak labeled with “*” is from an unassigned residual phosphorylated residue by PKA. B, spectra overlay of CEACAM1-LF (in blue) and
phosphorylated CEACAM1-LF by Src (in red). The residues close to Tyr493 and Tyr520 with significant chemical shift perturbations caused by the two Tyr
phosphorylation are labeled. C, spectra overlay of phosphorylated CEACAM1-LF by PKA and GSK3β (in blue) and further phosphorylated by Src (in red). The
residues close to Tyr493 and Tyr520 with significant chemical shift perturbations caused by the two Tyr phosphorylations are labeled. The peak labeled with
“*” is from an unassigned residual phosphorylated residue by PKA.

Phosphorylation of CEACAM1 by PKA and GSK3β

6 J. Biol. Chem. (2021) 297(5) 101305



Figure 8. Kinetics of phosphorylation of ITIM tyrosines in CEACAM1-LF
peptide by Src and their dephosphorylation by SHP2. A–C, kinetics of
phosphorylation of Y493 and Y520 after treatment of the CEACAM1-LF
peptide with Src (A) or PKA and GSK3β then Src (B) or PKA and GSK3b
then Src in the presence of β-catenin (C). D–G, SHP2 dephosphorylation of
peptide phosphorylated by Src (D) or PKA and GSK3β then Src (E) or Src in
the presence of β-catenin (F) or PKA and GSK3β then Src in the presence of
β-catenin (G). Peak intensities are monitored from the residues shown in
insets.

Phosphorylation of CEACAM1 by PKA and GSK3β
kinase for CEACAM1-LF (5), the peptide was treated with Src
before (Fig. 7B) and after treatment with PKA plus GSK3β
(Fig. 7C). The native peptide was readily phosphorylated by Src
on residues Y493 and Y520, along with perturbation in their
adjacent residues (T492, S494, T495, L496, N497, F498; T514,
A515, T516, I518, I519, S521, E522, V523, K524, K525, Q526).
The two tyrosines were also phosphorylated by Src when
treated with PKA plus GSK3β with similar chemical shift
perturbations in the residues adjacent to Y493 and Y520 as
observed in the native peptide (Fig. 7B).

Kinetics of Src phosphorylation and SHP2 dephosphorylation
of Tyr493 and Tyr520 and effect of PKA and GSK3β
phosphorylation

Since CEACAM1-LF has two ITIM tyrosines that are
phosphorylated by Src (5), we were interested if the kinetics of
their phosphorylation were similar and if they were affected by
phosphorylation of Ser508/512, located between the two
ITIMs. Cross peak intensity changes in residues T495 and
L496 adjacent to Tyr493 and residues I519 and V522 adjacent
to Tyr520 were chosen to monitor the kinetics of Src phos-
phorylation of the native peptide (Fig. 8A). The ratio of Kapp

between the two residues indicates a preference of Src for
distal Tyr520 over proximal Tyr493 by a factor of 1.3 that is
not significantly affected by pSer512 (Fig. 8B and Table 1). In
addition, the kinetics of Src phosphorylation of the peptide
prephosphorylated with PKA plus GSK3β were not affected by
the presence of β-catenin (Fig. 8C and Table 1), suggesting that
the preference of Src for Tyr520 was intrinsic to the sur-
rounding sequence/accessibility of this residue. Although Src
has an apparent preference in terms of rates of phosphoryla-
tion of the two tyrosines, it appears that the dephosphorylation
rates of these two tyrosines are comparable when treated with
SHP2 (Fig. 8D and Table 1). Since SHP2 has two SH2-binding
domains, it was possible that it would bind to one phospho-
tyrosine preferentially and dephosphorylate the other site.
However, the lack of discrimination between the dephos-
phorylation of the two phospho-tyrosines was dramatically
altered when the study was repeated on CEACAM1-LF pep-
tide pretreated with PKA plus GSK3β (Fig. 8E and Table 1).
This result suggests that SH2 binding of SHP2 may play a role
in CEACAM1-LF that has been phosphorylated on Ser508/512
located between the two ITIMs. Notably, the addition of β-
catenin to the Src phosphorylated peptide before or after PKA
plus GSK3β treatment had no effect on the rates of dephos-
phorylation of the two tyrosines by SHP2 (Fig. 8, F and G and
Table 1).

Binding of β-catenin to CEACAM1-LF peptide before and after
treatment with PKA

Since we had previously shown that the cytoplasmic domain
of human CEACAM1-LF could bind β-catenin (11), we were
interested if phosphorylation by PKA plus GSK3β would affect
the binding. First, we incubated the untreated peptide with
β-catenin and found no changes in chemical shifts over time,
J. Biol. Chem. (2021) 297(5) 101305 7



Table 1
Kinetic analysis of phosphorylation of Tyr493 and Tyr520 on CEACAM1-LF cytoplasmic domain by Src and their dephosphorylation by SHP2
in the absence or presence of β-catenin

Treatmentsa
Kapp (min−1) × 1000 Kapp ratio

Tyr493 Tyr520 Tyr520/Tyr493

Src on CEACAM1 2.59 ± 0.22 3.45 ± 0.15 1.34 ± 0.094
Src on PKA/GSK3β-CEACAM1 2.55 ± 0.36 3.72 ± 0.35 1.46 ± 0.17
Src on PKA/GSK3β-CEACAM1 + β-catenin 3.32 ± 0.46 4.25 ± 0.39 1.28 ± 0.17
SHP2 on Src-CEACAM1 8.99 ± 0.86 9.38 ± 0.59 1.04 ± 0.11
SHP2 on PKA/GSK3β/Src-CEACAM1 7.43 ± 0.83 12.09 ± 1.08 1.63 ± 0.14
SHP2 on Src-CEACAM1 + β-catenin 3.76 ± 0.36 3.89 ± 0.46 1.03 ± 0.15
SHP2 on PKA/GSK3β/Src-CEACAM1 + β-catenin 6.24 ± 1.35 8.86 ± 1.69 1.42 ± 0.29

a PKA/GSK3β-CEACAM1denotes pretreatment of the cytoplasmic domain peptide with PKA and then GSK3β.

Phosphorylation of CEACAM1 by PKA and GSK3β
suggesting minimal or no binding (data not shown). However,
this result was not unexpected since our previous modeling
study was predicated on the requirement for phosphorylated
residues in the proximal region of the peptide to bind β-cat-
enin (11). Since PKA was able to phosphorylate three Ser
residues spanning the proximal to distal regions of the peptide
(Ser461, Ser472, and Ser512), we next incubated the unphos-
phorylated peptide with β-catenin (1.7 M equivalents) and
added PKA to determine if the above determined phosphor-
ylation sites would induce binding. The time course study
shows in the 2D spectra of the peptide plus β-catenin with the
addition of PKA (Fig. 9, A–C). In Figure 9, A–C, the spectra in
blue are the mixture of CEACAM1 and β-catenin before
addition of PKA, and the spectra in red are acquired at 49, 69
and 74 h, respectively, after addition of PKA. The phosphor-
ylated cross peaks of S461, S472, and S512 by PKA grow with
time, with the highest phosphorylation states for S472, fol-
lowed by S461 and S512. The phosphorylation rate order is the
same as that found in the absence of β-catenin (Fig. 6C). Over
time, S472 was completely phosphorylated, there was no
further increase in pS461, and the pS512 peak disappeared. In
addition, the intensity of residues at the C-terminus decreased
(Fig. 9, B and C). Because of the relatively high molecular
weight of β-catenin (about 86 kDa) versus the 15N-labeled
phosphorylated peptide, the peak intensities of the peptide
residues tightly associated with β-catenin were expected to
gradually diminish over the course of the reaction. The in-
tensity changes of cross peaks are shown as an overlay of
spectrum in red (Fig. 9C) versus fully phosphorylated CEA-
CAM1 by PKA in the absence of β-catenin along with as-
signments in the spectrum in blue (Fig. 9D). A plot of the peak
intensity ratio versus residue number is shown in Figure 10.
The results suggest that tightest binding of β-catenin to the
peptide occurred between the two ITIMs in CEACAM1. Since
Ser512 is the only PKA phosphorylated residue in this region,
this result suggests that pSer512 is a key residue for β-catenin
binding and that this binding may affect the phosphorylation
status of both tyrosines. It should be noted that although there
is a substantial reduction in apparent signal intensity of Val473
adjacent to Ser472 and Arg464 near Ser461, their lower in-
tensities are likely due to the larger signal reductions in V491
and E499 due to their overlapping cross peaks. The overall lack
of reduction in signal intensity outside the ITIMs suggests that
the segment between the two ITIMs plays a critical role in
β-catenin binding.
8 J. Biol. Chem. (2021) 297(5) 101305
When the 15N- peptide was prephosphorylated with PKA, or
PKA plus GSK3β followed by the addition of β-catenin, no
changes in signal intensities were observed, in contrast to the
results observed for the coincubated peptide with β-catenin
plus PKA. Since PKA has been shown to phosphorylate
β-catenin increasing its binding to substrates (44–46), we
analyzed the PKA-treated β-catenin by mass spectrometry and
found evidence of phosphorylation at previously reported
Ser552 (44) and at the additional residue Ser179 (Fig. S4).
Since both of these residues lie within the armadillo repeats of
β-catenin, these results suggest that PKA phosphorylation of
both the cytoplasmic domain of CEACAM1-LF and β-catenin
is required for their association.

An in silico study of the binding of PKA phosphorylated
β-catenin and CEACAM1-LF peptide

The above results indicated that PKA phosphorylation of
both β-catenin and CEACAM1-LF was required for their
interaction. Phosphorylated Ser552 on β-catenin is located on
an extensive loop on armadillo repeat 10, defining a region that
juts up from the otherwise flat structure (47), while phos-
phorylated Ser179 is located at the N-terminal armadillo
repeat 1. In order to build a model of the complex CEACAM1-
LF and β-catenin, a sequence alignment was performed with
known structures (Fig. S5), along with pSer552 and pSer179 on
β-catenin and pSer512 on CEACAM1-LF as anchors, followed
by energy minimization of the resulting structure (Fig. 11). The
proposed structure predicts interactions of pSer552 on β-cat-
enin with Arg464 on CEACAM1-LF, and pSer179 on β-cat-
enin with Lys525 on CEACAM1-LF. Phosphorylated Ser512
on CEACAM1-LF is buried deep in the groove of β-catenin
(inset Fig. 11), in agreement with its requirement for binding
to β-catenin, while Ser508 is exposed, allowing its phosphor-
ylation by GSK3β even after binding to β-catenin. The main
interactions of CEACAM1-LF with β-catenin are between the
ITIMs as predicted by the NMR studies. Future studies that
would test the model include X-ray structural analysis of the
phosphorylated complex along with mutational analysis of
β-catenin.

Discussion

Among the biological functions ascribed to CEACAM1,
signaling from the long cytoplasmic isoform CEACAM1-LF
has attracted the most interest due to the presence of two



Figure 9. Longitudinal 1H-15N 2D spectra of CEACAM1-LF peptide mixed with β-catenin after addition of PKA and comparison to the spectrum
without β-catenin. A–C, the times are 48, 68, and 74 h (blue = initial spectra, red = spectra at indicated times). D, spectra overlay of fully phosphorylated
CEACAM1-LF by PKA in the absence of β-catenin (blue) and in the presence of β-catenin at reaction time point of 74 h (red).
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Figure 10. Peak intensity changes in the 2D NMR spectrum due to
β-catenin binding to CEACAM1-LF peptide phosphorylated by PKA.
Normalized peak intensities (I) taken from Figure 9C were divided by
reference peak intensities in the absence of β-catenin (I0) and plotted versus
the peptide sequence. Peaks of residues with ambiguous assignments or
proline are not presented. Values from pairs of overlapping residues in the
2D NMR spectra are color coded to indicate that there may be an error
associated with their intensity calculation. The horizontal line is the aver-
aged reduced peak intensity from all counted peaks. Key tyrosines (blue
letters) and phosphorylated serines (red letters) are indicated along with bars
showing regions most affected by interaction with β-catenin in which the
peak intensity of the residues in these two regions was significantly
reduced.

Figure 11. Energy minimized binding of PKA + GSK3b phosphorylated
CEACAM1-LF cytoplasmic domain to PKA phosphorylated b-catenin.
Ribbon model of β-catenin (gray) showing locations of S552 and S179 res-
idues phosphorylated by PKA in magenta, together with energy minimized
docked structure of CEACAM1-LF cytoplasmic domain (yellow surface) with
locations of S508 and S512 phosphorylated by PKA plus GSK3β. Also shown
are locations of Y493 and Y520 (cyan) and likely anchor residues R464 and
K525 of CEACAM1-LF cytoplasmic domain. Inset, details of the interaction of
pSer512 of CEACAM1-LF with basic residues K270 and R342 of β-catenin
(distances are 2.9 and 2.8 Å, respectively).
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ITIMs that can inhibit positive ITAM signaling pathways by
recruiting tandem SH2-possessing tyrosine phosphatases.
Although the phosphorylation of CEACAM1-LF ITIMs by Src
kinases and subsequent recruitment of dual SH2 phosphatases
have been well studied, the regulation of these effectors by
other sequences within the cytoplasmic domain has been less
studied and may be expected based on other signaling re-
ceptors possessing ITAMs such as FcRγ (48) or ITIMs such as
PECAM-1 (49). In the case of PECAM-1, that like CEACAM1-
LF has two ITIMs in its cytoplasmic domain, phosphorylation
of Tyr686 in its distal ITIM occurs first by the Src kinase Lyn,
followed by phosphorylation of Tyr663 in its proximal ITIM by
Csk or Btk. In addition, phosphorylation of Ser702 in PECAM-
1 strengthens the association of residues 682 to 702 with
phospholipids and their conversion from an unstructured to
an alpha-helical conformation (50). In the case of rodent
CEACAM1-LF, a role for the phosphorylation of Ser503 be-
tween Tyr488 and Tyr515, which define the dual ITIMs, has
been based on mutational analysis of Ser503Ala that affected
bile acid transport (29), insulin clearance (33), and the devel-
opment of hepatosteatosis (19, 32). In those studies it was
concluded that the Ser503Ala mutation negatively regulated
the function of Tyr488 in the proximal ITIM and phenotypi-
cally behaved as dominant negative mutation with a similar
phenotype as the Ceacam1 KO mouse (33). Whether the same
is true in humans has never been examined.

In this study, we first compared the rodent and human se-
quences and observed that the consensus sequence for the
reported PKC phosphorylation of rodent Ser503 (29) was ab-
sent in the human equivalent residue Ser508 (Fig. 1). Instead,
10 J. Biol. Chem. (2021) 297(5) 101305
we identified a consensus site for GSK3β at Ser508 that was
conserved in rodents and humans. Since this site required
prior phosphorylation of Ser512, four amino acids downstream
from Ser508, we first searched for a kinase that could perform
this phosphorylation by expressing 15N-labeled and unlabeled
versions of the entire cytoplasmic domain of human CEA-
CAM1-LF. While PKC gave no detectable phosphorylation of
the peptide, PKA was able to phosphorylate three residues, one
of which was Ser512. Although the unphosphorylated peptide
was not a substrate for GSK3β, when the PKA phosphorylated
peptide was treated with GSK3β, Ser508 was phosphorylated,
confirming the function of the consensus site as a bona fide
GSK3β site. It is important to note that phosphorylation of
downstream Ser512 was not observed upon treatment of the
peptide with several casein kinase isoforms or AKT1
(Table S1), thus distinguishing this site from the GSK3β
priming sites in β-catenin (51) or glycogen synthase (52).

When we treated the peptide with Src, phosphorylation of
Tyr493 in the proximal ITIM and Tyr520 in the distal ITIM
occurred with kinetics that favored Tyr520 (Table 1). This
result is similar to PECAM-1 in which phosphorylation of the
distal ITIM was favored over the proximal ITIM, but not to the
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same extreme in which other kinases preferred the proximal
ITIM in PECAM1. There was no further effect of pSer508/512
on the activity of Src toward either ITIM. Since SHP2 is the
preferred phosphotyrosine phosphatase for CEACAM1 in
hepatocytes (27), SHP2 was used to study the dephosphory-
lation kinetics. The dephosphorylation kinetics by SHP2 on
the double ITIM phosphorylated peptide were similar but
favored dephosphorylation of the distal ITIM when pSer508/
512 was present. Since SHP2 may bind both ITIMs with its
dual SH2 domains, it can be questioned if its additional role,
namely dephosphorylation of the phosphorylated ITIMs, is
biologically relevant. Since this is an in vitro study, it only
answers the question of what can potentially occur in the
absence of other effectors present in a biological system.
However, we can conclude that Ser508/512 does play a role in
the phosphorylation and dephosphorylation kinetics of the
ITIMs, likely conserving a functional role for Ser508 in
humans similar to Ser503 in rodents.

β−Catenin has been reported to associate with CEACAM1-
LF by us (11, 12) and others (14, 53, 54), and as we now show,
their association requires phosphorylation of both CEA-
CAM1-LF and β-catenin by PKA. The results suggest that
concerted regulation of CEACAM1-LF and β-catenin may
occur. Three major conclusions can be made from this study.
First, there was no association until the two proteins were
mixed and treated with PKA, demonstrating that PKA
phosphorylation of β-catenin was also required for their
interaction. Since PKA phosphorylated CEACAM1-LF pep-
tide had no measurable binding to unphosphorylated β-cat-
enin, a concerted interaction is indicated. Second, the
addition of β-catenin to Src phosphorylated or SHP2
dephosphorylated CEACAM1-LF had no further effect on
their kinetics, indicating that the tyrosines were not affected
by the binding of β-catenin. Third, the residues in
CEACAM1-LF that interacted with β-catenin were located
between the two ITIMs. Thus, the region of interaction is
different than the region identified by us in the yeast two
hybrid and mutational analysis (11). While the significance of
the identification of a new β-catenin interaction site in
CEACAM1-LF is unclear at this time, it is possible that other
kinases and/or interactors present in the yeast or Jurkat cells
study led to identification of a proximal binding site, versus
the in vitro binding studies performed here that relied on
PKA and GSK3β phosphorylation only. The updated inter-
action shown in Figure 12 summarizes the results of the
current study. The newly identified β-catenin binding site of
CEACAM1-LF includes and lies between the two ITIMs, and
except for the extreme C-terminus, is rich in acidic and
Figure 12. Phosphorylation sites and β-catenin binding in CEACAM1-LF cy
are shown with arrows. Acidic residues (D and E) plus the pSer residues identi
catenin-binding domain identified by NMR boxed in blue.
devoid of basic residues. Given the basic nature of the
β-catenin-binding groove (55), this unstructured region is
well suited for binding to β-catenin. It should be noted that
the previously identified proximal region (Fig. 1) contains a
number of basic residues that make that region a poorer
candidate for binding β-catenin.

Conclusion

We have identified three PKA phosphorylation sites in the
cytoplasmic domain of human CEACAM-LF, of which Ser512
was shown to be a priming site for phosphorylation of up-
stream Ser508 by GSK3β. This consensus sequence is highly
conserved between rodent and human CEACAM1-LF, sug-
gesting a possible conserved function from rodent to human.
Kinetics studies demonstrated an influence of pSer508/512
phosphorylation on the kinase activity of Src on the ITIM
tyrosines of CEACAM1-LF and the tyrosine phosphatase
activity of SHP2. NMR studies revealed a binding site for
β-catenin between the ITIMs that depended on the phos-
phorylation of both β-catenin and CEACAM1-LF on PKA.

Experimental procedures

Peptide synthesis

A 37 amino acid long synthetic peptide of CEACAM1-LF
proximal region (E490-Q526) was synthesized by the City of
Hope Peptide Synthesis Core Facility with N-terminal capped
with an acetyl group. The Ser508 and Ser512 were 15N-labeled
by using 15N-Fmoc-Ser (Cambridge Isotope Labs). The syn-
thesized peptide was purified by HPLC, and the molecular
mass was confirmed by mass spectrometry.

Expression of CEACAM1-LF peptide and mCherry-β-catenin

The 74 amino acid (H453-Q526) cytoplasmic domain of
CEACAM1-LF was expressed using E. coli codon-optimized
overlapping oligo DNA primers and cloned into pET32b.
The pET32b was modified with insertion of SMT3 to create an
Ulp1 cleavage sites. The recombinant proteins were expressed
in E. cloni or E. coli C41(DE3) as a thioredoxin (Trx)-SMT3
fusion protein with an N-terminal His-tag. The expressed
protein was first purified using a Ni-NTA resin, and further
purified by cleaving the peptide off the N-terminal Trx-SMT3
portion by incubation with hexa-histidine tagged Ulp1.
Expression of the recombinant protein and cleaved peptides
were confirmed by SDS-PAGE. The protein was concentrated
using Centricon YM3 centrifugal filters (SigmaAldrich) and
purified by FPLC on a Superdex 75G column (GE Healthcare
Life Science) using 50 mM Tris buffer with 150 mM NaCl and
toplasmic domain. Phosphorylation sites identified for PKA, GSK3β, and Src
fied are shown in red, basic residues R and K in blue and H in green. The β-
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10% glycerol at pH 8. The purified protein was buffer
exchanged to pH 6.6, 30 mM phosphate buffer and the
sequence confirmed by mass spectrometry. The 15N-labeled
CEACAM1-LF was expressed using M9 minimal media
supplemented with 15NH4Cl as sole nitrogen source, and
15N, 13C-labeled CEACAM1-LF was expressed using M9
minimal media supplemented with 15NH4Cl and D-Glucose
(U-13C6).

In order to increase the solubility of the armadillo repeats of
β-catenin (residues 138–666) at pH 6.6, it was expressed as
fusion protein with mCherry1, with the acidic linker GDEV-
DEDEG followed by a His6 tag LEHHHHHH. The DNA
encoding this construct, flanked by NcoI and XhoI cloning
sites, was assembled as a synthetic gene from GenArt (Life
Technologies/Thermo Fisher) and cloned into a pET28b vec-
tor. The plasmid insert was validated by DNA sequencing, and
the fusion protein was expressed in E. coli (E. cloni express
B21(DE3) cells). The fusion protein was purified by Ni-NTA
affinity and size-exclusion chromatography, and its purity
and molecular mass validated by SDS gel electrophoresis and
mass spectrometry.

NMR sample preparation

For the backbone assignment of CEACAM1-LF, the
15N-labeled and 15N-, 13C-labeled samples were prepared in
50 mM NaAc-d3 buffer (5% D2O) with pH 5.5. For the kinase
assay study, the CEACAM1-LF peptide was prepared in 5%
D2O, pH 6.6, 30 mM phosphate buffer containing 100 mM
D-mannitol. The same buffer was also used for the NMR
sample preparation of mCherry-β-catenin. The concentration
of stock peptide was calibrated using TSP-d4 as internal
reference using 1H-NMR, and the mCherry-β-catenin con-
centration was determined 280 nm absorbance.

NMR experiments and data analysis

All experiments were carried out at 25 �C on a 700 MHz
Bruker Ascend with a TXI-triple resonance cryoprobe. For the
backbone assignment of CEACAM1-LF cytoplasmic domain
peptide, 2D 1H-15N-HSQC, 1H-13C-HSQC, 3D 15N-TOCSY-
HSQC, 3D 15N-NOESY-HSQC, HCC(CO)NH, (H)CC(CO)
NH, HNCO, HNCACO, HNCACB, HNCOCACB data were
acquired. The sample concentration used for backbone
assignment experiment is 0.4 mM for 15N, 13C-CEACAM1-LF,
and 0.9 mM for 15N-CEACAM1-LF. The data were processed
and analyzed using NMRPipe (56), NMRView (57),
NMRFAM-SPARKY (58), and Bruker Topspin. The CEA-
CAM1-LF amide assignment at pH 6.6 was obtained from that
at pH 5.5 through monitoring 1H-15N-HSQC spectra at
different pH titrated from pH 5.5 to pH 6.6. The longitudinal
1H-15N spectra was acquired using sofast HMQC (59) to
monitor the enzyme kinetics.

Kinase assays

The kinases and phosphatases used in this study are listed in
Table S2. For kinase assays monitored by 2D 1H-15N sofast
HMQC, the typical 15N-CEACAM1-LF concentration is
12 J. Biol. Chem. (2021) 297(5) 101305
around 20 μM. The 30 mM phosphate buffer contains 5%
D2O, 100 mM D-mannitol, 0.5 mM ATP, 5 mM MgCl2, 1 mM
TCEP, and 16 μl EDTA-free protease inhibitor cocktail solu-
tion (one mini Roche tablet dissolved in 1.5 ml 30 mM
phosphate buffer). To 500 μl 15N-CEACAM1-LF peptide,
different kinases were added with calculated amount based on
the enzyme specific activity so that the reaction could be
finished in about 6 h. After 15N-CEACAM1-LF peptide was
phosphorylated, the kinase was denatured by heating the
sample at 60 �C for 30 min. The denatured kinase was sepa-
rated from phosphorylated 15N-CEACAM1-LF using a 30 kDa
cutoff centrifugal filter, and the flow-through phosphorylated
15N-CEACAM1-LF peptide was then exchanged to 30 mM
phosphate buffer for further phosphorylation with other ki-
nases or treatment with SHP2 phosphatase. For the SHP2
phosphatase assay, the 30 mM phosphate buffer contains 5%
D2O, 100 mM D-mannitol, 1 mM TCEP, 0.5 mM EDTA, and
16 μl EDTA-free protease inhibitor cocktail solution. Some
reaction monitoring was carried out in 3 mm NMR tube with
180 μl sample volume instead of 500 μl. All the kinase and
phosphatase assays were carried out at 25 �C. The enzyme
apparent reaction rate kapp is defined by kapp = kcat × [E]t = 0/
KM, where [E]t = 0 is initial enzyme concentration, kcat is the
turnover numbers of substrate, and KM is Michaelis–Menten
constants of kinase (60). The cross peak intensity versus time
was fitted to equation of [S]t = ([S]t = 0 − C)exp(−kapp × t) + C
to derive the kapp, where the t stands for time, [S]t stands for
peptide concentration at time point t. C is a constant.

The unlabeled CEACAM1-LF peptide was phosphorylated
for mass spectroscopy as follows: The peptide (600 μl of 15 μM
stock) was prepared in 5% D2O, pH 6.6, 30 mM phosphate
buffer together with 1 mM ATP, 6 mM MgCl2, 1 mM TCEP
and 24 μl of EDTA-free protease inhibitor cocktail solution
(Roche). The one-dimensional 1H NMR spectrum was ac-
quired right after addition of 5 μl PKA (2.2 μg; Sigma Aldrich,
catalog 14-440). The reaction was monitored over time using
1D 1H NMR spectrum by observing new peaks that appeared
at low field of amide region. The amide protons of Ser or Thr
move downfield by 0.5 to 1.5 ppm when they are phosphory-
lated. The reaction was stopped after 5 days by heating the
sample at 60 �C for 30 min. A 100 μl aliquot was taken out
from NMR tube for mass spectrometry study. GSK3β kinase
(4 μl, 1.2 μg; Thermo Fisher, catalog PV3365) plus ATP (3 μl of
46 mM) and MgCl2 (3 μl of 250 mM) were added to the
remaining sample. The reaction was carried out at room
temperature and monitored by 1D 1H NMR for changes at
amide region. After 2 days reaction, a 100 μl aliquot was taken
out from NMR tube for sequence analysis by mass
spectrometry.
MALDI-MS and LC–ESI-MS/MS analysis of phosphorylated
CEACAM1-LF peptide

Kinase-treated peptides (160 ng, see Kinase assays above)
were analyzed by MALDI-MS on a Shimatzu MALDI-TOF MS
8020 or digested in-solution by filter-aided sample preparation
using 5 kDa molecular weight cutoff filters (Amicon, Millipore
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Sigma) using rLys-C (Promega, 1:50 enzyme/protein ratio).
The resulting peptides were desalted and concentrated with
Oasis HLB 1 cc 10-mg cartridges (Waters), eluted with 70%
acetonitrile (ACN) in 0.1% TFA, freeze-dried completely, and
resuspended in 0.1% formic acid. Samples were analyzed by
high-resolution nano-electrospray LC-MS and MS/MS using
an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo)
equipped with an EasyNano LC in positive-ion mode. Buffers:
solution A was 0.1% formic acid in water, and solution B was
0.1% formic acid in acetonitrile (98% acetonitrile). Five mi-
croliters of each sample was loaded onto an Acclaim PepMap
100 C18 LC trapping column (3 μm, 75 μm × 2 cm, 100 Å
pores, Thermo Fisher Scientific) at a flow rate of 5 μl/min with
buffer A and separated by an analytical EASY-Spray column,
25 cm × 75 μm ID, PepMap RSLC C18 2 μm (Thermo) at a
flow rate of 500 nl/min. Samples were eluted using a gradient
starting with a linear increase from 3 to 25% of buffer
B (acetonitrile containing 0.1% formic acid) acetonitrile over
40 min, followed by an increase from 25 to 90% acetonitrile
and column temperature of 45 �C, which was maintained until
45 min. Acquisition analysis duration was 45 min using
neutral-loss-triggered fragmentation and multistage activation
approach for the analysis of phosphopeptides (61). The
following MS settings were used: an acquisition time of
45 min, a positive-ion spray voltage of 2300 V, an ion-transfer-
tube temperature of 275 �C. MS1 was acquired in the orbitrap
at 120,000 resolution in the m/z range 400 to 1600, the AGC
target was 400,000, the S-lens RF level was set to 60%. MS2

spectra were acquired in the Orbitrap at 30,000 resolution with
quadrupole-isolation mode and a 0.7 Da isolation window.
Each precursor was fragmented using CID, ETD, and HCD
with a normalized collision energy of 35%. One microscan was
acquired with an activation Q of 0.25. The data were analyzed
using PEAKS X+ with FDR of 2.0% for peptide-spectrum
matches and the parent-mass-error tolerance set to
10.0 ppm and fragment-mass-error tolerance set to 0.05 Da.
Phosphorylation sites in MS2 spectra were assigned using
Ascores from 10 to 20.
In silico modeling of CEACAM1-LF/β-catenin interaction
complex

A model of the CEACAM1-LF/β-catenin complex was
predicted using homology modeling, based on available crystal
structures of β-catenin bound protein complexes as templates:
(a) phosphorylated human APC/β-catenin (PDB ID: 1V18)
(62), (b) phosphorylated human E-cadherin/β-catenin (PDB
ID: 1I7W) (47), (c) human TCF4/β-catenin (PDB ID: 1JPW)
(63) and (d) XTCF3/human β-catenin, TCF3 from Xenopus
laevis (PDB ID: 1G3J) (64). The sequence alignment of the four
templates was achieved by an initial structural alignment in
PyMOL (65), followed by structure guided sequence alignment
in Chimera (66). Next, the sequence of the cytoplasmic domain
of CEACAM1-LF was aligned to the four templates using
Chimera. To emulate phosphorylation, four residues on
CEACAM1-LF sequence were mutated to Asp or Glu (Y493E,
S508D, S512D, Y521E) to simulate phosphorylation of Ser or
Tyr residues. The Asp/Glu mutations were performed only for
the purpose of the sequence alignment. The homology
modeling was performed using Modeller (67), employing the
“loopmodel” module. To model the interactions between
pS552 and pS179 of β-catenin with R464 and K525 of CEA-
CAM1-LF, harmonic distance restraints were enacted between
the Cα atoms of these residues, with an equilibrium distance of
8.5 Å. The final model was selected based on the lowest
molpdf score. In the final model, S179, S552 of β-catenin and
S508, S512 of CEACAM1-LF were changed to their phos-
phorylated forms using Maestro (68) (Schrodinger). The 5 Å
environments of these four residues were optimized through
side-chain reassignment using Prime (69), followed by mini-
mization of the whole complex.
Data availability

The raw data for these studies are available from the senior
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