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Colorectal cancers with metastatic potential secrete the glycoprotein carcinoembryonic antigen (CEA). CEA has been impli-
cated in colorectal cancer metastasis by inducing Kupffer cells to produce inflammatory cytokines which, in turn, make the
hepatic micro-environment ideal for tumor cell implantation. CEA binds to the heterogeneous ribonucleoprotein M (hnRNP M)
which acts as a cell surface receptor in Kupffer cells. The amino acid sequence in CEA, which binds the hnRNP M receptor,
is Tyr-Pro-Glu-Leu-Pro-Lys. In this study, the structure of Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 (YPELPK) was investigated using
electronic circular dichroism, vibrational circular dichroism, and molecular dynamics simulations. The binding of the peptide
to hnRNP M was also investigated using molecular docking calculations. The biological activity of YPELPK was studied using
differentiated human THP-1 cells, which express hnRNP M on their surface and secrete IL-6 when stimulated by CEA. YPELPK
forms a stable polyproline-II helix and stimulates IL-6 production of THP-1 cells at micromolar concentrations. Copyright ©
2012 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

The glycoprotein carcinoembryonic antigen [1] (CEA) is one of a
large family of 29 gene products. All these genes are members
of the much larger immunoglobulin supergene family [2]. CEA
has a molecular mass of 180–200 kD, depending on the extent
of its glycosylation [2]. CEA is the prototypical tumor marker,
and a large number of clinical studies have shown correlations
between serum CEA levels and advanced colorectal cancer, in
particular, in the presence of liver metastasis [3]. CEA has been
implicated in the development of hepatic metastases from colo-
rectal cancers on the basis of a direct relationship between CEA
production and metastatic potential of human colorectal cancer
cell lines [4,5]. Injection of CEA into mice prior to injection of
weakly metastatic cancer cells increases liver metastasis [6]. Sim-
ilarly, weakly metastatic colon cancer cell lines become highly
metastatic when transfected with the cDNA coding for CEA
[7,8]. CEA-producing colon cancers are also retained within the
liver longer than non-CEA-producing cells, and this results in an
increased metastatic potential for the liver [9]. This is consistent
with the increase in adhesion to the endothelium being the key
step in hepatic metastasis [10–13]. The cell involved in CEA clear-
ance from the circulation is the liver-fixed macrophage or Kupffer
cell [14]. CEA binding causes the activation of Kupffer cells, both
in vitro [14] and in vivo [15]. This results in the secretion of inflam-
matory cytokines, which include IL-1-a, IL-1-b, IL-6, and IL-10, and
tumor necrosis factor (TNF-a) [2,13]. This activation is the key to
the role of CEA in liver metastasis.
252–260
CEA-induced signal transduction occurs through an 80-kD
protein on the surface of Kupffer cells which is identical to the
heterogeneous nuclear RNA-binding protein M (hnRNP M) [16].
hnRNP M is ubiquitous in mammalian tissues and is mostly local-
ized in the nucleus, although it can also shuttle between the nu-
cleus and cytoplasm carrying RNA [17,18]. hnRNP M is expressed
as a surface protein in Kupffer cells but not in most other cell
types [19]. The cellular distribution, level of expression, and
relative amount of hnRNP M determine cellular specificity for
CEA binding. hnRNP M acts as a cell surface receptor for proteins
that contain the penta-peptide Pro-Glu-Leu-Pro-Lys [20]. The
penta-peptide is found in CEA in the hinge region between the
N-terminal immunoglobulin-like domain and the first immuno-
Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.



Scheme 1. Domain model of CEA. The hinge region in which the se-
quence YPELPK is found is marked by a box. The N-terminal domain is
marked with N, the immunoglobulin-like domains are marked A1-B3,
the C-terminal membrane anchor is marked with an arrow, glycosylation
sites by black pins and disulfide bridges marked with double lines. Source:
http://www.carcinoembryonic-antigen.de.
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globulin loop domain (Scheme 1). The three-dimensional (3D)
structure of the entire CEA has been determined by comparative
modeling [21], and it further supports the notion that Pro-
Glu-Leu-Pro-Lys is located in the above mentioned hinge region.

Patients with a mutation in the region of the CEA gene, which
codes for this peptide, have extremely high circulating CEA levels,
presumably because of the inability of Kupffer cells to clear the
protein from the blood [22]. We, therefore, seek to determine
the structure of the Pro-Glu-Leu-Pro-Lys–hnRNP M complex so
as to design high-affinity inhibitors of this binding. Blocking the
response of Kupffer cells to CEA may be a way to alter the hepatic
micro-environment, making it less hospitable for tumor cell im-
plantation and growth.

This investigation focuses on elucidating the structural features
of Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 (YPELPK) by using computa-
tional and circular dichroism methods. The 3D structure of the
extracellular region of hnRNP M (residues 644–735) was deter-
mined by NMR spectroscopy (pdb id 2DGV) and was used as a
model for investigating the interactions of YPELPK and hnRNP
M in silico. ELISA was used to determine the biological activity
of the sequence YPELPK by measuring the IL-6 production of hu-
man THP-1 cells exposed to YPELPK. The importance of each side
chain of YPELPK was investigated using an Ala-scan, in which se-
quential residues of YPELPK were replaced by Ala (Table 1). The
detailed analysIs of the structure of YPELPK in free and bound
states lays a foundation for the design of an antagonist of CEA
binding and CEA-induced cancer metastasis.
Materials and Methods

Model Selection

The structure of Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 (YPELPK) was
selected as a model because in previous experiments [20], the
N-terminal Tyr was included in the model peptide to facilitate
radioiodonation for radioligand binding assays, but it is the resi-
due that precedes the minimally required Pro-Glu-Leu-Pro-Lys
in the sequence of CEA. Leaving Tyr as the N-terminal residue
was also considered advantageous because aromatic residues
Table 1. Ala-scan of YPELPK. Residues of YPELPK replaced with Ala
are indicated in boldface fonts

Peptide Sequence

YPELPK Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2

A1 Ac-Ala-Pro-Glu-Leu-Pro-Lys-NH2

A2 Ac-Tyr-Ala-Glu-Leu-Pro-Lys-NH2

A3 Ac-Tyr-Pro-Ala-Leu-Pro-Lys-NH2

A4 Ac-Tyr-Pro-Glu-Ala-Pro-Lys-NH2

A5 Ac-Tyr-Pro-Glu-Leu-Ala-Lys-NH2

A6 Ac-Tyr-Pro-Glu-Leu-Pro-Ala-NH2
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are known to participate in a variety of weakly polar interactions,
which could increase the binding of the peptide to hnRNP M
[23,24]. The N-acetyl and amide-protecting groups were added
to the N-terminus and C-terminus, respectively, in order to pre-
serve the electronic structure of the backbone as in CEA.

3D structures of both the N-terminal domain [25] and the posi-
tions of the Ca atoms of the entire CEA [26] have been published.
The YPELPK sequence is omitted from the N-terminal domain
structure and the Ca-trace of the whole CEA is of low resolution.
Therefore, the structure of YPELPK must be determined de novo.

In preliminary docking experiments, Pro-Glu-Leu-Pro-Lys
bound to residues 67–82 of hnRNP M. Therefore, a fragment of
the protein, Ac-YMNGMKLSGREIDVRI-NH2, which henceforth
referred to as the CEA receptor fragment (CEARF), was synthe-
sized to study its interaction with YPELPK with the use of elec-
tronic circular dichroism (ECD).

Binding Domain of hnRNP M

The structure of the extracellular domain of hnRNP M that binds
CEA was obtained from the protein data bank [27] (pdb id 2dgv).

Peptide Synthesis

Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 (YPELPK), its Ala-scan analogs,
Ac-Pro-Glu-Leu-Pro-Lys-NH2 (PELPK) and CEARF were synthesized
at a 0.1 mmol scale using a CEM (CEM, Matthews, NC 28104
U.S.A.) Liberty microwave peptide synthesizer. A 5 molar excess
of Na-Fmoc-protected amino acids dissolved in NMP was mixed
with a solution of 1.0ml of 0.45 M HATU in DMF and 0.5ml of
2 M DIEA in NMP at 75 �C and subjected to 25W microwave irradi-
ation for 10min. We used 7.0ml of 0.1M HOBt dissolved in 20%
(v/v) piperidine in DMF for the Na-Fmoc removal at 75 �C and
subjected it to 35W microwave irradiation for 3min.

Peptide-resins and a cleavage mixture containing 95% TFA,
2.5% H2O, and 2.5% TIS (v/v/v) were stirred in a round bottom
flask at 0 �C for 10min and then at room temperature for
110min. CEARF-resin was incubated in a mixture containing
86.5% TFA, 2.5% EDT 2.5% thioanisole, 5% phenol, 2.5% H2O,
and 1% TIS (v/v/v/v/v/v) with 3% NH4I (w/w). Peptides were then
precipitated with ice-cold ether, collected by filtration, dissolved
in 10% AcOH in H2O, and lyophilized.

Peptides were purified by RP-HPLC on a Phenomenex (Tor-
rance, CA, USA) Luna C18 semi-preparative column (5 mm,
200� 10.0mm) using a gradient of 3%–60% organic phase over
60min. The aqueous phase was the 0.1% aqueous TFA, and the
organic phase was the 0.09% TFA in acetonitrile. All peptides
were characterized using ESI-mass spectrometry.

Circular Dichroism Spectroscopy

The electronic circular dichroism (ECD) spectra were recorded us-
ing a Jasco (Jasco Inc., Easton, MD, USA) J-810 spectropolarimeter
through performing 20 scans from 185 nm to 250 nm at a speed
of 100 nmmin�1 scan in a 0.05-cm path length quartz cell. The
background spectra of the solvents were subtracted, and molar
ellipticity was calculated using peptide concentrations deter-
mined by RP-HPLC [28] with a Jupiter C18 column (5mm,
200� 4.6mm). The spectrum of 100mM YPELPK was measured in
a 15mM NaH2PO4-Na2HPO4 (phosphate) buffer, pH 7.4, and in
TFE at 4 �C. The spectra of 100mM PELPK and CEARF were mea-
sured individually and in a 1 : 1 molar ratio mixture in phosphate
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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buffer. The addition spectra of PELPK and CEARF were compared
with the spectrum of the mixture of the two peptides to deter-
mine if any binding event took place.
YPELPK was lyophilized three times in a solution of 0.1 M DCl in

D2O to remove TFA salts. The peptide was then dissolved at a
concentration of 20mgml�1 in D2O, and the vibrational circular
dichroism (VCD) spectrum was recorded at 4 �C in a 75mm path
length CaF2 cell using a BOMEM-Biotools (BOMEM-BioTools,
Jupiter, FL, USA) Chiralir Fourier Transform VCD spectrometer.
Data were collected for 4 h in one-hour blocks; each block
consisted of 225 IR scans and 4500 VCD scans. The spectra were
corrected by subtracting the spectrum of D2O.

Molecular Dynamics Simulations

The GROMACS V3.3 [29] package was used for all molecular dynamics
(MD) simulations. Replica-exchange molecular dynamics (REMD)
[30] simulations were used to obtain the structure of YPELPK.
Exchange temperatures for REMD simulations were obtained
from a web-based (http://folding.bmc.uu.se/remd/) temperature
predictor [31]. The exchange probability was 0.2, and the number
of replicas was 24. The lower and upper temperature limits were
300 K and 450 K, respectively. Simulations were run for 100 ns in
a 5� 5� 5 nm rectangular box with periodic boundaries. The
box containing the peptide was filled with TIP4P water [32]. All
simulations used the OPLS-AA/L [33] force field. Long range elec-
trostatic interactions and nonbonded interactions were treated by
the twin-range method. The short range cutoff was 0.9 nm, and
the long range cutoff was 1.4 nm. A reaction-field correction was
used for long range electrostatic interactions, and a dispersion
correction was used for energy.
The trajectory was demultiplexed using the TRJCAT program in-

cluded in the GROMACS package. The demultiplexing matrix was
generated using the demux_2007 perl script available from the
GROMACS web site (http://www.gromacs.org). The structures of
demultiplexed trajectory were assigned to clusters on the basis
of the root-mean-square deviation (RMSD) of the backbone
atoms with the GROMOS method [34]. The RMSD cutoff was 1.0 Å.
Two sets of backbone atoms were used in the clustering analysis.
The backbone atoms consist of all residues of YPELPK and the
N-terminal and C-terminal protecting groups, and the residues
PELPK-NH2. These sets of backbone atoms were chosen in order
to determine whether the inherent flexibility of the N-Ac-Tyr resi-
due could mask the conformational stability of the peptide.
The MD simulation of the binding domain of hnRNP M with the

best pose of YPELPK, as determined by the ligand-docking calcu-
lations, was run to determine the validity of the pose. The docked
YPELPK–hnRNP M complex was obtained using the GLIDE [35] pro-
gram (Glide, version 4.5, Schrödinger, LLC, New York, NY, 2007) as
described in the ligand-docking section. The simulation was run
for 100.1 ns at 300 K using the OPLS-AA/L force field and TIP4P
water in an 8� 8� 8 nm rectangular box. Long range electro-
static interactions and nonbonded interactions were treated with
the twin-range method. The short range cutoff was 0.9 nm, and
the long range cutoff was 1.4 nm. A reaction-field correction was
used for long range electrostatic interactions, and a dispersion cor-
rection was used for energy. The first 0.1 ns of the trajectory was
for system equilibration and it was excluded from the analysis.
Secondary structures were determined using the DSSP program

[36]. Distances, dihedral angles, and hydrogen bonds were
determined using the g_dist, g_chi, and g_hbond programs, re-
spectively, which are included in the GROMACS package. Distances
wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
between residues were calculated using the center of the mass
of the side chains. A hydrogen bond between YPELPK and hnRNP
M was assigned when any donor group was within 3.5 Å of an ac-
ceptor group; the cutoff angle was 30�.

Essential dynamics analysis [37] was used to determine the ef-
fect of the presence of YPELPK on the internal motions of the
hnRNP M. The g_covar program was used to generate mass-
weighted covariance matrices of hnRNP M and of the YPELPK–
hnRNP M complex on the basis of the positions of the Ca atoms.
The set of atoms used to calculate the covariance matrix of the
YPELPK–hnRNP M complex included only those atoms that corre-
sponded to hnRNP M. The g_anaeig program was used to gener-
ate two-dimensional projections of the trajectories on the first
and second eigenvectors.

The solvent accessible surface area (SASA) of the interface be-
tween hnRNP M and YPELPK was determined using the method
described by Wassenaar and associates [38]. The g_sas program,
which utilizes the double cubic lattice method [39], was used to
calculate all SASA and interface surface area (ISA) values. The
probe radius was 1.4 Å and any atom with an absolute charge less
than �0.2 e was considered hydrophobic.

Ligand-Docking

The GLIDE program was used for all docking calculations in the
high-precision XP mode. All ligands were regarded as flexible
and were docked to a rigid receptor by using a proprietary ver-
sion of the OPLS-AA force field. The initial structure of YPELPK
was taken as the central structure of the largest cluster as deter-
mined by REMD. The positions of the conformers were then re-
fined using the OPLS-2001 [32] force field. Ligand-docking scores
were generated on the basis of these conformers by using a pro-
prietary algorithm. The initial structures of the alanyl analogs of
YPELPK were obtained by replacing the side chains of the resi-
dues of YPELPK using the YASARA package (http://www.yasara.
org). All peptides were docked to the structure of hnRNP M
(pbd id 2DGV). The bounding box for the calculations encom-
passed the entire structure of the receptor. Output was restricted
to the best ten poses for each ligand. The affinities of the peptides
were ranked in relation to that of the YPELPK, according to the GLIDE

XP score which is equivalent to the ΔG of binding.
The interactions between the best ligand pose of YPELPK and

hnRNP M were analyzed using YASARA. Distances of salt bridges
and hydrogen bonds were measured using the positions of the
H and O atoms. Distances involving aromatic rings weremeasured
using a dummy atom in the geometric center of the aromatic ring
as the reference point.

A weakly polar interaction was assigned when the distance be-
tween any amide bond, charged side chain, or aliphatic hydrogen
was within 7.0 Å of the center of mass of an aromatic ring, and the
angle formed between the vector of the interacting group and the
plane of the aromatic ring was less than or equal to 45º.

ELISA

Human THP-1 cells from American Type Culture Collection
(passage number 3; 80 000 cells per well) were placed into 24
well plates and incubated for 18 h at 37 �C in 0.5ml RPMI-1640
medium with 10% FBS (v/v) and 200 ngml�1 PMA. The medium
was aspirated, and the cells were incubated for 4 h in RPMI-
1640 medium containing 10�6

–10�9
M YPELPK. The Ala-scan ana-

logs of YPELPK (Table 1) were also incubated at a concentration of
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 252–260
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10�6
M. The medium was removed and its IL-6 content was deter-

mined using an Invitrogen (Invitrogen, Carlsbad, CA, USA) Human
IL-6 ELISA kit. Cell assays were in quadruplicate for each peptide,
and the experiments were repeated six times. Absorbances at 450
and 550nm were measured using a Tecan (Tecan Inc., Durham
NC, USA) plate reader inmultiplemode that used a 2� 2 square pat-
tern with three pulses per square. IL-6 levels were calculated as the
difference between the indicator wavelength and the reference
wavelength, 450 and 550nm, respectively. The average absorbance
of three empty wells were subtracted. Statistical significance of data
was determined using ANOVA analysis and the Tukey Honestly Sig-
nificant Difference (HSD) post-ANOVA method. The GNUMERIC (http://
projects.gnome.org/gnumeric) program was used for statistical
analysis.
Results

Circular Dichroism Spectroscopy

The ECD spectra of YPELPK in the phosphate buffer and TFE have
single negative peaks at 201 and 198 nm, respectively (Figure 1).
The ECD spectrum of YPELPK in the phosphate buffer has an ad-
ditional positive peak at 215 nm, which is not present in the TFE.
The VCD spectrum of YPELPK is a negative couplet with the neg-
ative band at 1618 cm�1 and a broad positive band at 1650 cm�1
Figure 1. ECD spectra of YPELPK in phosphate buffer (black) and in TFE
(dashed).

Figure 2. VCD (top) and IR (bottom) spectra of YPELPK in D2O.

J. Pept. Sci. 2012; 18: 252–260 Copyright © 2012 European Peptide Society a
(Figure 2). The IR spectrum of YPELPK contains peaks at 1515,
1620, 1640, and 1706 cm�1.

The ECD spectra of PELPK and CEARF each have a single negative
peak at 198 and 197nm, respectively (Figure 3(A)). The spectrum of
the mixture of PELPK and CEARF is more intense than the calculated
addition spectrum of the two peptides; both spectra have a single
negative peak at 197nm (Figure 3(B)).

Molecular Dynamics Simulations

The demultiplexed replica-exchange MD simulation of YPELPK
has a dominant backbone conformation consisting of 93.4% of
the structures. This is not readily apparent until the flexible
N-terminal Ac-Tyr residue is omitted from the clustering analysis
(Table 2). The distribution of the backbone dihedral angles
of YPELPK are shown in Figures 4 and S1 (see Supporting
Information).

Most of the hydrogen bonds formed by YPELPK are with the
last 26 residues of hnRNP M (L26) (Table 3, Figures 5 and S2).
Cluster analysis of YPELPK reveals two major backbone confor-
mations in the bound state, which consist of 53.9% and 29.4%
of the structures (Table 4). This, again, was not apparent until
the N-terminal Ac-Tyr residue was omitted from the clustering
analysis. The first cluster is reflected to a change in the Pro2-
Glu3 c dihedral angles, and the second cluster remains in the
polyproline-II (PPII)-helical conformation (Figures 6 and S3).
Figure 3. ECD spectra of PELPK and CEARF in phosphate buffer. (A) The
spectrum of PELPK and CEARF are indicated in black and dashed lines
respectively. (B) The calculated addition spectrum and the measured
spectrum of the mixture of the two peptides are indicated in black and
dashed lines, respectively.

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsc
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Table 2. Major clusters of the REMD simulation of the structure of
YPELPK. The simulation was sampled every 20 ps for a total of 5000
structures

Sequence Number of
structures

% of structures

Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 2531 50.6

Pro-Glu-Leu-Pro-Lys-NH2 4670 93.4

PALERMO ET AL.
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Essential dynamics analysis shows that when the trajectory of
the simulations of YPELPK–hnRNP M is projected on its first two
eigenvectors, it samples less extreme regions than when sam-
pling hnRNP M alone (Figure 7). The majority of the internal
motions can be determined from the first two eigenvectors
(Table 5).
Analysis of the SASA of the ligand-receptor complex reveals

that L26 accounts for 77.6% of the total ISA (Table 6). The
Figure 4. Distribution of f and c torsional angles of YPELPK. Each profile de
residue. The entire duration of the MD simulation was considered when calc

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
remainder of the interface is found in residues in the helical re-
gion immediately preceding the L26 and in the N-terminal coil.

Ligand-Docking

Analogs A1, A2, A3, and A6 have lower affinity for hnRNPM than has
YPELPK; the difference in energy is less than 1.0 kcalmol�1 (Table 7).
A4 and A5 have the least affinity for hnRNP M. The best ligand pose
for YPELPK (Figure 8) is stabilized by a mix of two hydrogen bonds,
two salt bridges, and four weakly polar interactions (Table 8).

ELISA

YPELPK at mM concentrations significantly increases IL-6 produc-
tion by differentiated THP-1 cells (Figure 9(A)). The Ala-scan ana-
logs of YPELPK activate THP-1 cells less than the parent peptide.
A1 and A6, however, are still able to stimulate IL-6 production
(Figure 9(B)).
picts the relative frequency of each f and c angle that occurred for each
ulating the frequencies.

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 252–260



Table 3. Hydrogen bonds between YPELPK and hnRNP M. The sim-
ulation was sampled every 20 ps for a total of 5000 H-bond
calculations

YPELPK–hnRNP M
interaction site

Total number of H-bonds % of H-bonds

Whole hnRNP M 13 319 100.00

L26 10 828 81.30

Figure 5. Snapshot of the MD trajectory of YPELPK (red) complexed with
the C-terminal residues (magenta and green) of hnRNP M (van der Waals
surface is in gray) at 80 ns. The backbone of the CEARF region of hnRNP M
is in green; backbones of the non-interacting residues are blue.

Table 4. Major clusters of YPELPK from the simulation of the
YPELPK–hnRNP M complex. The simulation was sampled every 20 ps
for a total of 5000 structures

Sequence Number of
structures

% of
structures

Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 1104 22.1

Pro-Glu-Leu-Pro-Lys-NH2 2694 53.9

Pro-Glu-Leu-Pro-Lys-NH2 1469 29.4

Leu-Pro-Lys-NH2 4910 98.2

Figure 6. Conformations of YPELPK in free and bound states. (A) represe
trajectory of the free YPELPK. (B) and (C) representative structures of the fir
the trajectory of the bound YPELPK.

Figure 7. Projection of the trajectories of hnRNP M (black) and the
YPELPK–hnRNP M complex (red) on their first two eigenvectors.

STRUCTURE–FUNCTION RELATIONSHIPS OF A HEXAPEPTIDE FRAGMENT OF CEA
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Discussion

The positive peak at 215 nm and negative peak at 201 nm in the
ECD spectrum of YPELPK in phosphate buffer indicates either a
random meander or a PPII-helical structure. The spectrum in
TFE is blue shifted and its negative peak is moved to 198 nm
and the positive peak at 215 nm disappears, indicating a less dis-
ordered structure. Short peptides such as YPELPK are typically
flexible but YPELPK contains two prolyl residues which add rigid-
ity to the backbone of the peptide, so the PPII helical structure is
likely [40].

The negative peak at 198 nm in the ECD spectrum of PELPK in
phosphate buffer indicates either a random meander or PPII he-
lical structure, although the latter is most likely considering the
proline content of the peptide. CEARF has a negative peak at
197 nm, which, considering the lack of Pro residues in CEARF,
indicates a random meander or a b-hairpin structure. The
ntative structure of the major cluster obtained from the analysis of the
st and second major clusters, respectively, obtained from the analysis of

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Table 5. Eigenvalues and their sums of the first 10 eigenvectors of
the essential movement of the YPELPK–hnRNP M simulations*

hnRNP M YPELPK–hnRNP M complex

Vector
index

Eigenvalue /
nm2

Cumulative
%

Vector
index

Eigenvalue /
nm2

Cumulative
%

1 21.56 36.28 1 3.61 42.04

2 13.00 59.83 2 1.73 62.20

3 6.75 71.18 3 0.81 71.66

4 3.46 77.00 4 0.64 79.11

5 2.33 80.92 5 0.36 83.28

6 1.75 83.86 6 0.21 85.75

7 1.20 85.88 7 0.18 87.81

8 1.04 87.62 8 0.17 89.80

9 0.84 89.03 9 0.09 90.89

10 0.68 90.17 10 0.09 91.88

* Eigenvalues with identical indexes do not represent the same
motion because of the differences between the systems.

Table 6. Interface surface area components of hnRNP M. Only resi-
dues with ISA values greater than or equal to 0.01 nm2 were consid-
ered in the analysis

Residue ISA / nm2 % ISA

Gly1 0.063 3.52

Ser2 0.088 4.97

Ser3 0.013 0.07

Ser6 0.014 0.08

Ala8 0.040 2.24

Glu62 0.061 3.45

Cys65 0.112 6.32

Arg66 0.211 11.87

Met67 0.010 0.06

Asn69 0.074 4.17

Asp 79 0.028 1.56

Val80 0.032 1.77

Arg81 0.150 8.42

Ile82 0.288 16.20

Arg84 0.302 16.98

Asn85 0.028 1.55

Pro89 0.050 2.81

Ser90 0.071 4.00

Ser91 0.101 5.70

Gly92 0.036 2.00

Total 1.773 99.62

Table 7. Relative free energy (ΔGrel) of binding of YPELPK and its
Ala-scan analogs. Energies of binding are relative to that of YPELPK.
A positive value indicates less binding affinity

Peptide ΔGrel / kcal mol�1

YPELPK 0.00

A1 0.80

A2 0.39

A3 0.75

A4 1.11

A5 3.33

A6 0.98

Figure 8. The best ligand pose of YPELPK (red) with hnRNP M (blue). The
van der Waals surface of hnRNP M is in gray, and the backbone of the
CEARF region of hnRNP M is green.
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b-hairpin structure should be considered because the NMR struc-
ture of hnRNP M clearly shows that the residues corresponding
to CEARF are in a b-hairpin conformation. The ECD spectrum of
the 1 : 1 mixture of PELPK and CEARF in phosphate buffer has a
negative peak at 197nm and is more intense than the calculated
addition spectrum of the two peptides. Therefore, the difference
between the spectra indicates that PELPK and CEARF interact.

The VCD spectrum of YPELPK with a negative couplet centered
at 1645 cm�1 indicates a PPII structure [41]. The peaks at 1515
and 1706 cm�1 in the IR spectrum are attributed to the motion
of the tyrosyl ring and the CO stretch of the glutamic acid side
chain, respectively [42]. The peak at 1620 cm�1 corresponds to
a PPII structure [43], whereas the peak at 1640 cm�1 indicates
an unordered structure. The center of the VCD couplet does not
correspond to any one IR peak, probably, because the structure
is a mix of PPII helix and random meander structure.

The molecular dynamics simulation indicates that YPELPK
forms a stable PPII helix because the majority of the structures
belong to a single cluster in which the peptide backbone is in
the PPII helical conformation (Table 2). The N-acetyl group and
tyrosyl residue of YPELPK have greater freedom of movement
about the f and c torsional angles than the rest of the residues
of YPELPK (Figure S1). This torsional freedom introduced an arti-
fact into the clustering analysis, which makes YPELPK appear to
be a random coil structure. Although, when the backbone atoms
of the N-acetyl group and the tyrosyl residue were omitted from
the cluster analysis of the trajectory, YPELPK stayed in a single,
stable conformation for 93.4% of the time.

The binding of YPELPK to the C-terminal region of hnRNP M,
which does not associate with the cell membrane, indicates that
no steric constraints would be imposed on binding. The weakly
polar interactions between YPELPK and hnRNP M consist of two
cation-p interactions, a CH-p interaction, and an aromatic-amide
interaction (Table 7). The smaller loss of binding energy, 0.80 kcal
mol�1, when the Tyr side chain in A1 was replaced than when the
Leu and Pro side chains were replaced in A4 and A5, respectively,
was unexpected. The Tyr residue participates in a hydrogen bond
and two weakly polar interactions, whereas the Leu and Pro resi-
dues in positions 4 and 5 do not have any direct interactions with
the receptor. Even replacing the charged side chains, as in
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 252–260



Figure 9. IL-6 production of THP-1 cells treated with YPELPK and ana-
logs. (A) YPELPK dose response; (B) YPELPK and Ala-scan analogs. *,
p< 0.05.

Table 8. YPELPK–hnRNP M interactions. Distances involving aromatic rings were measured using a dummy atom in the geometric center of the
aromatic ring for reference

Functional group of YPELPK Functional group of hnRNP M Interaction type Distance / Å

Tyr1 HO Glu43 Oe H-bond 2.10

Tyr1 aromatic ring Lys48 eHN Weakly polar 3.44

Tyr1 aromatic ring Lys41 eHN Weakly polar 5.95

Pro2 Cb Phe12 aromatic ring Weakly polar 3.16

Glu3 Oe Lys41 eHN Salt bridge 1.71

Glu3-Leu4 peptide bond Phe12 aromatic ring Weakly polar 6.15

Lys6 eHN Asp79 Od Salt bridge 1.81

C-terminal NH2 Arg81 ZHN H-bond 2.28
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peptides A2 and A6, causes less loss of binding energy, 0.39 and
0.98 kcal mol�1, respectively, than replacing the Leu and Pro resi-
dues. Thus, the conformational rigidity given by the Leu and Pro
residues seems to be more important in binding than that given
J. Pept. Sci. 2012; 18: 252–260 Copyright © 2012 European Peptide Society a
by other side chains, although these may also participate in elec-
trostatic or weakly polar interactions.

MD simulations based on the ligand pose generated by GLIDE

suggest, that after 10 ns, YPELPK shifts from the GLIDE-predicted
binding site to a new site while in the complex with hnRNP M
on the L26, and it remains there through the remainder of the
simulation (Figure 5). This is supported by the SASA analysis. This
indicates that the L26 is the major component of the interface of
hnRNP M which is in contact with YPELPK (Table 5). The L26 as
the binding site of YPELPK is further validated by the ECD results
for the PELPK-CEARF mixture, as the two peptides clearly interact,
and the sequence of CEARF is in a subset of L26.

The torsional freedoms of the two residues, Pro2 and Glu3, in
bound YPELPK are higher than in the free peptide (Figure S3),
suggesting induced fit binding. The increased torsional freedom
of bound YPELPK is also due in part to the interaction of Glu
and Lys residues with the receptor rather than to the formation
of a salt bridge between them (Figure 5). Although the freedom
of movement of bound YPELPK is increased, the internal move-
ment of hnRNP M in the complex with YPELPK is diminished, as
shown by the essential dynamics analysis. This could indicate
the formation of a stable ligand-receptor complex. These data
agree with a database analysis conducted by London and associ-
ates [44] which shows that receptors do not undergo significant
conformational change, but the peptide ligand, which requires
flexibility to fit into the binding site, does. The maintenance of
the same conformation by the last three residues in 98.2% of the
structure of the trajectory of bound YPELPK, even though the
peptide is more flexible in the bound state, confirms the impor-
tance of these residues in binding, as predicted by GLIDE.

The ELISA shows that although CEA stimulates IL-6 production
by THP-1 cells at a concentration as low as 30 pM [16], YPELPK still
does so at mM concentrations. The high-resolution 3D structure of
CEA is not available yet, so it could not be docked to the hnRNP
M. CEA may have higher affinity for hnRNP M than YPELPK be-
cause it has more residues available for interaction. The slight
production of IL-6 by A1 and A6 may reflect stronger binding
than by A4 and A5.

In summary, YPELPK has a well-defined PPII structure in its un-
bound state and is biologically active at mM concentrations. It is
remarkable that such a short sequence YPELPK can mimic the bi-
ological effect of the large CEA protein. In previous studies of the
biological activity of the YPELPK sequence [20], the peptide was
conjugated to albumin. It has now been shown that YPELPK
alone is biologically active at concentrations low enough to be
used as a model to develop an antagonist of CEA at the hnRNP
M receptor.
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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