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Abstract

Design of a peptide which mimics the biological  activity of carcinoembryonic 

antigen (CEA) through interaction with its receptor, the heterogeneous ribonucleoprotein 

M (hnRNP M), is based on Pro-Glu-Leu-Pro-Lys,  which is the  minimal sequence of 

CEA required for activation of Kupffer cells.  CEA has been found to promote colorectal 

cancer metastasis by inducing Kupffer cells to produce inflammatory cytokines which, in 

turn,  make  the  hepatic  micro-environment  ideal  for  tumor  cell  implantation. 

Understanding  the  structure  and  biological  activity  of  the  PELPK  sequence  is 

fundamental to the design of any antagonist of the hnRNP M receptor.

Ac-Pro-Glu-Leu-Pro-Lys-NH2 (PELPK), analogs thereof and a polypeptide based 

on a CEA receptor fragment (CEARF) were synthesized using microwave-assisted solid-

phase peptide synthesis.  The structures of the peptides and the interaction between 

PELPK and CEARF were elucidated using electronic circular dichroism, vibrational 

circular dichroism and molecular dynamics simulations.  PELPK was shown to have a 

stable, polyproline-II helical structure and to interact with CEARF, forming a stable 

complex.

The binding of PELPK and analogs to hnRNP M was also investigated using 

molecular docking calculations.  The peptide Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 

(YPELPK) was chosen as the lead compound because of its higher calculated energy of 

binding than that of PELPK.  Ala and D-amino acid scans of YPELPK, in which 

sequential residues of the peptide were replaced with Ala and D-stereoisomers, 

respectively, were docked to the structure of hnRNP M to determine the importance of 
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the presence and orientation of the side-chains to the energy of binding of the peptide to 

the receptor.  The last three residues of YPELPK, Leu-Pro-Lys, were found to be critical 

for the binding of the peptide to hnRNP M.

The biological activity of YPELPK and its Ala-scan analogs was studied using 

differentiated human THP-1 cells, which express hnRNP M on their surface and secrete 

IL-6 when stimulated by CEA.  YPELPK was found to be the most effective ligand, but,  

the analogs APELPK and YPELPA were also able to stimulate IL-6 production by THP-1 

cells.  This result is in agreement with the data from the molecular docking calculations, 

which showed that the APELPK and YPELPA analogs lost less binding energy than the 

other Ala-scan analogs of YPELPK.

In conclusion, YPELPK was found to be a peptide which mimics the biological 

activity of CEA and can be used as a model to develop antagonists of the hnRNP M 

receptor to inhibit CEA-mediated colorectal cancer metastasis.
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Chapter 1:  Introduction

1.1 The structure and function of carcinoembryonic antigen.

CEA is  a  glycoprotein  which  is  produced by embryonic  gut  tissue,  colorectal 

cancer cells and normal gut epithelium [1].  CEA is expressed on the surface epithelium 

of  the  tongue,  the  tracheal  mucosa  and the  gastrointestinal  tract, starting  at  9  weeks 

gestational age  [2].   CEA is important to the organization of the structure of the fetal 

colon  [3].   Cells  which  have  atypical  expression  of  surface  CEA tend  to  form less 

organized colonic structures than those that have normal CEA expression [4].

CEA is present in the same tissues in adults as in the embryo [2].  The function of 

CEA in adults is not known, but it is thought to protect the colonic mucosa from the gut 

flora by acting as a recognition site for microorganisms [5].

CEA is one of a large family of 29 gene products.  All  these genes are members 

of the much larger immunoglobulin supergene family [6].  CEA has a molecular mass of 

180-200 kD depending on the extent  of its  glycosylation [6].   The structure of  CEA 

consists  of  a  globular  N-terminal  domain,  six  immunoglobulin-like  domains,  28  N-

glycosyl residues, and a hydrophobic C-terminus (Figure 1).  CEA can be anchored to the 

plasma membrane of the cell via a GPI linkage.  Cleavage of this linkage releases CEA 

into the extracellular space.
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Figure 1  -  Domain model  of  CEA.   The N-terminal  domain  is  marked  in  red,  the 
immunoglobulin-like domains in blue, the C-terminal membrane anchor in green, the cell 
membrane  in  orange  and  N-glycosyl  residues  by  black  pins.   Source: 
http://www.carcinoembryonic-antigen.de.

CEA is resistant to proteolytic degradation because it is glycosylated; 50% of the 

molecular weight of CEA is sugar [7].  Most of the 28 possible sites for glycosylation of 

CEA are  occupied  by  tetra-antennary  oligosaccharide  chains  [8].   These  chains  are 

composed  of  repeating  (-3Galβ1-4GlcNAcβ1-)  units  and  terminate  in  sialic  acid  or 

fucose [9].

The  three-dimensional  structure  of  CEA has  been  investigated  by  homology 

modeling [10] and X-ray and neutron scattering experiments [11].  These structures show 

that the immunoglobulin domains of CEA are glycosylated, but the regions between the 

domains  are  not.   Only  the  N-terminal  domain  of  CEA has  been  solved  by  X-ray 

crystallography [12], so other structures of CEA must be determined de novo.

Thomas  and  Toth  [13]  discovered  a  5  kDa  fragment  of  CEA which  binds  to 

Kupffer  cells.   The  5  kDa  fragment  was  sequenced  by  Edman  degradation  and 

overlapping 15-residue polypeptides were synthesized.  Synthesized polypeptides which 

bound to Kupffer cells were truncated and the minimal sequence for binding was found to 

be Pro-Glu-Leu-Pro-Lys [14].  This sequence is found in the hinge region between the N-

terminus and the first immunoglobulin-like domain of CEA (Figures 2 and 3).  This hinge 

region  is  exposed,  indicating  that  the  Pro-Glu-Leu-Pro-Lys  sequence  could  directly 



3
participate in intermolecular interactions [10].  Albumin-conjugated Pro-Glu-Leu-Pro-Lys 

was shown to be cleared from the circulation by rat Kupffer cells, indicating that the 

peptide mimics the biological effect of whole CEA [15].  Furthermore, the circulatory 

clearance of CEA from individuals with mutations in the Pro-Glu-Leu-Pro-Lys sequence 

is impaired [16].

Since  Pro-Glu-Leu-Pro-Lys  has  been  identified  as  the  minimal  sequence  for 

binding and activation of Kupffer cells,  through hnRNP M, it  can now be used as a 

template for the design of agonists of CEA.
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Figure 2 – The sequence of CEA.  PELPK is highlighted in green.
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Figure 3 – The first three globular domains of CEA as determined by homology 
modeling.  Image source: ref. 10.
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1.2 The role of carcinoembryonic antigen and heterogeneous ribonucleoprotein M in 

colorectal cancer metastasis.

Colorectal cancer is the third most common cancer in both men and women in the 

United States [17].  146,970 new cases and 49,920 deaths in occurred in 2009 [17].  Late-

stage colorectal cancer typically causes death by metastasizing to the liver and/or the 

lungs [18].  The most effective cure for colorectal  cancer is  surgical resection of the 

colon.

65%  of  known  colorectal  cancers  over-express  and  secrete  CEA [19].   The 

presence of elevated levels of circulating CEA are not suitable for use as a diagnostic 

marker of cancer, because of a high rate of false positive reports [20].  Circulating CEA 

levels  are  monitored  in  colorectal  cancer  patients  to  determine  the  effectiveness  of 

colorectal surgery [20-21].  A drop in circulating CEA levels to normal levels, 2.5 ng/mL, 

indicates a successful surgery.  CEA is also monitored as a prognostic tool [20-21].  An 

increase in circulating CEA levels indicates that either the surgery was not successful in 

removing all the primary tumor, or that the cancer has metastasized.

Circulating CEA secreted by cancer cells accumulates in the liver by binding to 

Kupffer  cells  and  is  internalized  by  them  [22].   Sialic  acid  is  removed  from  the 

penultimate galactose residues of the carbohydrate chains of CEA.  The protein is then 

released from the Kupffer cell and recognized by the asialoglycoprotein receptor on the 

hepatocyte which completes the degradation of CEA [22].

The binding of CEA to Kupffer cells causes them to secrete the cytokines IL-1β, 

IL-6, IL-10 and TNF-α [23−24].  Secretion of these cytokines cause the liver sinusoidal 

endothelial cells to express greater amounts of the adhesion molecules ICAM-1 and E-
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selectin  [23-24].   Colorectal  cancers  cells  express  the  ligands  for  these  adhesion 

molecules and are able to arrest in the hepatic sinusoids [23-24].  Increased levels of the 

cytokines IL-6 and IL-10 also promote the survival of the cancer cells by reducing the 

levels of nitric oxide and other reactive oxygen species which are produced in response to 

the ischemia/re-perfusion injuries caused by colorectal cancer cells as they arrest within 

the  hepatic  microvasculature  [25-27].   Thus,  cancer  cells  which  secrete  CEA have a 

selective  advantage  with  respect  to  survival  and  metastatic  potential  because  of  the 

increased expression of adhesion molecules and release of protective cytokines (Figure 

4).

Figure 4 - The role of CEA in colorectal cancer metastasis.  Image source: ref. 24.



8
Circulating CEA binds to an 80 kDa receptor on the surface of rat and human 

Kupffer cells [28].  This receptor, hnRNP M, is highly conserved in rats and humans [29]. 

A major function of hnRNP M is that of a splicing regulatory protein which participates 

in  alternative  splicing  of  mRNA [30-31].   hnRNP M is  ubiquitous  in  the nucleus  of 

mammalian tissues, but a few cell  types,  which include Kupffer cells,  express it as a 

surface protein [29, 32-34].  Surface-expressed hnRNP M in Kupffer cells is thought to 

have  the specific  role  of  clearing CEA from the  circulation  [29].   hnRNP M is  also 

expressed on the surface of some colon cancer cells, such as the HT29 cell line, where it 

is thought to mediate metastasis by binding circulating CEA by acting through an anti-

apoptotic mechanism [35].

The structure of rat hnRNP M includes three RNA-binding domains and three 

trans-membrane domains [29].  These structures are also in human hnRNP M (Figure 5). 

The region of hnRNP M [29] which binds CEA was found by using a yeast two-hybrid 

system (unpublished data, P Thomas and R Zimmer).  This yielded the hexadecapeptide 

Tyr-Met-Asn-Gly-Met-Lys-Leu-Ser-Gly-Arg-Glu-Ile-Asp-Val-Arg-Ile,  which  is  located 

in the third RNA-binding domain of hnRNP M (Figure 5).  This fragment could be used 

as a model for rapidly screening compounds which target hnRNP M.  The structure of the 

third RNA-binding domain of hnRNP M, in which the hexadecapeptide is found, was 

solved  by  members  of  the  RIKEN  structural  genomics  initiative 

(http://www.rsgi.riken.go.jp) using NMR spectroscopy and made available in the Protein 

Data Bank [36] (pdb id: 2DGV).
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Figure  5  –  The  sequence  of  human  hnRNP M.  The  RNA-binding  domains  are 
underlined, trans-membrane regions are highlighted in yellow and the CEARF sequence 
is highlighted in green.
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1.3 THP-1 cells as a model of Kupffer cells.

Kupffer  cells  cannot  be  cultured  because  they  are  terminally  differentiated 

macrophages.   Harvesting  Kupffer  cells  for  hnRNP M  ligand  screening  experiments 

would  be  impractical  because  of  the  large  number  of  rats  that  would  be  required. 

Therefore,  a  cell  line which can be cultured,  exhibits  macrophage-like properties and 

expresses  functional  hnRNP M on  the  cell  surface  must  be  used  as  a  substitute  for 

Kupffer cells.

THP-1 cells  can  be  differentiated into a  macrophage phenotype using VD3 or 

phorbol esters such as PMA [37-39].  The phenotype exhibited by THP-1 cells when 

differentiated with PMA closely resembles that of human monocyte derived macrophages 

[40].  Traditionally, 100 ng/mL to 400 ng/mL PMA was used to differentiate THP-1 cells 

[41].  A recent study has shown that as little as 5 ng/mL PMA can be used to differentiate  

THP-1 cells [41].  Higher concentrations of PMA can cause THP-1 cells to over-express 

and secrete cytokines, which could introduce artifacts to any experiment which relies on 

their measurement [41].  Similarly, concentrations of atmospheric CO2  greater than 5.0 

% can suppress cytokine secretion by THP-1 cells through inhibition of the activity of 

NF-κB [42].

Differentiated THP-1 cells express functional hnRNP M on the cell surface and 

secrete TNF-α and IL-6 when treated with CEA [24].  Thus, THP-1 cells are a suitable 

substitute for Kupffer cells because they exhibit macrophage-like properties and respond 

to CEA.
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1.4 Objective – investigation of structure and biological activity of analogs of the 

bioactive sequence of carcinoembryonic antigen.

The structure,  biological activity and binding mode of Pro-Glu-Leu-Pro-Lys to 

hnRNP M are unknown and must be understood before Pro-Glu-Leu-Pro-Lys may be 

used  as  a  model  to  develop  a  selective  inhibitor  of  CEA-mediated  colorectal  cancer 

metastasis.  In the present study, the structure, activity and binding of Ac-Pro-Glu-Leu-

Pro-Lys-NH2 (PELPK)  and  analogs  were  investigated  using  computational  and  wet 

chemistry techniques.

1.4.1 Determination of molecular structure.

The three-dimensional structure of PELPK must be understood before attempting 

to efficiently design analogs based on it.  The amino acid sequence, orientation of the 

side-chains and backbone conformation of a peptide are critical factors for analog design. 

Taken together, these factors can be used to determine the interactions between a peptide 

ligand and its receptor and which residues of the peptide are necessary for its biological 

effect.  The experimental and computational methods used to determine the structural 

features of peptides in the present study are ECD spectroscopy, VCD spectroscopy and 

MD simulations.  

1.4.1.1 Electronic circular dichroism spectroscopy.

Circular dichroism is the differential absorption of left and right handed circularly 

polarized light by optically active chiral molecules [43-45].  ECD bands which arise from 

the n→π* and π→π* electronic transitions of protein backbone amide groups in the far 
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ultraviolet  region  (178-260  nm)  are  used  to  study  secondary  structure.   Electronic 

transitions of aromatic side-chains and prosthetic groups also occur in the near ultraviolet 

(260-350 nm)  and visible  regions,  which provides  further  resolution of  the  fold of  a 

polypeptide in a separate area of the spectrum from that of the backbone amide groups 

[43-45].  Electron transitions of aromatic side-chains occur in the far ultraviolet region 

and may distort the signal of the backbone conformation, because of the signal which 

arises when two or more aromatic side-chains interact [43-47].

Different protein secondary structures, such as α-helix, β-sheet, random coil and 

polyproline helix II (PPII) tend to produce characteristic ECD spectra [43].  Proteins and 

peptides  which  have  complicated  spectra  containing  multiple  secondary  structural 

elements can be analyzed using computational methods which de-convolute the spectrum 

into its components [43-45].

Precise characterization of secondary structure using ECD can be difficult because 

a  limited  number  of  electronic  transitions  which  pertain  to  the  structural  features  of 

proteins and peptides are present in the UV/visible region [48-49]. The transitions due to 

the intense ECD bands arising from the interaction of multiple aromatic side chains in the 

UV/visible  region  further  complicates  determining  the  backbone conformation  of  the 

protein or peptide [48-49].

1.4.1.2 Vibrational circular dichroism spectroscopy.

The  vibrational  transitions  of  backbone  amide  groups  are  generated  by  the 

stretching and bending of bonds between atoms of the amide bond.  These transitions 

appear in the IR spectrum, and are more numerous and well-resolved than electronic 
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transitions  [48-49].   The  amide  I  (1800-1600  cm-1)  and  amide  II  (1500-1400  cm-1) 

regions, which correspond to the C=O stretching vibration and the N-H bending vibration 

coupled to the C-N stretching vibration, respectively, are the principal areas of interest 

[48].  These regions are the amide I' and amide II' regions in deuterated solvents [48].

VCD measurements require high concentrations of peptides and relatively long 

measurement times because VCD signals are weaker than ECD signals [48-49].  VCD 

samples must be dissolved in deuterated solvents and undergo H-D exchange in order to 

avoid signals from H2O in the amide I' region [48-49].  Many peptides are lyophilized as 

TFA salts which must be removed from the peptide by repeated lyophilization in dilute 

DCl, otherwise the TFA will have a strong signal in the carbonyl stretching band and 

distort the VCD spectrum.

VCD is used in this study to resolve the fine details of the secondary structures of 

peptides which cannot be easily determined by ECD, such as polyproline conformations 

[50].   Aromatic  rings were also thought  to destabilize helical structures  based on the 

change in the ECD spectra, but the more sensitive VCD revealed that aromatic rings have 

no effect on helicity [51].  VCD is also used because the artifacts introduced into ECD 

spectra  by interacting aromatic  rings  are  not  present  in  VCD spectra;  the  vibrational 

transitions of aromatic side-chains are separate from those of the backbone amide groups 

[48-49].

1.4.1.3 Molecular dynamics simulations.

MD simulations complement spectroscopic studies by providing a large set  of 

molecular structures in atomic detail.  Initial input structures for MD simulations can be 
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obtained  from  experimental  methods  such  as  NMR  spectroscopy  and  X-ray 

crystallography.  The initial structure can also be obtained by using simulated annealing 

in which the peptide is subjected to simulated heating to overcome conformational energy 

barriers and exponential cooling to settle the peptide into a local energy minimum [52]. 

The process is repeated multiple times and the lowest energy structure is used as the 

initial structure.

MD simulations generate atomic trajectories of proteins and peptides in implicit 

or explicit solvents as a function of time by integrating Newton's equations of motion for 

a system of N atoms [52-53]:

mi
δ 2 ri

δ t 2 =F i , i=1. .. N

The forces are negative derivatives of a potential function, V (r1,r2,...,rN):

F i=−
δ V
δ r i

These  equations,  referred  to  as  the  force  field,  contain  the  parameters  of  the 

interactions between the atoms in the system.  Force fields are generally optimized for 

specific systems and are parametrized using data from physical measurements such as X-

ray  crystallography,  IR  spectroscopy  and  Raman  spectroscopy;  parameters  are  also 

derived from computational methods such as high-level quantum mechanical calculations 

[52].  A balance must be struck between the precision and speed of the calculation, as 

more precise force fields require more intensive calculations and therefore more CPU 

time [52].  United-atom force fields use atomic detail except for hydrogen atoms bound 

to aliphatic carbon atoms, which are treated as a single, united atom.  All-atom force 

fields use atomic detail for all atoms in the simulation.  United-atom force fields are less 
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precise than all-atom force fields but are computationally less expensive [52].

A limitation of MD simulations is the propensity of explicitly solvated peptides or 

proteins  to  fall  into  local  energy  minima,  which  prohibits  sampling  of  the  whole 

conformational space [52].  One way to ensure that the whole conformational space is 

sampled is to extend the simulation to a second or more.  This approach is impractical 

because  of  the  computational  cost.   REMD simulations  provide  a  way around  these 

energy barriers and are computationally less expensive than the alternative.   Multiple 

independent  simulations  are  conducted  at  different  temperatures  and  structures  are 

exchanged at pre-determined intervals based on a probability function.  These exchanges 

can impart enough potential energy to a peptide to overcome the conformational energy 

barriers  associated  with  a  local  minimum,  thus  ensuring  a  greater  sampling  of  the 

conformational space [52].

Analysis of the trajectories generated by MD simulations yields numerous useful 

data,  including  secondary  structure,  hydrogen  bond  and  salt  bridge  formation  and 

changes in solvent accessible surface area.  Structures of the trajectory may be assigned 

to clusters on the basis of RMSD using a variety of algorithms, which reveals any major 

conformations of the protein or peptide.

The collective motions of a protein may be examined using essential dynamics 

analysis  [54].   Collective motions  are  the internal  motions of a group of atoms after 

rotational and translational motions are removed [54].  Hinge-bending of a β-hairpin is an 

example of collective motion.   Essential  dynamics analysis  can be used to  determine 

whether or not the dynamic properties of a protein change in the presence of a ligand 

[54].
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MD simulations will always be limited by a lack of computational power.  As 

CPU speed increases, researchers invariably simulate longer and more complex systems. 

One way to mitigate the need for more and faster CPUs is to use the GPUs of high-

performance graphics cards to process MD simulations.  A single high-end graphics card 

may have hundreds of times more throughput than a single CPU [55].

1.4.2 De novo determination of protein-peptide interaction.

When an experimentally determined high resolution structure of a protein-peptide 

interaction is not available, which, in this case, is the interaction of PELPK with hnRNP 

M, the 3D structure of the complex must be determined de novo.  Fortunately, a powerful 

tool has been developed for this purpose:  the molecular docking calculation.

1.4.2.1 Docking calculations.

Ligand-receptor  interactions  were  traditionally  thought  of  as  "lock  and  key" 

wherein the structure of the ligand was modeled as a single, rigid conformation.  The lock 

and key model has been challenged repeatedly, as ligands have been shown to undergo 

significant  conformational  changes  when  in  complex  with  a  receptor,  leading  to  the 

concept of induced fit binding [56-59].  Molecular docking algorithms, therefore, must be 

able to account for flexibility in the ligand, as well as some "give" in the receptor.

Molecular  docking  calculations  determine  the  best  ligand-receptor  complex 

through a three step process of docking, scoring and ranking [56].  In the docking step, 

the receptor is treated either as an atomic model, in which individual atoms are assigned 

parameters from a force-field, or as a grid model, in which a 3D grid of potential energy 
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terms is pre-generated using a force-field.  The grid model is computationally faster than 

the atomic model.  Ligands which are treated as flexible have conformations generated by 

changing the torsional angle of rotatable bonds.  Rotatable bonds are single bonds which 

are neither in a ring nor bound to hydrogen.  Amide bonds, which fit the aforementioned 

criteria, are not considered rotatable because of their high rotational energy barrier.  Each 

pose generated by the docking step is scored on the basis of best-energy conformation of 

the ligand, calculated by a force-field based energy minimization [56].  The best poses 

are then ranked according to the empirical scoring function.  Scoring functions typically 

include energy terms for van der Waals contacts (EvdW), electrostatic interactions (ECoulomb) 

and hydrogen bonds (EHbond).  A general scoring function takes the form of:

Score=EvdWECoulombEHbond

Glide is a docking program which has a more sophisticated proprietary scoring function:

GScore=0.065∗EvdW0.130∗ECoulE HbondELipoE MetalE BuryPERotBESite

The additional energy terms include lipophilic contacts (ELipo), metal-binding interactions 

(EMetal), a penalty for buried polar groups (EBuryP), a penalty for freezing rotatable bonds 

(ERotB) and a reward for polar interactions in the case of a known active site (ESite).  The 

scoring algorithm also includes a steric-clash term.  These additional scoring terms and a 

force-field optimized for peptide-protein interactions made Glide the docking program of 

choice for this investigation.

A major  drawback  of  docking  calculations  stems  from the  variety  of  scoring 

functions among the various docking software packages, thus, software must be carefully 

selected and understood by the investigator [56].  Another common source of error is the 

tendency of investigators to assume that data from the empirical scoring function can be 
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fitted to experimentally derived energies of binding, which is usually not the case because 

of the number of approximations inherent to most scoring functions [56].

1.4.3 Determination of biological activity.

No data about the biological effect of free PELPK in vitro has been published.  In 

the  present  study,  the  biological  effect  of  free  PELPK and analogs  is  determined by 

incubating THP-1 cells with the peptides and measuring IL-6 secretion with ELISAs.

1.4.4 Analog design.

Ac-Tyr-Pro-Glu-Leu-Pro-Lys-NH2 (YPELPK) was selected as a model because in 

previous  experiments  [29]  the  N-terminal  Tyr  was  included  in  the  model  peptide  to 

facilitate  radioiodonation  for  radioligand  binding  assays,  but  it  is  the  residue  which 

precedes the minimally required PELPK in the sequence of CEA.  The  N-acetyl  and 

amide protecting groups were added to the N- and C-terminus, respectively, in order to 

preserve the electronic structure of the backbone as in CEA.  YPELPK was expected to 

be  a  more  effective  ligand than PELPK because  the  Tyr  residue  could  participate  in 

weakly polar interactions.

Aromatic residues can have the same contribution to the stability of the secondary 

and tertiary structures of a protein or polypeptide as several hydrogen bonds through 

weakly polar interactions [60-61].  Aromatic residues may participate in weakly polar 

interactions  with  other  aromatic  residues  (aromatic-aromatic  interactions)  [62-64], 

charged  side-chains  (cation-π interactions)  [65],  aliphatic  hydrogen  atoms  (CH-π 

interactions) [66-67] and the peptide backbone (aromatic-amide interactions) [68].
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The importance of the presence of each side-chain of PELPK and YPELPK to the 

binding of hnRNP M was determined by an alanine scan, in which sequential residues of 

the peptide are replaced by Ala.  Ala was chosen as it is the least bulky aliphatic side-

chain which preserves the chirality of the residue.  Additionally, the importance of the 

orientation of each side-chain of the peptides to the binding of hnRNP M was determined 

by  a  D-amino  acid  scan,  in  which  sequential  residues  are  replaced  by  their  D-

stereoisomers.

Ac-Tyr-Met-Asn-Gly-Met-Lys-Leu-Ser-Gly-Arg-Glu-Ile-Asp-Val-Arg-Ile-NH2 

(CEARF) was selected as a model for the screening of ligands which bind to hnRNP M. 

The  N-acetyl  and  amide  protecting  groups  were  added  to  the  N-  and  C-terminus, 

respectively, in order to preserve the electronic structure of the backbone as in hnRNP M.

1.4.5 Peptide synthesis.

SPPS has become the method of choice for synthesizing peptides and proteins 

since  its  introduction  in  1963 by R.  B.  Merrifield  [69].   One major  disadvantage  of 

Merrifield's methods was the need to use strong acids such as HF to cleave the peptide 

from the  solid  support.   Such  strong  acids  could  degrade  the  peptide  and  they  are 

potentially hazardous to use.  The introduction of Nα-Fmoc group, which can be removed 

by treatment  with  a  weak base,  allowed the  use  of  side-chain  protecting  groups and 

linkers  which  are  labile  in  relatively  weak  acids,  such  as  TFA [70].   The  Nα-Fmoc 

protection strategy was used in this investigation, along with a relatively new technique: 

microwave-assisted SPPS.
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1.4.5.1 Microwave-assisted peptide synthesis.

Microwave irradiation has been used in organic synthesis since 1986 [71], but was 

slow to gain acceptance in the SPPS community because microwave irradiation could 

accelerate side-reactions which form undesirable products [72].  The use of microwave 

irradiation as a non-conventional energy source in SPPS has become practical because 

new, reliable microwave equipment has become available, resulting in improved reaction 

speeds  and product  yields  [72-74].   The problem of unwanted side-reactions may be 

resolved by selecting appropriate coupling conditions [72].

Microwave irradiation has been thought to improve reaction speeds and yields 

through both thermal effects and specific microwave effects [75].  Specific microwave 

effects  are  claimed when the  result  of  a  synthesis  heated with  microwave irradiation 

differs from that of a synthesis heated using a traditional method such as a water bath 

[75].  No evidence has been presented which conclusively proves the existence of any 

specific microwave effects  [75].   Therefore,  microwave irradiation probably improves 

reaction speeds and yields solely through thermal effects [75].  The thermal properties 

which account for the improved performance of microwave assisted synthesis are rapid 

heating and uniform distribution of heat throughout the reaction vessel [75].
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Chapter 2:  Experimental Procedures

2.1 Materials

2.1.1 Peptide synthesis resins, amino acids and reagents.

Rink  amide  resin  was  obtained  from  NovaBioChem  (Gibbstown,  NJ,  USA). 

Fmoc-Ala-OH,  Fmoc-Arg(Pbf)-OH,  Fmoc-Asn(Trt)-OH,  Fmoc-Asp(OtBu)-OH,  Fmoc-

Glu(O-t-Bu)-OH,  Fmoc-Gly-OH,  Fmoc-Ile-OH,  Fmoc-Leu-OH,  Fmoc-Lys(Boc)-OH, 

Fmoc-Met-OH, Fmoc-Pro-OH, Fmoc-Ser(t-Bu)-OH, Fmoc-Tyr(tBu)-OH and Fmoc-Val-

OH were from CEM Corporation (Matthews, NC, USA).  Peptide synthesis grade DMF, 

NMP and DCM were from Fisher Scientific (Pittsburgh, PA, USA).  Piperidine and acetic 

anhydride were from Sigma-Aldrich (St. Louis, MO, USA).  HATU and HoBT were from 

NovaBioChem.

2.1.2 Peptide cleavage and purification reagents.

TFA, TIS, thioanisole, diethyl ether, phenol dimethyl sulfide and NH4I were from 

Sigma-Aldrich.  EDT was from Fluka (St. Louis, MO, USA).  Glacial acetic acid was 

from Fisher Scientific.

2.1.3 ECD, VCD and fluorescence spectroscopy reagents.

Na2HPO4 was from Fisher Scientific.  TFE and D2O were from Sigma-Aldrich. 

Peptide standard one was from Anaspec (Fremont, CA, USA).

2.1.4 Cell culture and cytokine assay materials and reagents.

Human THP-1 cells and RPMI-1640 medium were from ATCC (Manassas, VA, 
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USA).  PMA was from Sigma-Aldrich.  FBS and antibiotic/antimycotic were from Gibco 

(Carlsbad, CA, USA).

2.2 Peptide synthesis, cleavage and purification.

2.2.1 Conventional peptide synthesis.

The microwave peptide synthesizer was not available until later in this study, so 

conventional peptide synthesis was used initially.  An Advanced ChemTech (Louisville, 

KY, USA) Apogee automated peptide synthesizer was used to synthesize PELPK and 

CEARF with Nα-Fmoc chemistry.  Peptides were synthesized at the 0.25 mmol scale on a 

Rink amide resin.  Peptide chain elongation was done by activating a four-fold excess of 

Nα-Fmoc  protected  amino  acids  and  0.97  molar  equivalents  of  HATU  to  1  molar 

equivalent of amino acid with 2.5 mL of 50% DMSO/NMP and 2.0 mL of 1.0 M DIEA in 

DCM and the peptide-resin was reacted with this  mixture for 45 min.   The  α-amino 

protecting  groups  were  removed  by  treating  the  resin  with  6  mL  of  a  20% 

piperidine/DMF mixture twice (2 x 2 min).  Amine impurities were removed with one 

wash of 5 mL of 50% DMSO / NMP.  The N-acetyl protecting group was added to the 

peptides by treating the peptide-resin with 10 mL of 20% acetic anhydride in DMF for 30 

min.

2.2.2 Microwave assisted peptide synthesis.

A CEM Liberty automated microwave peptide synthesizer was used to synthesize 

PELPK, YPELPK, all analogs of PELPK and CEARF with Nα-Fmoc chemistry.  Peptides 

were synthesized at the 0.1 mmol scale on a Rink amide resin.  Peptide chain elongation 
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was done by activating 2.5 mL of a solution of a five-fold excess of Nα-Fmoc protected 

amino acids in NMP with 1.0 mL of 0.45 M HATU in NMP and 0.5 mL of 2 M DIEA in  

NMP and  the  peptide-resin  was  reacted  with  this  mixture  for  10  min  at  75  oC and 

subjected to 25 W microwave irradiation.  The α-amino protecting groups were removed 

by treating the resin with 7 mL of 0.1 M HOBt in a 20% piperidine/DMF mixture for 3 

min at  75  oC and subjected to 35 W microwave irradiation.   The  N-acetyl  protecting 

group was added to the peptides by treating the peptide-resin with 10 mL of 20% acetic 

anhydride in DMF for 30 min.

2.2.3 Peptide cleavage.

For PELPK, YPELPK and analogs, the peptide resin with cleavage mixture was 

magnetically  stirred  at  0  oC  for  10  minutes,  and  then  at  room temperature  for  110 

minutes.  The cleavage mixture contained 95% TFA, 2.5% H2O and 2.5% TIS (v/v/v). 

Peptides were then precipitated by the addition of 30 mL of ice cold diethyl ether.  The 

precipitated peptides and resin were then filtered, washed four times with diethyl ether, 

and allowed to dry under vacuum.  The peptide was then dissolved in TFA and filtered, 

after which the TFA was evaporated to approximately 1 mL using a rotary evaporator. 

150 mL of ice cold diethyl ether was added to the TFA to precipitate the peptide.  The 

mixture was then chilled at 4 oC for 30 minutes.  The peptide was then separated from the 

diethyl ether by filtration and allowed to dry under vacuum.  Finally, the peptide was 

dissolved  20-50  mL  of  10%  acetic  acid,  transferred  to  a  lyophilization  flask  and 

lyophilized.

For CEARF, the cleavage procedure was the same as above with the exception of 
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the cleavage mixture.   The cleavage mixture for the conventional synthesis  contained 

90% TFA, 5% EDT, 2% H2O, 2% phenol and 1% TIS (v/v/v/v/v) ; 100 mg of NH4I was 

added per  100 mg of  peptide-resin  (w/w).   The cleavage mixture  for  the microwave 

synthesis was altered from that of the conventional synthesis to contain 86.5% TFA, 2.5% 

EDT 2.5% thioanisole, 5% phenol, 2.5% H2O and 1% TIS (v/v/v/v/v/v); 100 mg of NH4I 

was added per 100 mg of peptide-resin (w/w).

2.2.4 Peptide purification.

Peptides  were  analyzed  and purified  on  a  Gilson (Middleton,  WI,  USA) dual 

pump HPLC system with a GX-271 liquid handler.  The solvents used for analytical and 

purification chromatography were 0.1% TFA in H2O as solvent A and 0.09% TFA in 

acetonitrile as solvent B.  The presence of peptides and other eluants was determined by 

measuring the absorption of UV/visible light at 220 nm and 280 nm by backbone amides 

and aromatic side-chains, respectively.

Crude peptides were analyzed using a Phenomenex (Torrence, CA, USA) Luna 

column (C18, 5  µm particle size, 4.6 mm x 250 mm).  Analytical chromatography was 

done using a linear gradient of 3% to 60% of the organic phase over 40 min and the flow 

rate was 0.5 mL/min.  20 µL of 1 mg/mL crude peptide was injected for each analysis.

Peptides were purified using a semi-preparative Phenomenex Luna column (C18, 5 

µm particle  size,  10 mm x 250 mm).   Non-linear  gradients determined by the crude 

analytical data were used for purification chromatography to achieve maximum eluant 

peak separation.  All purification chromatography was 60 min long and the flow rate was 

4.0 mL/min.  10 mg of crude peptide in 5 mL H2O was injected for each purification.  A 
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fraction was assigned when the slope of the 220 absorbance was greater than or equal to 

10 mv / sec.  This collection technique allowed for maximum discrimination between the 

fractions.   A  maximum  of  4.0  mL  was  collected  into  each  tube.   Analytical 

chromatography was used to determine the purity of the contents of each tube.  Fractions 

with  the  same retention  time and 95% or  greater  eluant  peak area  and were pooled, 

lyophilized and characterized.

2.2.5 Peptide characterization.

The identities of all purified peptides were verified using mass spectrometry.  ESI-

MS  was  carried  out  using  a  Perkin-Elmer  (Waltham,  MA,  USA)  quadrupole  mass 

spectrometer.

Purified CEARF was tested for methionyl  oxidation by adding 10  µL of 30% 

H2O2 to 100 µL of a 1 mg/mL solution of CEARF in H2O.  The mixture was vortexed for 

three minutes, then 100 mL of a 1 mg/mL solution of CEARF in H2O was added and 

immediately injected into the HPLC.

2.3 Spectroscopic studies.

2.3.1 ECD spectroscopy.

Electronic circular dichroism (ECD) spectra were recorded using a Jasco (Easton, 

MD, USA) J-810 spectropolarimeter by averaging 20 scans from 185 nm to 250 nm at 

100 nm/min scan speed in a 0.05 cm path length quartz cell.  The background spectra of 

the solvents were subtracted.
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The concentration of the peptide was determined by comparing the peak area of 

the peptide obtained from RP-HPLC [76] to a standard curve.  The standard curve was 

determined by injecting a peptide standard onto a Jupiter (C18, 5 µm particle size, 4.6 mm 

x 200 mm) column three times at concentrations from 1 mg/mL to 0.125 mg/mL and 

plotting the peptide concentration against the peak absorption at 214 nm.  The peptide 

standard used to generate the standard curve was peptide standard one, which is a peptide 

designed for the calibration of amino acid analysis and mass spectrometry equipment and 

contains 18 of the standard 20 amino acids.  The sequence of peptide standard one is: Cys 

- Pro - Asp - Phe - Gly - His - Ile - Ala - Met - Glu - Leu - Ser - Val - Arg - Thr - Trp - Lys  

– Tyr.

Each peptide was first  measured at  concentrations from 200  µM to 25  µM in 

NaH2PO4-Na2HPO4 (phosphate)  buffer,  pH  7.4,  to  determine  if  the  spectra  had  any 

concentration dependent features.  The spectra of 100 µM YPELPK, PELPK and CEARF 

were measured in 15 mM phosphate buffer, pH 7.4 and in TFE at 4 oC.  The spectra of 

100  µM PELPK  and  CEARF  were  measured  individually  and  in  a  1:1  molar  ratio 

mixture in phosphate buffer,  pH 7.4.   The calculated addition spectra  of PELPK and 

CEARF  were  compared  with  the  spectrum  of  the  mixture  of  the  two  peptides  to 

determine if any binding took place.

2.3.2 VCD spectroscopy.

Data were recorded using a BOMEM-Biotools (Jupiter, FL, USA) Chiralir Fourier 

Transform VCD spectrometer.  Peptides were lyophilized three times in a solution of 0.1 

M DCl in D2O to remove TFA.  Peptides were then dissolved at a concentration of 20 
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mg/mL in D2O and spectra were measured at 4  oC using an 80  µL, 75  µm path length 

CaF2 cell.  Data were collected for four hours in one hour blocks; each block consisted of 

225 IR scans and 4500 VCD scans.  Both the VCD and IR spectra were corrected by 

subtracting the spectra of D2O.

2.4 Computational studies.

2.4.1 MD simulations.

The GROMACS V3.3 [77] package was used for all molecular dynamics (MD) 

simulations.  All simulations used TIP4P water [78] and the OPLS-AA/L [79] force field. 

All bonds were constrained using the LINCS algorithm [80]; lincs_iter was set to eight. 

Coulomb interactions were handled using the reaction-field method; the cutoff radius was 

1.4 nm and the dielectric  constant  beyond the cutoff  radius  was 78.   Van der  Waals 

interactions were handled using the cut-off method; rvdw was set to 1.4 nm.  Dispersion 

correction was applied for energy only.  Temperature and pressure coupling were handled 

using the Berendsen method [81]; tau_t was 0.1 and tau_p was 0.5.  Na+ and Cl- ions 

were added to the simulation box to balance the charge of the system.  A 5000 step 

positionally-restrained simulation was run to generate the initial solvent velocities.  The 

first 0.1 ns of all trajectories was for the system equilibration and was excluded from the 

analysis.

MD simulations of PELPK, CEARF and YPELPK were conducted for 50.1 ns, 

50.1 ns and 100.1 ns, respectively.  The temperature was 300 K.  The simulation box of 

PELPK was 3 nm x 3 nm x 3 nm with periodic boundaries and the box contained 838 
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solvent molecules.  The simulation box of CEARF was 5 nm x 5 nm x 5 nm with periodic 

boundaries  and  the  box  contained  4,009  solvent  molecules.   The  simulation  box  of 

YPELPK was 3 nm x 3 nm x 3 nm with periodic boundaries and the box contained 831 

solvent  molecules.   The  initial  structures  for  PELPK,  YPELPK  and  CEARF  were 

determined by simulated annealing.

REMD [82] simulations were used to obtain the structures of PELPK, YPELPK 

and CEARF.  Exchange temperatures for REMD simulations were obtained from a web-

based  (http://folding.bmc.uu.se/remd/) temperature  predictor  [83].   The  exchange 

probability was 0.2 and the number of replicas was 20, 24 and 40 for PELPK, YPELPK 

and CEARF, respectively.  The lower and upper temperature limits were 300 K and 450 

K, respectively.  Simulations were run for 100.1 ns.  The simulation boxes for the REMD 

simulations were identical to those of the MD simulations described previously.  The de-

multiplexing matrix was generated using the demux_2007 perl script available from the 

GROMACS web site (http://www.gromacs.org).  Trajectories were de-multiplexed using 

the trjcat program included in the GROMACS package.

MD simulations of the binding domain of hnRNP M with YPELPK and CEARF 

with PELPK, as determined by the ligand docking calculations, were used to determine 

the validity of the docked complexes.  The docked complexes were obtained using the 

Glide [84] program as described in the ligand-docking section.  The simulations were run 

for 100.1 ns at 300 K.  The simulation box of hnRNP M with YPELPK was 8 nm x 8 nm 

x 8 nm with periodic boundaries and the box contained 16,362 solvent molecules.  The 

simulation  box  of  CEARF  with  PELPK  was  5  nm  x  5  nm  x  5  nm  with  periodic  

boundaries and the box contained 3,964 solvent molecules.  A simulation of the hnRNP 
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M  binding  domain  without  YPELPK  present  was  also  conducted  using  the  same 

parameters as the simulation of the complex.

The structures of trajectories were assigned to clusters based on the RMSD of the 

backbone atoms using the GROMOS method [85].  The RMSD cutoff was 1.0 Å and the 

sample set was 5,000 structures per trajectory.

Two sets of backbone atoms were used in the clustering analysis of structures of 

the trajectory of YPELPK:  All residues of YPELPK including the N- and C-terminal 

amide groups, and the residues PELPK.  These sets of backbone atoms were chosen in 

order to determine whether or not the inherent flexibility of the N-Ac-Tyr residue could 

mask the conformational stability of the peptide.

Secondary structures were determined using the DSSP program [86].  Distances, 

dihedral  angles  and  hydrogen  bonds  were  determined  using  the  g_dist,  g_chi  and 

g_hbond  programs,  respectively,  which  are  included  in  the  GROMACS  package. 

Distances between residues were calculated using the center of mass of the side-chains. 

A hydrogen bond between interacting structures was assigned when any donor group was 

within 2.5 Å of an acceptor group and the cutoff angle was 30 degrees.

Essential dynamics analysis [54] was used to determine the effect of the presence 

of YPELPK and PELPK on the internal motions of hnRNP M and CEARF, respectively. 

The g_covar program was used to generate covariance matrices of the free receptors and 

of the ligand-receptor complexes on the basis of the positions of the Cα atoms.  The sets 

of atoms used to calculate covariance matrices of the ligand-receptor complexes included 

only those atoms which corresponded to the receptor.  The g_anaeig program was used to 

generate 2D projections of the trajectories on the first and second eigenvectors.
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SASA of the interface between hnRNP M and YPELPK was determined using the 

method described by Wassenaar and associates [87].  The g_sas program which uses the 

double cubic lattice method [88] 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.

2.4.2 Docking calculations.

The  Glide  program was  used  in  the  high-precision  XP mode  for  all  docking 

simulations.  Receptor grids were pre-generated for the 2DGV and CEARF structures 

using the  default  settings.   The bounding box for  the  receptor  grid encompassed the 

entirety of each structure.  All ligands were considered to be flexible.  The van der Waals 

scaling of the non-polar residues of all ligands was set to 0.85.  Each ligand was docked 

5000 times and the best 800 poses were passed to the energy minimization grid.  Output 

was restricted to the best 10 energy-minimized poses for each ligand.  The binding ability 

of peptides were ranked according to the Glide XP score, which is equivalent to the ∆G 

of binding.

The initial structures of PELPK and YPELPK were the middle structures of the 

largest clusters as determined by REMD.  The initial structures of the Ala-scan and  D-

amino  acid  analogs  of  YPELPK  were  obtained  by  replacing  the  side-chains  of  the 

YPELPK structure using the YASARA visualization package (http://www.yasara.org).

The interactions of the best ligand poses of PELPK and YPELPK with 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 
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were measured 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 between 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.

2.5 Bioactivity studies.

2.5.1 Cell culture.

Human THP-1 cells  were grown in suspension culture in RPMI-1640 medium 

containing 10% FBS, 0.2% mercaptoethanol and 1% of an antibiotic/antimycotic solution 

containing  10,000:10,000:25  penicillin/streptomycin/amphotericin  B.   Cells  were 

incubated at 37 ºC in a 5.0% CO2 atmosphere.  The medium was changed every 3-4 days. 

Cultures were passaged by pipetting and reseeding cells 1:4.  Passage 3-10 cells were 

harvested when the number of cells in the flask was > 1.6 x 106 as determined by Coulter 

counter and used in assays.

2.5.2 Cytokine assays.

Human THP-1 cells (passage number 3; 80,000 cells per well) were placed into 24 

well plates and incubated for 18 h at 37 °C in 0.5 mL RPMI-1640 medium with 10% FBS 

(v/v) and 200 ng/mL PMA.  The medium was aspirated, and the cells were incubated for 

4 h in RPMI-1640 medium containing 10-6 M to 10-9 M YPELPK.  The Ala-scan analogs 
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of YPELPK (Table 1, pp. 31) were also incubated at a concentration of 10 -6 M.  The 

medium was removed and its IL-6 content was determined using an Invitrogen Human 

IL-6 ELISA assay kit.  Wells were in quadruplicate for each peptide and the experiments 

were repeated six times.  Well absorbances at 450 nm and 550 nm were measured using a 

Tecan plate reader in multiple mode using a 2x2 square pattern with 3 pulses per square. 

IL-6 levels were calculated as the difference between the indicator wavelength and the 

reference wavelength,  450 nm and 550 nm, respectively.   The average absorbance of 

three empty wells were subtracted.  Statistical significance of data was determined using 

ANOVA  analysis  and  the  Tukey  HSD  post-ANOVA  method.   The  Gnumeric 

(http://www.gnome.org/gnumeric) program was used for statistical analysis.
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Chapter 3:  Results

3.1 Peptide synthesis.

3.1.1 Synthesis of CEARF.

The synthesis of CEARF yielded multiple compounds when synthesized at the 

0.25 mmol scale using conventional methods (Figure 6).  Cleavage of 200 mg of peptide-

resin yielded 20.1 mg of crude peptide which corresponded to 14.6% of the theoretical 

yield.  A single-peak compound eluted at 27 minutes when synthesized at the 0.1 mmol 

scale using microwave methods (Figure 7).  Cleavage of 100 mg of peptide-resin yielded 

40.3 mg of crude peptide which corresponded to 52.6% of the theoretical yield.

Figure 6 – HPLC chromatogram of crude CEARF by conventional synthesis.
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Figure 7 – HPLC chromatogram of crude CEARF by microwave synthesis.

3.1.2 Synthesis of Ac-PELPK-NH2 and analogs.

The synthesis of PELPK yielded single-peak compounds in both conventional and 

microwave (Figure 8) syntheses which eluted at 18 minutes.  Cleavage of 100 mg of 

peptide resin yielded 22.0 mg of crude peptide which corresponded to 91.0% of the 

theoretical yield.  The synthesis of YPELPK yielded a single-peak compound which 

eluted at 17 minutes (Figure 9).  Cleavage of 100 mg of peptide resin yielded 24.0 mg of 

crude peptide which corresponded to 76.0% of the theoretical yield.  The alanyl analogs 

of YPELPK had single major peaks (Figure 10); retention times and crude yields are 

reported in Table 1.
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Figure 8 – HPLC chromatogram of crude PELPK by microwave synthesis.

Figure 9 – HPLC chromatogram of crude YPELPK by microwave synthesis.
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Table 1 – Retention times of YPELPK alanyl analogs.

Peptide Retention time / min Crude yield
Ac-APELPK-NH2 (A1) 23 80.1%
Ac-YAELPK-NH2  (A2) 19 77.4%
Ac-YPALPK-NH2  (A3) 19 75.7%
Ac-YPEAPK-NH2  (A4) 16 69.1%
Ac-YPELAK-NH2  (A5) 20 78.8%
Ac-YPELPA-NH2  (A6) 21 51.4%

Figure 10 – HPLC chromatograms of crude Ala-scan analogs of YPELPK.  The 220 
nm data is in blue and the 280 nm data is in red.
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3.2 Peptide purification.

All peptides were purified to 95% or greater purity as determined by peak area.

3.2.1 Purification of CEARF.

The major product of the purification of CEARF eluted between 26 and 29 

minutes (Figure 11).  The purified peptide was tested for methionyl oxidation using 30% 

hydrogen peroxide, which yielded peaks at 27 minutes, 25 minutes, 24.8 minutes and 23 

minutes (Figure 12).

Figure 11 – HPLC chromatogram of the purification of CEARF.
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Figure 12 – HPLC chromatogram of the H2O2 oxidation of CEARF.

3.2.2 Purification of Ac-PELPK-NH2 and analogs.

The major product of the purification of PELPK eluted between 17 and 19 

minutes (Figure 13).  The major product of the purification of YPELPK eluted between 

27 and 29 minutes (Figure 14).  The Ala-scan analogs of YPELPK eluted between 10 and 

40 minutes (Figure 15).
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Figure 13 – HPLC chromatogram of the purification of PELPK.

Figure 14 – HPLC chromatogram of the purification of YPELPK.
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Figure 15 – HPLC chromatograms of the purification of the Ala-scan analogs of 
YPELPK.
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3.3 Peptide characterization.

The molecular weight of the purified products of all synthesized peptides as 

determined by mass spectrometry corresponded to the calculated weights (Table 2).

Table 2 – MS characterization of purified peptides.

Peptide Measured m/z + H+ Calculated m/z + H+ Final yield
CEARF 1925.0 1925.0 32.6%
PELPK 624.5 624.8 55.5%

YPELPK 787.5 787.9 56.2%
APELPK 695.4 695.8 56.1%
YAELPK 761.5 761.9 42.6%
YPALPK 729.4 729.9 37.9%
YPEAPK 745.4 745.8 30.4%
YPELAK 761.5 761.9 47.3%
YPELPA 729.5 729.8 20.1%

3.4 Spectroscopic structural features.

3.4.1 ECD spectroscopy.

3.4.1.1 Ac-PELPK-NH2 and analogs.

The spectra of PELPK in phosphate buffer and TFE have  negative peaks at 202 

nm and 199 nm, respectively (Figure 16).  The spectra of YPELPK in phosphate buffer 

and TFE have single negative peaks at 201 nm and 198 nm, respectively (Figure 17). 

The spectrum of YPELPK in phosphate buffer has an additional positive peak at 215 nm 

not present in TFE.
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Figure 16 – ECD spectra of PELPK in phosphate buffer and TFE.

Figure 17 – ECD spectra of YPELPK in phosphate buffer and TFE.
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3.4.1.2 CEARF.

CEARF has a negative peak at 197 nm in phosphate buffer.  A positive peak at 

190 nm and two negative peaks at 208 nm and 225 nm are present in TFE (Figure 18).

Figure 18 – ECD spectra of CEARF in phosphate buffer and TFE.
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3.4.1.3 Ac-PELPK-NH2 with CEARF.

The addition spectrum of the 1:1 molar ratio mixture of CEARF with PELPK is 

more intense than the calculated spectrum (Figure 19).

Figure 19 – Calculated and measured ECD spectra of PELPK-CEARF mixture.

3.4.2 VCD Spectroscopy.

CEARF was not soluble at concentrations high enough to measure the VCD 

spectrum.  PELPK did not have a signal that could be distinguished from the background 

even at 30 mg/mL.

The VCD spectrum of YPELPK is a negative couplet with the negative band at 

1618 cm-1 and a broad positive band at 1650 cm-1, (Figure 20).  The IR spectrum of 

YPELPK contains peaks at 1515 cm-1, 1620 cm-1, 1640 cm-1, and 1706 cm-1.
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Figure 20 – VCD (top) and IR (bottom) spectra of YPELPK in D2O.

3.5 Computational analysis.

3.5.1 MD simulations.

3.5.1.1 CEARF.

DSSP analysis of the trajectory of the simulation of CEARF obtained by MD 

indicates a stable β-hairpin-like structure (Figure 21).  DSSP analysis of the trajectory of 

the simulation of CEARF obtained by REMD indicates a similar β-hairpin-like structure 

with greater flexibility (Figure 22).  Clustering analysis of the structures of the trajectory 

of the REMD simulation of CEARF does not indicate any one conformation that 
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dominates the majority of the trajectory (Table 3), but the average structure of the largest 

cluster is that of a flexible β-hairpin-like structure (Figure 23).  The overlay of the NMR 

structure of CEARF from 2DGV, on the MD and REMD structures, which have RMSD 

values of 1.84 Å and 1.15 Å, respectively, is shown in Figure 24.

Figure 21 – DSSP calculated secondary structure of CEARF; MD simulation.

Figure 22 – DSSP calculated secondary structure of CEARF; REMD simulation. 
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Figure 23 – Representative structure of the largest cluster of the CEARF REMD 
simulation.  Turn structure is in teal and β-bridge structure is in yellow.

Table 3 – Major clusters from the REMD simulation of CEARF.

Sequence Number of structures % of structures
Ac-YMNGMKLSGREIDVRI-NH2 989 19.8

MNGMKLSGREIDVR 978 19.6
NGMKLSGREIDV 1420 28.4
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Figure 24 – The representative structures of the largest clusters of the trajectories of 
CEARF calculated using MD (left) and REMD (right) simulations overlaid on the 
NMR structure.
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3.5.1.2 Ac-PELPK-NH2.

DSSP analysis of the trajectories of the simulations of PELPK obtained by MD 

(Figure 25) and REMD (Figure 26) seem to indicate a random-coil structure.  The 

clustering analysis of the structures of the trajectory of the REMD simulation of PELPK 

revealed one major cluster consisting of 86.0% of the sampled structures (Figure 27). 

The distribution of the backbone angles of PELPK is shown in Figure 28.

Figure 25 – DSSP calculated secondary structure of PELPK; MD simulation.

Figure 26 – DSSP calculated secondary structure of PELPK; REMD simulation.



52
Figure  27  –  Representative  structure  of  the  major  cluster  from  the  REMD 
simulation  of  PELPK.  The  peptide  backbone  is  in  blue.   The  hydrogen  bond  is 
indicated by the dotted yellow line.
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Figure 28 - Distribution of the relative frequency of the  φ and  ψ angles for each 
residue of PELPK; REMD simulation.
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3.5.1.3 Ac-YPELPK-NH2.

DSSP analysis of the trajectories of the simulations of YPELPK obtained by MD 

(Figure 29) and REMD (Figure 30) indicates random-coil structure.  Clustering analysis 

of the structures of the trajectory of the REMD simulation of YPELPK revealed one 

major cluster consisting of 93.4% of the sampled structures (Figure 31).  This is not 

readily apparent until the flexible N-terminal Ac-Tyr residue is omitted from the 

clustering analysis (Table 4).  The distribution of the backbone dihedral angles of 

YPELPK are shown in Figures 32 and 33.

Figure 29 – DSSP calculated secondary structure of YPELPK; MD simulation.

Figure 30 – DSSP calculated secondary structure of YPELPK; REMD simulation.
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Figure  31  –  Representative  structure  of  the  major  cluster  from  the  REMD 
simulation  of  YPELPK.  The  peptide  backbone  is  in  blue.   The  hydrogen  bond  is 
indicated by the dotted yellow line.

Table 4 – Major clusters from the REMD simulation of YPELPK.

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
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Figure 32 - Distribution of the relative frequency of the  φ and  ψ angles for each 
residue of YPELPK; REMD simulation.
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Figure 33 - The φ and ψ angles of YPELPK; REMD simulation.
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3.5.2 Docking simulations.

3.5.2.1 Ac-PELPK-NH2 and analogs with CEARF.

The alanyl analogs of PELPK all have lower binding energy than the parent 

peptide (Table 5).  The best ligand pose for PELPK (Figure 34) is stabilized by six 

hydrogen bonds (Table 6).

Table 5- Relative free energy (∆GB,rel) of binding of PELPK and its Ala-scan analogs 
with CEARF.

Peptide ∆GB,rel / kcal · mol-1

PELPK 0.00
AELPK 0.85
PALPK 3.43
PEAPK 2.69
PELAK 1.13
PELPA 1.28
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Figure 34 – The best ligand pose of PELPK with CEARF.  The peptide backbone is in 
blue and β-bridged structures are in red.  Hydrogen bonds are indicated by dotted yellow 
lines.

Table 6 – PELPK-CEARF hydrogen bonds.

Functional group of YPELPK Functional group of CEARF Distance / Å

N-Ac C=O Arg10 ζHN 2.15

Glu3 HN Arg10 C=O 2.04

Glu3 δO Arg10 εHN 1.75

Glu3 C=O Ile12 HN 2.42

Lys5 εHN Glu11 δO 1.96

Lys5 εHN Glu11 δO 2.2
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3.5.2.2 Ac-PELPK-NH2 and analogs with hnRNP M.

The alanyl analogs of PELPK all have higher binding energy than the parent 

peptide, with the exception of the Pro4 analog (Table 7).  The best ligand pose for 

PELPK (Figure 35) is stabilized by four hydrogen bonds and has a binding energy of 

-3.12 kcal · mol-1 (Table 8).

Table 7- Relative free energy (∆GB,rel) of binding of PELPK and its Ala-scan analogs 
with hnRNP M.

Peptide ∆GB,rel / kcal · mol-1

PELPK 0.00
AELPK -2.12
PALPK -0.36
PEAPK -1.04
PELAK 1.08
PELPA -0.86
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Figure 35 – The best ligand pose of PELPK (red) with hnRNP M (Van der Waals 
surface in gray).

Table 8 – PELPK-hnRNP M hydrogen bonds.

Functional group of PELPK Functional group of hnRNP M Distance / Å
Glu2 δO Lys54 εHN 1.83

Lys5 εHN Asp83 δO 1.80
C-terminal NH2 Asn85 C=O 2.11
C-terminal NH2 Gly88 C=O 2.19
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3.5.2.3 Ac-YPELPK-NH2 and analogs with hnRNP M.

The alanyl analogs of YPELPK all  have lower binding energy than the parent 

peptide  (Table  9).   The  D-amino  acid  analogs  of  YPELPK also  have  lower  binding 

energy, with the exception of the Pro2 analog, which has slightly higher binding energy 

(Table 19).  The best ligand pose for YPELPK (Figure 36) is stabilized by a mix of two 

hydrogen bonds, two salt bridges and four weakly polar interactions and has a binding 

energy of -4.00 kcal · mol-1 (Table 10).

Table 9 - Relative free energy (∆GB,rel) of binding of YPELPK and its Ala-scan and 
D-amino acid analogs with hnRNP M.

Peptide ∆GB,rel / kcal · mol-1 Peptide ∆GB,rel / kcal · mol-1

YPELPK 0.00 YPELPK 0.00
APELPK 0.80 yPELPK No valid docking
YAELPK 0.39 YpELPK -0.12
YPALPK 0.75 YPeLPK 1.00
YPEAPK 1.11 YPElPK 1.85
YPELAK 3.33 YPELpK 0.71
YPELPA 0.98 YPELPk 4.31



63
Figure 36 – The best ligand pose of YPELPK (red) with hnRNP M (Van der Waals 
surface in gray).  The backbone of hnRNP M is in blue.

Table 10 – YPELPK-hnRNP M interactions.

Functional group of 
YPELPK

Functional group of 
hnRNP M

Interaction 
type

Distance / Å

Tyr1 HO Glu43 Oε H-bond 2.10
Tyr1 aromatic ring Lys48 εHN Weakly polar 3.44
Tyr1 aromatic ring Lys41 εHN Weakly polar 5.95

Pro2 Cβ Phe12 aromatic ring Weakly polar 3.16
Glu3 Oε Lys41 εHN Salt bridge 1.71

Glu3-Leu4 peptide bond Phe12 aromatic ring Weakly polar 6.15
Lys6 εHN Asp79 Oδ Salt bridge 1.81

C-terminal NH2 Arg81 ηHN H-bond 2.28
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3.6 MD simulations of docked peptides.

3.6.1 Ac-PELPK-NH2 with CEARF.

Clustering analysis of the structures of the trajectory of the PELPK-CEARF 

complex revealed one major conformation consisting of 83.3% of the sampled structures 

(Figure 37).  The complex is stabilized by two hydrogen bonds (Table 11).  Essential 

dynamics analysis of the trajectory of CEARF shows that the majority of the internal 

motions of the system can be determined from the first few eigenvectors (Table 12) and 

that the internal motions of CEARF in complex with PELPK are more confined than 

those of free CEARF (Figure 38).

Table 11 – Hydrogen bonds between CEARF and PELPK.

Functional group of PELPK Functional group of CEARF Distance / Å
Glu3 HN Arg10 C=O 2.46
Glu3 C=O Ile12 HN 2.03
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Figure  37  –  Representative  structure  of  the  major cluster  of  the  PELPK (red)-
CEARF (blue) MD simulation.  Hydrogen bonds are indicated by dotted yellow lines.
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Table 12 -  Eigenvalues and their sums of the first 10 eigenvectors of the essential 
movement of the CEARF and PELPK-CEARF complex simulations.

CEARF PELPK-CEARF complex
Vector index Eigenvalue / 

nm2
Cumulative 

%
Vector index Eigenvalue / 

nm2
Cumulative %

1 0.0204 36.03% 1 0.66 24.85%
2 0.0080 50.17% 2 0.47 42.62%
3 0.0054 59.73% 3 0.31 54.51%
4 0.0041 67.05% 4 0.22 62.82%
5 0.0036 73.45% 5 0.17 69.16%
6 0.0018 76.67% 6 0.15 74.82%
7 0.0016 79.56% 7 0.09 78.12%
8 0.0015 82.21% 8 0.08 81.28%
9 0.0013 84.56% 9 0.06 83.67%
10 0.0012 86.69% 10 0.05 85.72%

Figure 38 - Projection of the trajectories of CEARF (black) and the PELPK-CEARF 
complex (red) on their first two eigenvectors.
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3.6.2 Ac-YPELPK-NH2 with hnRNP M.

Most  of  the  hydrogen  bonds  formed  by  YPELPK  are  with  with  the  last  26 

residues  of  hnRNP M (L26)  (Table  13,  Figures  39 and 40).   Cluster  analysis  of  the 

structures of the trajectory of YPELPK reveals two major backbone conformations in the 

bound state which consist of 53.9% and 29.4% of the sampled structures. This, again, 

was not apparent until the N-terminal Ac-Tyr residue was omitted from the clustering 

analysis (Table 14).  The first cluster reflects to a change in the Pro2-Glu3  ψ dihedral 

angles and the second cluster remains in the PPII-helical conformation (Figures 41 and 

42).

Essential dynamics analysis shows that, when the trajectory of the simulations of 

YPELPK-hnRNP M is projected on its first two eigenvectors, its internal motions are 

more confined than hnRNP M alone (Figure 43).  The majority of the internal motions 

can be determined from the first two eigenvectors (Table 15).

Analysis of the SASA of the ligand-receptor complex reveals that L26 accounts 

for 77.6% of the total ISA (Table 16).  The remainder of the interface is found in residues 

in the helical region immediately preceding the L26 and in the N-terminal coil.

Table 13 – Hydrogen bonds between YPELPK and hnRNP M.

YPELPK-hnRNP M interaction Total Number of H-bonds % of H-bonds
YPELPK-hnRNP M 13319 100.00%

YPELPK-L26 10828 81.30%
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Figure 39 – YPELPK (red) complexed with the C-terminal residues (magenta) of 
hnRNP M (Van der Waals surface in gray).  Non-interacting residues of hnRNP M are 
shown in blue.
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Figure 40 – Snapshots of YPELPK (red) in complex with hnRNP M (Van der Waals 
surface in gray).  Each snapshot represents the average structure of 5 ns of the trajectory 
of YPELPK-hnRNP M.  Structures are arranged by row, left to right.  The L26 sequence 
is in magenta and the other residues of hnRNP M are in blue.
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Figure 41 - Conformations of YPELPK in free (A) and bound (B,C) states.  The 
peptide backbone is in blue.

Table 14 -  Major clusters of the backbone of YPELPK from the YPELPK-hnRNP 
M simulation.

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
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Figure 42 - The φ and ψ angles of free (black) and bound (red) YPELPK.



72
Figure 43 - Projection of the trajectories of hnRNP M (black) and the YPELPK-
hnRNP M complex (red) on their first two eigenvectors.

Table 15.  Eigenvalues and their sums of the first 10 eigenvectors of the essential 
movement of the hnRNP M and YPELPK-hnRNP M complex 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%
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Table 16 - Interface surface area components of hnRNP M.

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%
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3.7 Biological activity of hnRNP M ligands.

PELPK at micro-molar concentrations significantly increases IL-6 production by 

differentiated THP-1 cells (Figure 44).  YPELPK at concentrations of 10 -6 M and 10-7 M 

significantly increases IL-6 production by differentiated THP-1 cells (Figure 45).  The 

Ala-scan analogs A1 and A6 at micro-molar concentrations significantly increase IL-6 

production by THP-1 cells (Figure 46).

Figure 44 - IL-6 production by THP-1 cells treated with PELPK.  *, P < 0.05.
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Figure 45 – IL-6 production by THP-1 cells treated with YPELPK.  *, P < 0.05.

Figure 46 – IL-6 production by THP-1 cells treated with the Ala-scan analogs of 
YPELPK.  *, P < 0.05.
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Chapter 4:  Discussion

4.1 Peptide synthesis.

The conventional synthesis of CEARF yielded a large number of products which 

were difficult to separate by RP-HPLC (Figure 6).  ECD spectroscopy and MD 

simulations indicate that CEARF adopts a β-hairpin conformation, therefore, it is likely 

that the growing peptide chain aggregates during synthesis.  CEARF contains two 

methionyl residues which are prone to oxidation, which could result in additional 

oxidized products if the cleavage conditions are not optimal.  No more attempts were 

made to synthesize CEARF conventionally because the microwave peptide synthesizer 

became available.

The microwave synthesis of CEARF produced a single-peak compound (Figure 7) 

with more than three times the crude yield of the conventional synthesis.  This is likely 

due to thermal effect of the microwave irradiation which could disrupt aggregation of the 

growing peptide chain by limiting hydrogen bond formation.  Microwave irradiation 

could also increase the efficiency of Nα-Fmoc removal, which would yield a higher purity 

product due to the lack of deletion sequences.  The cleavage mixture for the microwave 

synthesized CEARF was changed to include 2.5% thioanisole as an additional reducing 

agent to prevent methionyl oxidation.  The addition of NH4I to the cleavage mixture of 

CEARF virtually eliminated methionyl oxidation.  The methionyl oxidation test (Figure 

12) proved that the peak at 27 minutes is the non-oxidized version of CEARF.  The 

double peak which eluted at 25 minutes indicates the oxidation of one of the two Met 

residues and the peak at 23 minutes indicates the oxidation of both Met residues.  The 
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total instrument time required for the synthesis of CEARF was 208 minutes on the 

microwave synthesizer and 992 minutes on the conventional synthesizer.  The time 

estimate for the conventional synthesizer is generous as it does not include the overhead 

involved with the operation of the conventional instrument.  The microwave synthesis of 

CEARF was at least ten times faster than the conventional synthesis.  Microwave 

synthesis was adopted as the method of choice for all other peptides because of the 

increased purity, yield and speed of the microwave synthesis of CEARF.

The microwave-assisted synthesis of PELPK, YPELPK, and the alanyl analogs of 

YPELPK consistently produced high-purity crude products with yields greater than 50%.

All peptides were soluble in 10% AcOH in H2O.  The high-purity crude products 

of PELPK and its analogs obtained from microwave-assisted synthesis were purified to > 

95% purity with ease.  These results were further supported by mass spectrometry which 

showed that all major peptide products had the expected average m/z + H+ (Table 2).

4.2 Structural features of peptides.

4.2.1 ECD spectroscopy

The negative peak at  202 nm in the ECD spectrum of PELPK (Figure 16) in 

phosphate buffer indicates either a random meander or PPII helical structure, although the 

latter is more likely because the peptide has two prolyl residues which add rigidity to the 

backbone of the peptide.  The peak blue shifts to 198 nm in TFE and the negative signal 

from 220 nm to 240 nm disappears, indicating that the structure of PELPK becomes more 

ordered in TFE.

The positive peak at 215 nm and negative peak at 201 nm in the ECD spectrum of 
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YPELPK (Figure 17) in  phosphate buffer indicates either a random meander or a PPII 

helical structure.  The spectrum of YPELPK in TFE is blue shifted.  The negative peak is 

moved to 198 nm and the positive peak at 215 nm disappears, which indicates a less 

disordered structure.  Short peptides such as PELPK and YPELPK are typically flexible, 

but both peptides contain two prolyl residues, which add rigidity to the backbone of the 

peptide, so the PPII structure is likely [89].

CEARF has a negative peak at 197 nm in  phosphate buffer (Figure 18), which, 

given  the  lack  of  Pro  residues  in  CEARF,  indicates  a  random meander  or  β-hairpin 

structure.  The  β-hairpin structure should be considered because the NMR structure of 

hnRNP M from 2DGV clearly shows the residues corresponding to CEARF are in a  β-

hairpin-like conformation.  CEARF has a positive peak at 190 nm and negative peaks at 

208 nm and 255 nm in TFE, which indicate that the peptide has a helical conformation. 

The conformational instability of CEARF in different solvents is a warning sign that the 

peptide alone may not be a useful model of hnRNP M binding.  

4.2.2 VCD spectroscopy

The VCD spectrum of YPELPK (Figure 20) is a negative couplet centered at 1645 

cm-1 which indicates a PPII structure [90].  The peaks at 1515 cm-1 and 1706 cm-1 in the 

IR spectrum are attributed to the motion of the tyrosyl ring and the C=O stretch of the 

glutamic acid side-chain,  respectively [91].   The peak at  1620  cm-1 corresponds to a 

polyproline-II structure [92] while the peak at 1640  cm-1 indicates 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 structures.
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4.2.3 MD simulations

The MD simulation of CEARF (Figure 21) indicates that the peptide forms a rigid 

β-hairpin, which contrasts with the REMD simulation (Figure 22), which reveals that the 

peptide has a high degree of flexibility and more closely approximates the NMR structure 

(Figure  24).   This  contrast  in  conformational  flexibility  is  an  example  of  why 

methodology which can overcome local energy minima must be used.  The data from 

both simulations are in agreement with the ECD data.

The MD simulations of the structure of PELPK indicate that the peptide forms a 

stable PPII helix.  It has a single cluster comprising the majority of the structures of the 

trajectory  and  the  distribution  of  backbone  angles  corresponds  to  the  PPII  helical 

conformation (Figure 28).   The C-terminal Lys residue is  not constrained to the PPII 

helical conformation but its torsional freedom is limited by the formation of a salt bridge 

between its εHN functional group and the δO functional group of the Glu residue (Figure 

27).

The MD simulations of the structure of YPELPK indicate that the peptide forms a 

stable PPII helix because the majority of the structures of the trajectory belong to a single 

cluster in which the peptide backbone is in the PPII helical conformation (Table 4).  The 

N-acetyl group and tyrosyl residue of YPELPK have greater freedom of movement about 

the φ and ψ torsional angles than the rest of the residues of YPELPK (Figure 32).  This 

torsional  freedom  introduced  an  artifact  into  the  clustering  analysis  which  makes 

YPELPK appear to be a random coil structure.  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 C-terminal 
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Lys residue is similarly constrained by a salt bridge with the Glu residue (Figure 31), as 

in PELPK.

4.3 Interaction of peptides with hnRNP M.

4.3.1 PELPK-CEARF.

The binding of PELPK to CEARF has been confirmed with ECD spectroscopy 

and MD simulations.  The ECD spectrum of the 1:1 mixture of PELPK and CEARF in 

phosphate buffer has a negative peak at 197 nm and is more intense than the sum of the 

spectra  of  the  two peptides  (Figure  19).   The difference in  the spectra  indicates  that 

PELPK and CEARF interact.   The  higher  intensity  band could  indicate  that  PELPK 

stabilizes the β-hairpin-like conformation of CEARF.

The major cluster of the PELPK-CEARF complex (Figure 37) is comprised of 

83.3% of the sampled structures, which indicates that the backbone structure complex is 

more rigid than that of free CEARF, in which the major cluster comprises only 28.4% of 

the structures.  Likewise, the essential dynamics analysis shows that the internal motions 

of CEARF in complex with PELPK are less than those of free CEARF (Table 12).  The 

MD simulations revealed that CEARF by itself is potentially flawed for use as a model of 

the binding of PELPK to hnRNP M.  Analysis of the structure of the major cluster of the 

PELPK-CEARF complex reveals that the prolyl residues of PELPK are in Van der Waals 

contact  with the hydrophobic residues  of CEARF, namely Leu 7,  Ile  12,  and Val  14 

(Figure 47).  The NMR structure of hnRNP M clearly shows that these three residues are 

buried  in  the  hydrophobic  core  of  the  protein  (Figure  48).   Thus,  the  predicted 

conformation is not usable as a model of binding.
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Figure 47 – Van der Waals contacts of the hydrophobic residues of CEARF with 
PELPK.  CEARF is  in  green,  the  molecular  surface of the  hydrophobic  residues  of 
CEARF with which PELPK interacts are in magenta, PELPK is in blue and the Van der 
Waals surface of PELPK is in brown.
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Figure  48  –  Accessible  area  of  the  hydrophobic  residues  of  CEARF in  the  full 
binding domain of hnRNP M.  hnRNP M is  in green, the residues of CEARF are in 
blue, the molecular surface of the hydrophobic residues of CEARF with which PELPK 
interacts are in magenta and the Van der Waals surface of hnRNP M is in brown.

Docking  calculations  of  PELPK  and  analogs  with  CEARF  show  that  the 

replacement of any side-chain of PELPK with alanine causes a loss of binding energy; 

the greatest loss of energy occurs when the Glu and Leu residues are replaced (Table 6).

PELPK interacts primarily with the C-terminal residues of hnRNP M, however, it 

does not appear to interact with any of the residues of CEARF.  The binding affinities of 

the alanyl analogs of PELPK are higher than that of the parent peptide, with the exception 

of  PELAK  (Table  7).   The  higher  affinity  ligands  are  not  necessarily  indicative  of 

increased specificity for hnRNP M.  Rather, the docking program is finding better ligand 
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poses because of a combination of increased torsional freedom and reduced side-chain 

bulk.  Replacement of Pro 4 with alanine causes a loss of binding energy, which could 

indicate that the conformational rigidity it provides is necessary for binding.

4.3.2 YPELPK-hnRNP M.

YPELPK binds to the C-terminal region of hnRNP M, which does not associate 

with the cell membrane.  Thus, no steric constraints would be imposed on binding.  The 

weakly  polar  interactions  between  YPELPK  and  hnRNP M  consist  of  two  cation-π 

interactions, a CH-π interaction and an aromatic-amide interaction (Table 10).

The  smaller  loss  of  binding  energy,  0.80  kcal  · mol-1 in  response  to  the 

replacement of the Tyr side-chain with alanine in A1, than when the side-chain of Leu 

and Pro are replaced in A4 and A5, respectively, was unexpected (Table 9).  The Tyr 

residue participates in a hydrogen bond and two weakly-polar interactions, whereas the 

Leu and Pro residues in positions 4 and 5 do not have any direct interactions with the 

receptor.  Even replacing the charged side-chains, as in peptides A3 and A6 has less loss 

of binding energy, 0.75 kcal · mol-1 and 0.98 kcal · mol-1, respectively, than replacing the 

Leu and Pro residues.  Thus, the Leu and Pro residues in positions 4 and 5, respectively, 

seem to be more important for binding of YPELPK to hnRNP M than the other side-

chains.

The D-amino scan of YPELPK shows that the orientation of the terminal residues 

is critical for binding to the receptor, as the D-Tyr variant loses all binding energy and the 

D-Lys variant loses 4.31 kcal · mol-1 (Table 9).  The binding energy of the D-Pro2 variant 

is slightly improved, which is unsurprising because, in the Ala-scan of YPELPK, the Pro2 
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variant had the least loss of binding energy, which seems to indicate that Pro2 does not 

need to be preserved if binding is to take place.

MD simulations based on the ligand pose of YPELPK with hnRNP M generated 

by Glide show that, after 10 ns, YPELPK shifts from the Glide-predicted binding site to a 

new site on the L26 where it remains through the remainder of the simulation (Figures 39 

and 40).  This is supported by the SASA analysis which indicates that the L26 is the 

major component of the interface of hnRNP M which is in contact with YPELPK (Table 

16).

The torsional freedoms of the two residues, Pro2 and Glu3, in bound YPELPK are 

higher than in the free peptide (Figure 42), suggesting induced fit binding.  The increased 

torsional freedom of bound YPELPK is also due in part to the interaction Glu and Lys 

residues  with  the  receptor  rather  than  to  formation  of  a  salt  bridge  between  them. 

Although  the  freedom  of  movement  of  bound  YPELPK  is  increased,  the  internal 

movement  of  hnRNP M  in  complex  with  YPELPK  is  diminished  as  shown  by  the 

essential dynamics analysis (Figure 43).  This could indicate the formation of a stable 

ligand-receptor  complex.   These  data  agree  with  a  database  analysis  conducted  by 

London  and  associates [59]  which  shows  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 

of YPELPK in 98.2% of the structures of the trajectory confirms the importance of these 

residues in binding, as predicted by Glide, even though the peptide is more flexible in the 

bound state.
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4.4 Activation of THP-1 cells.

The ELISA assay shows that while CEA stimulates IL-6 production by THP-1 

cells  at  concentrations  as  low as  30  pm [29],  PELPK does  so at  µM concentrations 

(Figure 44).  YPELPK at sub-micro-molar concentrations stimulates IL-6 production by 

THP-1 cells and is more effective than PELPK (Figure 45).  This result agrees with the 

docking calculations, which predicted that YPELPK has -0.88 kcal · mol-1 more binding 

energy  than  PELPK.   CEA is  more  effective  than  PELPK  and  YPELPK,  probably 

because it has more residues available for interaction with hnRNP M.

The Ala-scan analogs A1 and A6 at micro-molar concentrations stimulate IL-6 

production by THP-1 cells, albeit less effectively than PELPK and YPELPK (Figure 46). 

Docking calculations indicate that A2 and A3 have less loss of binding energy than A1 

and A6, which could indicate that the peptides bind but do not trigger the biological 

effect.   A4  and  A5  also  have  no  biological  effect,  as  predicted  by  the  docking 

calculations, which indicated that these analogs have the highest loss of binding energy.

An in vitro study of a Gly-scan of 125I-labeled Tyr-Pro-Glu-Leu-Pro-Lys revealed 

that the peptides which had residues Leu4 and Pro5 substituted with Gly were not taken 

up by Kupffer cells [93].  This finding mirrors the lack of biological effect of peptides A4 

and A5.  Gly is a poor choice for  substitution as it is not chiral and introduces greater 

flexibility into the peptide analog than does Ala.  The peptides in the aforementioned 

study also did not  have  N- and C-terminal  protecting  groups and were  therefore not 

representative of the electronic structure as in CEA because of the charged termini.

An  in  vivo study  of  albumin-conjugated  125I-labeled  Tyr-Pro-Glu-Leu-Pro-Lys 
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analogs revealed that substitution of any residue reduced the rate of clearance of the 

conjugate  from  the  circulation  of  rats  [15].   Human  colorectal  cancer  patients  with 

mutations in the Pro-Glu-Leu-Pro-Lys sequence also have reduced rates of circulatory 

clearance of CEA [16].  The results of these studies are reflected in the reduced ability of 

the Ala-scan analogs of YPELPK to stimulate IL-6 production by THP-1 cells.

4.5 Conclusion and future directions.

PELPK and YPELPK are  agonists  of  CEA.  YPELPK is  more  effective  than 

PELPK, probably because the aromatic residue participates in a variety of weakly-polar 

interactions with hnRNP M.  The molecular docking calculations of YPELPK supported 

the ELISA results; analogs of YPELPK with less than 1.0 kcal  · mol-1 loss of binding 

energy were still able to stimulate IL-6 production by THP-1 cells.  Peptides A2 and A3, 

which  have  a  loss  of  binding  energy  of  0.39  kcal  · mol-1 and  0.75  kcal  · mol-1, 

respectively, could still bind but not have the biological effect of CEA.  These peptides 

could  be  antagonists  of  CEA and  should  be  tested  in  future  studies.   Furthermore, 

YPELPK should be used as the model to design peptides or small molecules to inhibit  

colorectal cancer metastasis by acting as antagonists of CEA at hnRNP M.

CEARF alone is not suitable as a model of the binding domain of hnRNP M, 

because it is not stable in different solvents and the residues with which PELPK interacts 

in MD simulations are buried in the hydrophobic core of the protein in the full NMR 

structure.  Nevertheless, the residues of CEARF interact with YPELPK in the docking 

calculations and the subsequent MD simulations of YPELPK with hnRNP M.  Whether 

or not a compound interacts with the CEARF sequence should be used as one criterion to 
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screen future compounds which are designed to target the hnRNP M receptor.

This  study found that  synergy exists  between computational  and experimental 

methods.  The ability to predict and model the structures of complex molecules in three 

dimensions using computational methods and then verify those structures experimentally 

is advantageous because of the data which can be calculated.  The MD simulations and 

docking calculations provided information about the structures of the peptides and the 

interactions of the peptides with their receptors at a level of detail which cannot presently 

be obtained experimentally.  The CD and VCD experiments validated the computational 

data by proving that the calculated structure was indeed the real world structure.  The 

future of medicinal chemistry lies in the integration of computation and experiment into a 

seamless process.
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