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1. Introduction 

How does human life work? This question has puzzled many scientists for some time now, 

whereby it is necessary to understand the interactions and mechanisms of the molecules in a 

human in detail. Therefore, in 1938 the field of molecular biology was defined with its goal of 

investigating the inner workings of the human body at a molecular level [Weaver, 1970]. One 

major goal was to explore the interactions, structures and functions of genes, DNA and 

proteins. Following this, in 1941 the relationship between proteins and genes was 

demonstrated [Beadle & Tatum, 1941], having been assumed since as early as 1917 [Troland, 

1917]. Later, in 1944 the transforming nature of DNA was linked to genes [Avery et al., 1944] 

and it finally led to the discovery of the DNA structure in 1953 [Watson & Crick, 1953]. 

Several years later, the genetic code was solved [Khorana et al., 1965; Nirenberg et al., 1963] 

and the general rule of molecular biology was defined as “DNA makes RNA, RNA makes 

proteins, but proteins can never make DNA or RNA” [Crick, 1958]. 

These achievements set the starting point for modern biochemistry investigating the structure 

and behavior of biomolecules and since then many groups have worked on different enzymes, 

proteins, and other smaller molecules to contribute to the whole image of how life works. 

Although the main biochemical reactions are mostly known, the mechanisms of most major 

proteins and enzymes as well as the full image in its sheer complexity are still not well 

understood. It is also burdensome to observe complex protein mechanisms experimentally 

needing extensive investments in time and money. For this reason, computational methods 

have recently gained increasing interest, allowing a rapid and cheap way to investigate the 

structures and mechanisms of biomolecules. 

With this study, I want to contribute one puzzle piece to the image of human life by 
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investigating the mechanism of cell adhesion to surfaces with computational simulation 

methods. In particular, the main focus is the adhesion complex in the extracellular matrix of 

bone matrix forming cells, namely osteoblasts. 

1.1 The extracellular matrix 

The extracellular matrix (ECM) is the scaffold outside the cell membrane that gives the cells 

their mechanical support and is involved in various biological processes, such as adhesion, 

migration, survival, and signaling [Clause & Barker, 2013; Rozario & DeSimone, 2010; 

Gumbiner, 1996]. Each type of cell – for instance, bone, ligament, tendon, vessel, connective 

tissue or skin cell – has a specific composition and topology of extracellular matrix proteins 

that is unique to their type [Frantz et al., 2010]. Generally, the ECM comprises a 

macromolecular network of collagen, fibronectin, laminin, proteoglycans (PG), 

glycosaminoglycans (GAG), and other proteins [Theocharis et al., 2016]. In most cell ECMs, 

fibril forming collagen type I is the major component. These fibrils interact and connect with 

other collagen fibrils and ECM proteins like fibronectin and laminin as well as PGs to build 

well-organized three-dimensional network structures. GAGs like hyaluronan, chondriotin and 

heparin have the function of embedding this network into a hydrogel providing resistance to 

compressive stresses [Rozario & DeSimone, 2010; Bosman & Stamenkovic, 2003] and 

opening pathways through this network to allow other molecules and proteins to reach the cell 

surface [Toole, 2001; Pavasant et al., 1996]. They are linear unbranched polysaccharides of 

repeating disaccharide monomers consisting of hexosamine and uronic acid. The unique 

GAGs are defined by their abundance of carboxyl, hydroxyl and sulfate functional groups and 

express a large negative electrostatic charge that attracts sodium cations. This leads to high 

local salt concentrations, which cause osmotic pressure and draw in water molecules, 

resulting in a swelling of these local regions and the opening of pathways [Rozario & 
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DeSimone, 2010]. In order to transport signals and generally information to and from the cell 

through the cell membrane, the ECM network interacts with various surface receptors 

embedded in the cell membrane, such as integrins [Harburger & Calderwood, 2009; 

Humphries et al., 2006], cadherins [Gumbiner, 2005], selectins [McEver, 2015; Crockett-

Torabi, 1998], syndecans [Xian et al., 2010], cell surface PGs [Neill et al., 2015], discoidin 

domain receptors (DDR) [Leitinger & Hohenester, 2007; Leitinger, 2014] and hyaluronan 

CD44 receptors [Turley et al., 2002; Misra et al., 2015]. 

1.2 Extracellular matrix components 

Collagen 

With up to 30% of the total protein count, collagen is the most abundant protein in the human 

body [Blum, 2011]. It provides tensile strength, regulates cell adhesion, and is important for 

migration and tissue development [Kadler, 2017; Kadler et al., 2008, Myllyharju & Kivirikko, 

2004; Myllyharju & Kivirikko, 2001]. Usually multiple different collagens – with one 

predominant collagen species – are present in certain tissue types, although the distribution 

and density may also vary with the direction and strength of forces applied on the tissue 

[Rozario & DeSimone, 2010]. Interstitial collagen is transcribed and secreted by firoblasts 

cells, whereby if tension is exerted on the matrix the collagen structure properties 

dramatically change by reorganizing the collagens into sheet or fibril structures [De Wever et 

al., 2008]. Each collagen contains three α chains, which form a triple-helical structure in at 

least one region [Ramachandran & Kartha, 1954; Rich & Crick, 1961]. These triple-helical 

domains form due to a repeating triplet structure in each chain, which contains glycine as 

every third residue, gly-X-Y. The X and Y position is often allocated by proline with a 

frequent occurrence of hydroxyproline in Y position, which increases the stability of the triple 
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helix [Vitagliano et al., 2001]. The triple-helical structure is further stabilized by interchain 

hydrogenbonds and electrostatic interactions [Persikov et al., 2005]. 

The collagen family in a human has 28 members, which can be categorized into fibrillar and 

non-fibrillar types (Table 1-1) [Gordon & Hahn, 2010]. The major non-fibrillar collagen is the 

network-forming collagen type IV [Abreu-Velez & Howard, 2012], primarily found in the 

extracellular basement. The most abundant fibrillar collagens are type I, II and III, which form 

collagen fibrils with an axial periodicity of 67 nm [An et al., 2016]. The type I collagen is a 

heterotrimer comprising two α1(I) and one α2(I) and it makes up 60-90% of the organic mass 

in bones and cartilage [van der Mark, 2006]. Although 96% of collagens have a triple-helical 

structure [Blum, 2011], at the C- and N-termini of each strand a flexible telopeptide domain is 

bound. These telopeptides are important for the formation and structure of the collagen type I 

fibrils [Kadler et al., 1996]. Type II and III collagens are similar to the α1(I) chain of collagen 

type I, although they form homotrimers (Table 1-1) [An et al., 2016]. 

Table 1-1. The most abundant fibrillar and network forming collagen types with their 

distribution in the human body [Shoulders & Raines, 2009; Blum, 2011]. 

Type Class Distribution 

I Fibrillar Bone, dermis, tendon, ligament 

II Fibrillar Cartilage, vitreous 

III Fibrillar Skin, blood, vessels, intestine 

IV Network Basement membrane 

V Fibrillar Bone, dermis, cornea, placenta 

VI Network Bone, dermis, cornea, cartilage 

Besides various interactions with posttranslational enzymes like prolyl and lysyl hydroxylases 

[Kagan, 2000], chaperone Hsp47 [Ishida & Nagata, 2011; Leikina et al., 2002] and lysyl 
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oxidase [Siegel, 1974], collagen interacts with various matrix proteins, enzymes, GAGs and 

PGs [An et al., 2016; Di Lullo et al., 2002]. It also binds and activates receptors like integrins 

and discoidin domain receptors [Leitinger & Hohenester, 2007]. Most interactions are 

restricted to specific folding or posttranslational states of collagen, which can change the 

properties of the collagen scaffold to adjust the function [An et al., 2016]. For instance, the 

interaction with fibronectin and integrins promotes the formation of collagen fibrils 

[Johannson & Höök, 1980; Velling et al., 2002; Kadler & Hill, 2008]. Especially fibronectin 

binds tighter to denatured rather than native collagen [Ingham et al., 1988; Engvall et al., 

1978]. 

Type I Type II Type III 

 

 

 

Figure 1-1. Each of the fibronectin structure motifs type I-III comprises 40-90 amino acids 

and has a distinct β-sheet barrel conformation. The type I module has five stacked β-sheets 

with an enclosed, highly-conserved region containing two disulfide bonds [Potts et al., 1999; 

Baron et al., 1990]. In type II modules, x-like oriented sheets are linked by two disulfide 

bonds [Constantine et al., 1992; Pickford et al., 1997]. By contrast, the type III modules have 

seven antiparallel sheets without disulfide bridges [Dickinson et al., 1994; Main et al., 1992]. 

The secondary structure elements are indicated as yellow sheet, purple helix, cyan turn and 

white random coil, and disulfide bonds are red. 

The three-dimensional structure of collagen type I is mostly known. The triple-helix domain 
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is relatively stiff but not completely rigid [Walker et al., 2017; Lovelady et al., 2014; 

Shayegan & Forde, 2013; Gautieri et al., 2012], giving the collagen a rod-like shape of around 

300 nm length [Boedtker & Doty, 1956]. Due to the systematic nature of this domain (the gly-

x-y triplets), tools have been developed that accurately predict the tertiary structure of 

different collagen α chain compositions [Rainey & Goh, 2004]. For the N-telopeptides, there 

is a consensus in the literature based on molecular dynamics simulations and experiments that 

the two α1(I) chains form a hairpin motif with a β-turn at the DEKS amino acid sequence 

[Malone et al., 2004; Friedrichs et al., 2011; Wodtke et al., 2015]. By contrast, the secondary 

structure of the C-telopeptides is still subject to discussion. They can either have an extended 

conformation [Otter et al., 1988] or form similar to the N-telopeptides a loop with a β-turn at 

the PQPP amino acid sequence [Orgel et al., 2000; Friedrichs et al., 2011]. 

  

Figure 1-2. Schematic of the fibronectin tertiary structure [Mao & Schwarzbauer, 2005]. The 

fibronectin binding (red) and integrin-binding (blue) modules are colored. Circles, diamonds 

and ellipses correspond with type I, II and III modules, respectively. 

Fibronectin 

The glycoprotein fibronectin is a homodimer in the extracellular matrix of various cell types. 

Its two monomers are around 250 kDa in size and intermolecularly connected by disulfide 
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bonds at the C-termini. The monomers are modular build by 31 units of three different 

repeating types I, II and III of distinct structure (Figure 1-1) [Hynes, 2012]. Additionally, the 

subunits provide various interaction sites for fibrin, collagen, heparin, integrin, and self-

interactions. There are multiple variants of fibronectin resulting from different splicing of the 

same single gene fn1 [Pankov & Yamada, 2002; Astrof et al., 2007]. Therefore, there is a 

heterogeneous population of cell type-specific fibronectin species. 

The fibronectin molecule provides binding domains for the ECM molecules collagen, fibrin 

and heparin, as well as to the cell membrane receptor integrin [Hynes, 2002]. The binding to 

integrin is specific with the RGD sequence in the III10 module [Pierschbacher & Ruoslahti, 

1984]. Fibronectin also binds to other surface receptors, the syndecans [Couchman, 2010]. 

Table 1-2. Overview of the fibronectin modules, functions and resolved sequences. 

Amino acids Module Function Reference 

32-47 random coil - - 

48-140 I1,2 fibrin and fibronectin binding Potts et al., 1999 

93-182 I2,3 fibrin and fibronectin binding Rudino-Pinera et al., 2007 

183-275 I4,5 fibrin and fibronectin binding Willams et al., 1994 

276-296 random coil - - 

297-604 I6-9; II1,2 collagen binding Graille et al., 2010 

516-608 I8,9 collagen binding Erat et al., 2009 

609-809 III1,2 fibronectin binding Vakonakis et al., 2007 

810-1172 III3-6 - - 

1173-1540 III7-10 cell binding/ integrin binding Leahy et al., 1996 

1541-1630 III11 - - 
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1631-1724 III12 fibronectin binding Niimi et al., 2001 

1721-1991 III13-15 heparin and fibronectin binding Sharma et al., 1999 

1991-2239 III16; I10 fibrin binding - 

2239-2299 I11 fibrin binding Sano et al., unpublished 

2300-2386 I12 fibrin binding and intermolecular 

disulfide bonds 

- 

The GAG side chains of the syndecans thereby interact with the C-terminal heparin-binding 

domain III13-15 [Saunders & Bernfield, 1988; Woods & Couchman, 2000]. This enhances the 

intracellular signaling and integrin-mediated cell spreading, suggesting that syndecans act as 

coreceptors to the fibronectin-cell adhesion signaling [Morgan & Humphries, 2007; Woods & 

Couchman, 1998]. The interaction between fibronectin and fibrin is presumably important for 

the cell migration and adhesion into fibrin clots [Pankov & Yamada, 2002], while the 

interaction with collagen provides structural stability and a link to transmit adhesion forces 

from collagen to the cell receptor integrin [Geiger et al., 2001]. Additionally, fibronectin is 

important for the collagen fibril formation [Kadler & Hill, 2008]. 

Several structures of fibronectin fragments are published, although the tertiary structure, as 

well as the secondary structures of several domains is missing (Table 1-2). The inactive 

fibronectin has a compact conformation, which has been suggested to be rolled up like a 

double snail, exposing the three fibronectin binding modules III12-14 and the integrin 

attachment module III10 (Figure 1-2) [Mao & Schwarzbauer, 2005]. This conformation 

explains the fibronectin self-interaction between the modules III2-3 and III12-14 [Hynes, 1999; 

Johnson et al., 1999]. In this model, the integrin-binding module is directed towards the 

membrane, while the interconnecting side that connects the two fibronectin monomers to the 

homodimer points away from the cell membrane. With the binding of integrin to fibronectin, 
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the tertiary conformation drastically changes. The protein unrolls to an extended conformation 

[Baneyx et al., 2001; Baneyx et al., 2002] and exposes all fibronectin binding sides enabling 

the fibril assembly [Zhong et al., 1998; Williams et al., 1982]. This fibrillar state is the active 

form of fibronectin [Theocharis et al., 2016] and is promoted through integrin α5β1 and αVβ3 

clustering resulting from cell contraction [Leiss et al., 2008; Mao & Schwarzbauer, 2005]. 

The fibrils range in diameter between 10 nm and several µm and have a length of over 10 µm 

[Davidson et al., 2004; Larsen et al., 2006]. Because one extended fibronectin molecule has a 

diameter of around 3 nm [Leahy et al., 1996], the fibrils contain from three to over one 

hundred fibronectin molecules 

 

Figure 1-3. The crowded membrane in the modified mosaic structure model [Engelman, 

2005]. 
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Membrane 

The cell membrane has a phospholipid double layer structure of 7 to 9 nm thickness 

separating the cell inside from the environment [Danielli & Davson, 1935]. The hydrophilic 

head groups of the phospholipids are directed towards the water, while the nonpolar fatty acid 

chains are in contact between the two layers, maximizing the hydrophobic interactions. 

Membranes are diverse in their composition and types of contained lipids defining specific 

properties for the different cell membranes and tissues [Hayarama & Riezman, 2018; Antonny 

et al., 2015; Grösch et al., 2012]. The major lipids in the human membrane are cholesterol, 

phosphatidylcholin, phosphatidylethanolamine and sphingomyelin [Alberts et al., 2002]. 

Additionally, numerous proteins are interacting with the membrane, fulfilling various 

functions in signaling and transport [Cournia et al., 2015]. They are distinguished into integral 

and peripheral proteins [Goni, 2014], with the majority being integral proteins embedded in 

the cell membrane [Singer & Nicolson, 1972]. Peripheral proteins are weakly associated with 

the membrane with mainly electrostatic interactions and they may not be permanently 

anchored depending on the specific protein [Goni, 2002; Nicolson, 1976]. 

The membrane is laterally heterogeneous, separating it in domains of 0.1 to 1 µm size, which 

contain different proteins and lipids, and provide characteristic functions [Husen et al., 2012; 

Serna et al., 2004]. The accepted model for the membrane assumes a fluid mosaic structure of 

alternating phospholipid bilayer segments and globular proteins [Singer & Nicolson, 1972]. 

Here, the lipids and proteins are in constant motion and can rotate, translate, or switch from 

one lipid layer to the other [Goni, 2014; Contreras et al., 2010]. Moreover, the membrane is 

crowded with proteins, leaving hardly any lipids untouched (Figure 1-3) [Engelman, 2005]. 

The lipid bilayer is asymmetric due to the local geometry and mechanical properties of 

proteins and lipids, leading to a curvature of the membrane [Sezgin et al., 2017; Simunovic et 
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al., 2013; Shnyrova et al., 2013; Zimmerberg & McLaughin, 2004]. This curvature on a larger 

scale is important for movement, division and growth [Diz-Munoz et al., 2013; McMahon & 

Gallop, 2005]. 

Water 

Water is the essence of life. It is the central solvent in biochemistry as well as an important 

molecule for several biochemical reactions [Ball, 2008; Chaplin, 2006; Tait & Franks, 1971]. 

This is why extra precaution is necessary with the parameterization of water, especially 

because water has many properties that are considered anomalies and the accuracy of the 

simulation observables critically relies on the correct description. A few examples are that 

water has its maximum density at 4°C, or the very high boiling point and dielectric constant 

for its chemically simple structure. Most of these anomalies can be explained by the ability of 

water to form hydrogen bonding networks, which differentiates water from most liquids 

[Ohmine & Tanaka, 1993]. Accordingly, it is unsurprising that water is notoriously difficult to 

parameterize and that several different models have been published. These models are 

categorized with respect to the treatment of water molecules and the water-water interaction. 

The rigid water models constrain all intermolecular degrees of freedom, while flexible models 

use harmonic potentials for the bonds and angles. In the polarizable models, the polarizability 

is treated explicitly, while the non-polarizable models have the polarization integrated into the 

pairwise interactions. The most commonly-used water models are the non-polarizeable TIPnP 

and SPC families [Ouyang & Bettens, 2015]. Starting from the transferable intermolecular 

potential functions (TIPS) model [Jorgensen, 1981], the refined TIP3P [Jorgensen et al., 

1983], TIP4P [Jorgensen & Madura, 1985] and TIP5P [Mahoney, 2000] models were 

developed, representing the TIPnP family. Thereby, the nP refers to the number of point 
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charges in the model. The simplest case is the definition of three point charges for the three 

atoms that water has and defines the TIP3P model. The TIP4P model introduced an additional 

M-site charge located between the oxygen and the mass center of the two hydrogen atoms 

with the intention to reduce the unnaturally high dipole moment of the TIP3P model. In a 

further step, the M-site charge was replaced by two charge points mimicking the two electron 

lone pairs of the oxygen in the TIP5P model. The single point charge (SPC) model [Berendsen 

et al., 1981] has similar to the TIP3P model three point charges located on the three atomic 

sites. The major difference compared with TIP3P is the use of simple values of 0.1 nm and 

109.5° for the O-H bond length and the angle, respectively. Further improvements led to the 

SPC/E model [Berendsen et al., 1987] by accounting for the polarization self-energies. 

 

Figure 1-4. The integrin domains and modules. The secondary structure elements are colored 

with yellow β-sheets, purple α-helix, blue 3-10-helix, cyan β-turn, and white random coil. 
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Generally, it is necessary to find a good compromise between the accuracy of the model and 

the efficiency in the computational resources used. Since large amounts of water are typically 

present for the solvation of biochemical systems like proteins, the TIP3P and SPC water 

models are primarily used for their fast energy evaluation [Onufriev & Izadi, 2018; Spoel et 

al., 1998]. 

Table 1-3. The most common collagen and fibronectin binding integrins [Takada et al., 2007]. 

Integrin Ligands 

α1β1 Laminin, collagen 

α2β1 Laminin, collagen, cadherin 

α5β1 Fibronectin, fibrilllin 

α10β1 Collagen 

αIIbβ3 Fibronectin, fibrinogen 

αVβ3 Fibronectin, fibrinogen, fibrillin 

Integrin 

The membrane protein integrin is involved in the bidirectional transport of adhesion signals 

through the cell membrane. Together with other components in the extracellular matrix, it is 

therefore important for cell growth, movement and shape [Hynes, 2002]. The extended 

integrin is around 28 nm long and a heterodimer, containing a α and β subunit of 150 to 180 

and 90 kDa size, respectively [Xiong et al., 2001]. There are 24 identified integrins in 

mammals that result from different pairings between the known 18 α and 8 β subunits (Table 

1-3) [Arnaout et al., 2005]. 
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Figure 1-5. The postulated activation mechanisms of integrin for outside-in and inside-out 

signaling. The colors correspond to the integrin extracellular domain red, transmembrane 

domain green and cyoplastic tails black. The orange circles are single talin proteins. 

All integrins can be described with three main regions. In the extracellular matrix, the head 

domain is located, which contains the metal ion-dependent adhesion side and is connected to 

two legs. These legs extend into the transmembrane domain in the cell membrane and end in 

the cytoplastic domain inside the cell (Figure 1-4) [Hynes, 2002]. In its inactive state, integrin 

is bent with the head domain folded onto the two cα and four EGF domains [Zhang & Chen, 

2012]. In this state, the protein binding site in the βA domain is inaccessible for larger 

proteins [Coller, 1986; Beer et al., 1992]. Upon activation by ligand binding or external forces 

transmitted from the extracellular matrix [Plow et al., 2000], integrin undergoes 
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conformational changes revealing this binding site. Subsequently, most integrins bind to the 

RGD motif of extracellular matrix proteins, which is also promoted by specific sequences 

near this motif [Mould et al., 1997; Garcia et al., 2002]. This binding connects the 

extracellular matrix with the interior of the cell [Zamir & Geiger, 2001; Calderwood et al., 

2000; Calderwood et al., 2002]. Inside the cell, talin binds to the cyoplastic tails of most 

integrins and links it to the actin filament [Ulmer et al., 2003]. Often the signaling is 

accompanied with an increase in the local integrin count and receptor clusters are formed 

[Hato et al., 1998]. 

Although the function of integrin transporting adhesion information is clear, the exact 

mechanism for the integrin activation remains unknown. As the integrin function is 

bidirectional, the mechanisms are separated into outside-in and inside-out signaling [Mehrbod 

et al., 2013]. Generally, there are two models proposed for integrin activation: the switchblade 

and deadbolt model. They result in four different pathways for outside-in and inside-out 

signaling (Figure 1-5). 

1. The deadbolt model assumes that the activation of integrin leads only to small atomic 

displacements, which increase the accessibility of the binding site or the binding affinity 

of talin to the cytoplastic tail for the outside-in and inside-out signaling, respectively 

[Ulmer, 2010; Xiong et al., 2001; Xiong et al., 2002; Arnaout et al., 2005; Xiong et al., 

2003; Xiong et al., 2009]. 

2. In the switchblade model, integrin undergoes a hinge-like motion by separating the hybrid 

domain from the EGF domains [Beglova et al., 2002; Wang et al., 2017]. For the outside-

in signaling, prior activation is needed. Manganese ions bind to the metal-dependent 

adhesion site located in proximity to the protein binding site [Zhang & Chen, 2012]. This 
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makes the protein binding site accessible for larger proteins (Figure 1-5, model 2). The 

inside-out activation assumes that talin binds to one or both cytoplastic tails and minorly 

changes their interaction [Shimaoka et al., 2002; Wegener et al., 2007]. This leads to a 

rearrangement of atomic groups in the transmembrane and extracellular domains, which 

initiates the switchblade motion (Figure 1-5, model 4). 

3. The third pathway presumes the switchblade motion as a first step. In a second step, talin 

binds to the β-cytoplastic tail and connects it to the actin filament, which is in constant 

motion inside the cell [Hu et al., 2007]. Therefore, integrin is pulled through the 

membrane and it is highly likely that the α-transmembrane domain becomes stuck inside 

the crowded membrane. In the case of this event, the α and β transmembrane domains are 

separated (Figure 1-5, model 3 and 6) [Kim et al., 2003; Zhu et al., 2013; Shattil et al., 

2010; Vinogradova et al., 2002]. 

4. The inside-out activation can also work vice versa to 3. Therefore, in the first step, the 

transmembrane domains are separated by binding of talin to the β-cytoplastic tail, which 

initiates the switchblade motion in a second step (Figure 1-5, model 5) [Takagi et al., 

2002]. 

Despite the large size of integrins, there are crystal structures available in the literature. For 

integrin αVβ3 [Xiong et al., 2001; Xiong et al., 2002; Xiong et al., 2009] and αIIbβ3 [Zhu et 

al., 2008], the whole extracellular domain and for α5β1 [Nagae et al., 2012] the headpiece is 

resolved. The transmembrane domain is only available for αIIbβ3 [Lau et al., 2008], although 

fortunately the domain is not so diverse between integrins and always has an α-helical 

structure (Figure 1-4), which allows the structural approximation with – for instance – 

homology modeling [Waterhouse et al., 2018]. The cytoplastic domain mostly has a random 

coil conformation [Vinogradova et al., 2002]. 
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1.3 Methods 

Molecular dynamics simulations 

In molecular dynamics simulations, the system of interest is simulated with a force field 

applied to the atoms of this system. This force field comprises different energy contributions 

that can be categorized in internal and external energies. The internal energies are the bond, 

angle and torsion energies that arise from binding atoms together to form molecules. External 

forces account for the electrostatic and van-der-Waals interaction energies between atoms that 

do not necessarily need to be bound. The external interactions between connected atoms are 

mostly only allowed if three or more bonds separate these atoms. The kinetic energy of 

dynamic systems is considered by assigning a velocity to each atom. The sum of all atom 

velocities makes up the temperature of the simulation cell. 

In the time evolution of the simulation, the equation of motion is integrated in a given time 

interval, called the time step. While the atoms move, they attract and repulse each other, 

resulting in a chaotic system that is very sensitive to the starting conditions and external 

influences like electric fields, thermostats, barostats, and forces. In order to assure a good 

starting situation, an energy minimization is performed before a molecular dynamics 

simulation starts. Optimally, every high potential energy contribution is diminished from long 

or short bonds or more generally unequilibrated states. This is continued with an equilibration 

in the canonical (NVT) and isothermal-isobaric (NPT) ensemble to equilibrate the 

temperature and pressure in the simulation cell. Thermostats are used to regulate the kinetic 

energy periodically in the cell to guarantee a constant temperature. The easiest thermostat is 

the velocity rescaling thermostat. Here, all velocities are simply scaled by a factor so that the 

resulting sum matches the set temperature. The problem is that the fluctuations in temperature 
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that are present in a canonical ensemble are not allowed. A simple fix is to adjust the 

velocities not instantaneously to the set temperature, but rather by a smaller factor defined by 

the difference in the actual and set temperature, which is defined as the Berendsen thermostat 

[Berendsen et al., 1984]. It is more accurate to integrate the fluctuations into the dynamics. 

Here, a stochastically collision term is implemented in the Andersen thermostat [Andersen, 

1980]. At a certain rate, the momentum of a random group of particles is set to new velocities 

defined by a gaussian distribution, although keeping the average at the set simulation 

temperature. The Langevin thermostat tackles this problem by applying a random force and 

friction to each particle in the simulation cell [Grest & Kremer, 1986]. All previous 

thermostats do not conserve the energy of the system. In cases where this aspect is important, 

the Nose-Hoover thermostat may be used [Nose, 1984; Hoover, 1985]. Here, an additional 

degree of freedom is introduced to the system that represents a frictional factor controlling the 

particle velocities. The pressure adjustment is handled by barostats, where approaches similar 

to the thermostat methods are used. The Berendsen barostat scales the three simulation cell 

lengths in a similar manner as the Berendsen thermostat, while the Parinello-Rhaman barostat 

introduced three degrees of freedom for the three cell vectors implementing the same idea as 

the Nose-Hoover thermostat. 

By definition, a simulation cell has a finite number of atoms. If no specific conditions are 

applied, this means that the solvent and all other contained molecules are exposed to a 

surrounding vacuum. Especially the vacuum solvent interface is physically questionable and 

leads to strong artifacts in the simulation. In order to circumvent this, periodic boundary 

conditions are applied. This means that a given border – commonly in a cubic form – is 

defined and all atoms contained in the simulation cell are restricted to only the volume space 

of this cube. Particles leaving one border of the cube are simply re-entered at the opposing site 
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and the interactions between the particles are also considered between opposing border atoms. 

Accordingly, an infinite solvent is simulated and the atoms are not exposed to artificial 

vacuum. In order to save calculation time, not all atom-atom interactions are evaluated during 

each time step of the simulation. The calculated interactions are restricted to the interaction 

pairs within a defined cut-off of usually 1-1.6 nm size. 

Coarse-grained simulations 

In recent years, biochemists have developed a growing interest and need for large-scale 

molecular dynamics simulations with several million atoms spanning several 100 μs of real 

time [Bock et al., 2018; Sun et al., 2018; Perilla et al., 2015; Zhao et al., 2013; Schaeffer et 

al., 2008; Kubelka et al., 2004]. These large-scale simulations cannot be conducted 

reasonably nowadays with computational resources using atomistic force fields, let alone 

quantum mechanics. For ever-growing system sizes, new approaches based on atomistic force 

fields need to be developed. The required computational resources for a simulation are mainly 

coupled to two aspects: the largest bond oscillation frequency and the total number of atoms 

in the system. The time between two simulation steps – the time step of the simulation – is 

limited by the oscillation frequencies. Usually, the time step is set as high as possible to 

optimize the scanned total simulation time. If the time step is chosen too high, then the kinetic 

energy of the oscillator is exponentially amplified, resulting in an explosion of the simulation 

cell. The limiting highest oscillation frequencies have bonds with atoms of low atomic mass, 

meaning that the main concern is hydrogen atoms. These limit the time step to 1 fs. By 

restraining these bonds by fixating the bond distance, the time step can be increased to 2 fs, 

effectively doubling the simulation speed. More recent methods use mass redistribution on 

groups containing hydrogen to set the hydrogen mass to 4 u [Feenstra et al., 1999; Hopkins et 
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al., 2015]. This allows time steps up to 7 fs with only minor inaccuracies in the physical 

variables of the system. In order to further increase the time step, the masses of atoms have to 

be increased, further reducing the oscillation frequencies. Coarse-grained force fields are the 

most common approach to achieve this [Barnoud & Monticelli, 2015, Marrink et al., 2007]. 

Here, groups of atoms are united to larger particles of higher masses. Between these particles, 

bonds, angles, torsions, van-der-Waals and electrostatic interactions are defined similar to the 

atomistic force field. With this unification, the time step can be increased up to 20 fs and the 

total atom count is drastically reduced, leading to a speed up factor of around 200. This makes 

the usage of coarse-grained force fields for large system sizes very attractive as it means that 

the simulation only takes 2-4 days instead of a year. However, naturally this speeding up 

comes at the cost of accuracy in the simulation observables. With the unification of atom 

groups to particles, information is lost that can be crucial for determining correct physical 

properties. Therefore, strong effort is devoted to developing accurate parameterization 

methods for the internal and external parameters of coarse-grained force fields. 

Protein folding with replica exchange molecular dynamics 

Several experimental methods exist to investigate the structure and conformation of proteins. 

The most important are NMR and X-Ray, with a resolution in atomistic detail. For larger 

proteins, often the whole structure cannot be obtained, but rather small fragments of interest. 

With several existing experimental studies, a large portion of the protein tertiary structure is 

often known. The remaining parts then hold less interest and are not studied experimentally or 

are unobtainable, due to – for instance – the intrinsically undefined structure [Wight & Dyson, 

2014; Dyson & Wright, 2005]. For these cases, theoretical methods can predict the remaining 

unknown regions. Theoretically, a single molecular dynamics simulation is able to accurately 

predict these structures, although it is very slow in doing so. Better methods focus on a more 
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efficient sampling of the energy landscape. The main approach is replica exchange molecular 

dynamics (REMD) [Sugita & Okamoto, 1999]. Here, several molecular dynamics simulations 

at different temperatures called replicas are performed and the structures between these 

replicas are exchanged periodically with a certain probability p given by the Metropolis 

sampling criterion (MSC) [Sugita & Okamoto, 1999; Metropolis et al., 1953]: 

 
            

     
          

   (1) 

In this equation 1, EA and EB define the potential energies for replica A and B, kB the 

Boltzmann constant, and TA and TB the respective temperatures of the replicas. 

The idea is that with increasing temperature, energy barriers are easier to overcome. This 

means that at high temperature replicas a vast majority of the energy landscape is sampled. 

With the allowance of an exchange between replicas, these structures are able to diffuse to the 

replica with the temperature of interest and therefore sample the energy surface of interest 

more efficiently. The disadvantage of this method is that the temperature difference between 

neighboring replicas cannot be freely chosen. The difference in temperature must be chosen in 

such a way that the exchange probability between two replicas is around 20%. This can lead 

to a large number of replicas needed. Furthermore, an excessive exchange probability means 

that the exchange is random and not led by the potential energy of the protein of interest. This 

does not result in an incorrect Boltzmann distribution, but significantly increases the 

simulation time needed and strongly reduces the efficiency of the algorithm. The same is true 

for an insufficient probability, as here no exchange happens and therefore the efficiency is not 

better than with a single molecular dynamics simulation. In order to increase the simulation 

speed, modifications to the REMD algorithm have been developed with replica exchange with 

solute tempering (REST), Hamiltonian REMD (HREMD) and temperature intervals with 
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global exchange of replicas (TIGER2) being the most prominent. All of these methods aim to 

reduce the number of replicas needed for the simulation to have a lower computational cost. 

In REST, a group of interest is defined and only this group is heated up in temperature over 

the replicas [Liu et al., 2005; Wang et al., 2011]. HREMD does not scale the temperature, but 

the Hamiltonian by typically reducing the force constants of torsion angles over the replicas 

[Meli & Colombo, 2013; Rick, 2007; Fukunishi et al., 2002]. In TIGER2, the replicas are 

cooled down to the temperature of interest before each exchange and are heated up according 

to their respective replica temperature after each exchange [Li et al., 2009]. This means that 

the replica number can be freely chosen in this algorithm, as exchanges are performed on the 

same temperature of interest. The successor TIGER2A introduces an averaging phase between 

the sampling and exchange step, where the averaged potential energy of the explicit solvent is 

determined [Li et al., 2015]. This results in an increased accuracy of the resulting Boltzmann 

ensemble. 
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2. Motive and thesis goal 

Despite our advances in medicine, there remain many diseases without a cure or effective 

therapy that are related to the extracellular matrix of cells [Sonbol, 2018; Bruckner-Tuderman 

& Bruckner, 1998]. This is also worsened by the fact that almost every disease is 

mechanically related to the extracellular matrix [Iozzo & Gubbiotti, 2018]. This includes 

cancer, osteoarthritis, fibrosis [Bonnans, 2014], chronic obstructive pulmonary disease [Bihlet 

et al., 2017], Alzheimer’s disease [Dauth et al., 2016], skin diseases [Watson et al., 1992; 

Vahidnezhad et al., 2017], congenital muscular dystrophy [Hall et al., 2007] and 

atherosclerosis [Nakashima et al., 2007], to name a few. Therefore, it is unsurprising that the 

ECM is a lucrative target for research to understand the fundamental mechanisms and develop 

new therapies. 

A second field of interest is biosurfaces used for implants [Balani et al., 2015]. Here, the 

carrier material is often titanium and it is coated with different biocompatible substances that 

must have certain physical and biological properties like biocompatible, elasticity, and 

mechanical stability. As implants are in direct contact with the extracellular matrix, 

understanding the adhesion mechanisms is important for biosurface design. 

In this thesis, I will work towards a model for the extracellular matrix of osteoblasts that 

includes the structural scaffolding proteins and adhesion signaling receptors. This model 

system can then be used for both mentioned fields of interest. The cell receptors allow the 

study of adhesion to implant biosurfaces and the structural proteins enable studies of diseases 

related to the structural integrity of the bone ECM. The model provides a relatively cheap 

environment to test the influence of drugs, substrates, inhibitors, and forces and to analyze the 

underlying mechanisms. 
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2.1 An extracellular matrix model 

The model needs to have as few components as possible while still allowing the relatively 

accurate description of the adhesion forces and structural properties. The starting point is the 

decision of the included receptor(s) as this defines the possible interaction partners in the 

further extracellular adhesion complex. There are several possibilities with integrins, 

cadherins, selectins, syndecans, cell surface PGs, DDR and hyaluronan CD44. With the 

restriction that the receptor should be known to transmit adhesion signals, this selection is 

reduced to integrins, cadherins, selectins and syndecans, from which the choice for this model 

is integrin for three reasons: 

1. Integrins are the most prominent force and adhesion signal transmitter in the cell 

membrane and they directly interact with extracellular proteins [Arnout et al., 2015]. 

2. Cadherins are important for cell-cell interactions and cell recognition [Gumbiner, 2005]. 

Therefore, both the cell surface and the interacting surface need matching receptors, 

which is unlikely for common biomaterials. 

3. Syndecans and selectins are an adhesion coreceptor together with integrins [Morgan et al., 

2007; McEver, 2015]. They presumable do not transmit adhesion signals on their own, 

while integrin is capable of transmitting signals without co-interaction. They are therefore 

excluded in this model. 

The main integrins expressed in osteoblasts are α2β1, α5β1 and αVβ3 [Horton & Helfrich, 

2013]. A complete characterized structure of the extracellular domain is crucial for the 

modeling of integrin, as the prediction of this complex structure is not possible with currently-

developed methods and available computational resources. Since αVβ3 is the only integrin of 

these three with an available X-ray structure of the extracellular domain, it was chosen as the 
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integrin for this model. This integrin has many interaction partners with a brief selection 

shown in Table 1-3 and the main interaction partner in the bone extracellular matrix is 

fibronectin. 

 

Figure 2-1. Schemata of the adhesion complex in the extracellular matrix containing 

collagen, fibronectin and integrin. Inside the cell, talin binds to the cytoplastic tails of integrin 

and forms a supercomplex with other intracellular proteins, which ultimately binds to the 

actin cytoskeleton [Calderwood et al., 2000]. 

Unfortunately, the secondary structure of the whole fibronectin sequence is not available 

(Table 1-2). Nonetheless, due to the systematic structure of fibronectin in chained up modules 

of types I to III (Figure 1-1) in between amino acids 32 to 2300, the missing sequences can be 

predicted by simply aligning them to known secondary structures of these types with 

homology modeling. For the C-terminal region of amino acids 2300 to 2386, this is not 

possible as it has no defined module type. Therefore, a computational resource costly replica 

exchange molecular dynamics simulation must be performed for this domain. Furthermore, I 

do not consider different gene splicing for a modified fibronectin in this model and the 
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defined fibronectin sequence in UniProt is used (P02751) [The UniProt Consortium, 2015]. 

Additionally to the integrin and self-interaction binding sites, this fibronectin species has a 

collagen binding site (Table 1-2). 

The predominant collagen in bone is type I collagen [Kadler, 2017]. Collagen fibrils are too 

large for atomistic molecular dynamics simulations and therefore only a single collagen 

molecule is used. This does not influence the collagen-fibronectin interaction as they only 

interact with single collagens in vitro [Erat et al., 2013] and presumably in the cell its fibrillar 

structure is partly unfolded to expose the binding site to fibronectin. The collagen triple-

helical structure can be easily built from scratch [Rainey & Goh, 2004] and only the N- and 

C-terminal telopeptides need a conformational investigation with REMD. 

The final model includes the adhesion signal transmitter integrin αVβ3 and the two structural 

proteins fibronectin and collagen type I (Figure 2-1). For simplicity, the membrane is only 

represented by one major lipid component, which is phsophatidylcholine [Alberts et al., 2002] 

and water by the TIP3P model. 

Based on this adhesion complex model, the following goals are defined for this thesis: 

1. Building up the whole integrin structure embedded inside a phsophatidylcholine 

membrane and studies to the activation mechanism of integrin to find the activated 

conformation. 

2. Secondary structure prediction of the missing fibronectin sequences and investigations to 

the tertiary structure. 

3. Replica exchange molecular dynamics simulations for the N- and C-telopeptides of 

collagen type I. 
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4. Developing a more efficient replica exchange algorithm to allow the folding of larger 

sequences. 

5. Because the expected system size of this atomistic model exceeds the capability of 

manageable required computational resources, the system must possibly be coarse-grained 

to allow faster simulation times. 

3. Conclusion 

3.1 TIGER2hs, a more efficient new replica exchange algorithm 

The standard temperature replica exchange algorithm (REMD) is only efficiently applicable 

for proteins with fewer than 25 amino acids. For larger proteins, the replicas and sampling 

time needed to reach the Boltzmann ensemble both increase exponentially and this makes the 

method unusable for the currently available computational power. Additionally, the choice of 

the solvent model strongly influences the resulting Boltzmann ensemble. Accordingly, the use 

of implicit solvent for the sampling phase is discouraged, because the dynamically implicit 

solvent application overestimates folded conformations and leads to incorrect Boltzmann 

ensembles [Kulke et al., 2018]. 
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Figure 3-1. TIGER2A averaging times for different protein sizes. The x-axis shows the length 

of the averaging time window, while the y-axis represents the standard deviation between 

averages of the respective window length. The three horizontal lines indicate the fluctuations 

of the potential energies for the proteins and the respective averaging times should be lower, 

resulting in a minimum averaging time of 88, 184, and 246 ps for (AAQAA)3, HP7 and the N-

telopeptides, respectively. 

From the available alternative algorithms that boost the sampling efficiency and reduce the 

replica number, only the TIGER2A algorithm that uses explicit solvent describes the 

Boltzmann ensemble with good accuracy [Kulke et al., 2018; Geist et al., 2019]. 

Unfortunately, the length of the averaging phase introduced depends on the degrees of 

freedom of the explicit solvent and the number of water molecules needed depends on the size 

of the amino acid sequence (Figure 3-1) [Kulke et al., 2018]. Sampling times for replica 

exchange simulations usually range from 0.1 to 50 ps and with averaging times of over 100 ps 

the sampling becomes enormously inefficient. This means that for proteins with more than 
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around 30 amino acids the algorithm is no longer applicable and an alternative is needed. 

Table 3-1. Comparison of the performance between the TIGER2 based methods and REMD. 

For every algorithm, the replica number used, the total cycle time between exchanges 

including the heating, cooling, sampling and averaging time, the average accepted structures 

per cycle and the resulting benchmark factor demonstrating the efficiency are presented. The 

benchmark factor represents the simulation time needed added up for all replicas to achieve 

one conformation for the Boltzmann ensemble of interest. 

algorithm replicas cycle time [ps] accepted structures per cycle benchmark factor [ps] 

REMD 80 20 1 1600 

TIGER2A 8 316 2.4 1074 

TIGER2h 8 30 1.9 127 

TIGER2hs 8 30 2.4 102 

In order to allow the folding of N-telopeptides with 41 amino acids and the C-terminus of 

fibronectin with 50-100 amino acids, it was necessary to develop a new, more efficient 

algorithm. Here, the main idea was to use the accuracy of the TIGER2A algorithm but to 

replace the inefficient averaging phase with an instantaneous implicit solvent potential energy 

approximation. Despite the inaccurate dynamical description of the implicit solvent model, 

the static potential energy approximation is quite accurate as it was parameterized with static 

protein conformations [Tanner et al., 2012; Onufriev et al., 2000; Mohr, 2018]. The resulting 

new TIGER2h algorithm shows decent accuracy while maintaining an excellent 

computational efficiency and it allowed the correct folding of the N-telopeptides as well as 

the C-terminus of fibronectin (Figure 3-2) [Kulke et al., 2018; Kulke et al., 2019b]. 
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Figure 3-2. (A) Cumulative average over the simulation time for different replica exchange 

algorithms of the helix fraction. The small helix forming protein (AAQAA)3 is folded with 

REMD black, TIGER2A blue, TIGER2hs purple and TIGHER2h red. The converging time is 

defined as the time point where the helix fraction no longer significantly changes and 

corresponds to 70, 105, 160 and 285 ns for TIGER2hs, TIGER2A, TIGER2h and REMD, 

respectively. (B) Different folding states of (AAQAA)3 during the folding process from 

unfolded HZ to the native conformation HA. The secondary structure elements are displayed 

for helix purple, turn cyan and random coil white. (C-F) Two-dimensional free energy 

histograms of (AAQAA)3 for different replica exchange methods display the first two main 
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components of the dihedral angle principal component analysis (dPCA) [Altis et al., 2007, 

Kulke et al., 2017]. The inserts show the single principal components. The visual image of 

this plot is unique to the Boltzmann ensemble and for comparison the principal axes of the 

TIGER2A method are used for generating all other dPCA images. This means that images that 

look similar to the TIGER2A image have a similar Boltzmann ensemble. Low and high free 

energies in kJ/mol correspond to black and yellow, respectively. The conformations of 

(AAQAA)3 shown in (B) are displayed as dashed circles in the histograms. 

The minor accuracy difference in the predicted Boltzmann ensemble is partly assigned to the 

missing reaction field energy approximation in implicit solvent [Geist et al., 2019]. Generally, 

all inaccuracies are related to the solute-solvent interface in implicit solvent and can be 

neglected by introducing water shells around the solute. Instead of using purely implicit 

solvent, our successor algorithm TIGER2hs [Geist et al., 2019] applies a hybrid solvent 

during the exchange step by explicitly accounting the first two hydration shells of the solute 

and shifting the solute-solvent interface to an explicit-implicit bulk solute interface. With this, 

we developed a protein-folding algorithm that is as accurate as the TIGER2A and standard 

REMD algorithm but extremely fast in the convergence of folding and low in the usage of 

computational resources (cf. Table 3-1 and Figure 3-2). In principle, this algorithm allows the 

folding of up to 100 amino acids long proteins in reasonable time scales. 

 

3.2 The integrin signaling pathway 

The activation mechanism for the integrin’s inside-out and outside-in signaling were 

investigated separately. The influence of Mn
2+

 activation was studied at the integrin αIIbβ3 

[Janke et al., 2019] and the overall tertiary changes at the integrin αVβ3 [Kulke & Langel, 
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2019]. 

 

Figure 3-3. The torsion angle (top) between the main axes of the transmembrane helices 

between αV and β3 and the end-to-end (bottom) distance between the cytoplastic tails are 

plotted. The conformations I-III are indicated in the graph and at the right, and correspond to 

inactive/resting, unbend, relaxed/activated integrin, respectively. 

For the outside-in signaling, it is suggested that Mn
2+

 first binds to the adhesion center in the 

integrin head and small secondary and tertiary changes lead to a pre-activation of integrin 

[Arnaout et al., 2018; Yan et al., 2000]. This is important because larger proteins cannot 

access the adhesion site of inactive integrin [Coller, 1986; Beer et al., 1992]. In a molecular 

dynamics simulation, the structural changes were observed by changing the magnesium ion in 

the adhesion site to manganese [Janke et al., 2019]. Interestingly, we observed a distinct 

cascade of β-sheet secondary structural changes ranging from the adhesion site in the βA-

domain to the hinge region between the thigh and cα1 domain (Figure 1-4), showing that 

Mn
2+

 has a significant influence on the tertiary structure of the integrin head domain. 

Experimentally, this is also supported by the fact that Mn
2+

 increases the ligand association 

rates [Janke et al., 2019; Smith et al., 1994]. 
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After the pre-activation, large extracellular matrix proteins bind to the adhesion site and pull 

the integrin head domain away from the cell membrane, resulting in an unbending of integrin. 

The main question here is how integrin transports the information of the unbending to the 

interior of the cell. This was simulated by steered molecular dynamics and the effect on the 

cytoplastic tails was observed [Kulke & Langel, 2019]. Effectively, the unbending results in a 

shift in the torsional angle between the two transmembrane helices from 20-30° to under 15° 

making them more parallel (Figure 3-3). This allows the cytoplastic tails to form hydrogen 

bonds with each other. This whole process may take over 100 ns, whereby the hydrogen bond 

formations in the cytoplastic tails occur after around 70 ns after the starting of the torsional 

angle drop between the transmembrane helices. 

 

Figure 3-4. The binding probability of talin to the active (left) and inactive (right) cytoplastic 

tail conformation shown for the αV tail (residues 1017 to 1048) and the β3 tail (residues 742 to 

789) separately (cf. UniProt ID P06756 and P05106). The active and inactive conformations 

correspond to I and III in Figure 3-3. 

Talin binds specifically to the β3 cytoplastic tail in case of the active integrin cyotplastic tails 

conformation (Figure 3-4) [Kulke & Langel, 2019]. Talin is also connected to the actin 

cytoskeleton and due to the natural cytoskeleton motion inside the cell the transmembrane 
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helices of integrin are separated if the αV is hindered sterically by another protein. This 

mechanism corresponds to model 3 in Figure 1-5. 

 

 Type I Type III C-terminus 

Native structure 

A 

 

B 

 

C 

 

Diverging fold 

D 

 

E 

 

F 

 

Figure 3-5. Examples of the native conformation (A-C) and respective diverging folds (D-F) 

for the type I module, III module and C-terminus. The two type II modules are already 

correctly folded (cf. Figure 1-1). The secondary structure elements are indicated as yellow 

sheet, purple helix, cyan turn and white random coil. Cysteines in bridges are red. 

The inside-out signaling works similarly. Here, talin binds to both the cytoplastic tails (Figure 

3-4) and initiates the pre-activation of integrin followed by the unbending by structural 

extracellular matrix proteins or even the direct unbending without the need of additional 

proteins [Kulke & Langel, 2019]. With the activation of integrin, the binding behavior of talin 

shifts to only interact with the integrin β3 cytoplastic tail and results in the separation of the 

integrin transmembrane helices, as described above. 
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3.3 Secondary structure determination of the missing fibronectin modules 

As a first structural guess, homology models of all missing modules were conducted 

(Table 1-2) and with the inclusion of the models known in literature all modules were 

connected as a straight line to build the complete fibronectin. Unfortunately, already after 

short molecular dynamics simulations in water, the secondary structure of several modules 

from homology models and literature were destroyed concerning modules I4-I8, I10, I12, III2, 

III3, III5, III7, III8 and III11 and the C-terminal interconnecting sequence 2337 to 2386 (Figure 

3-5) [Sandvoß, 2017]. 

 

Figure 3-6. The final structure of the C-terminal interchain domain (amino acids 2337 to 

2386) from the top (top) and side view (bottom). The secondary structure elements are colored 



Conclusion   

 

                                                                          36                                                                        

 

as purple helix, blue 3-10-helix, yellow sheet, cyan turn, and white random coil. The 

interchaining cysteine groups Cys-2367 and Cys-2371, as well as the stabilizing amino acids 

for the legs are shown as balls and sticks. 

Due to the known secondary structure of the misfolded modules, the conformations were 

relatively resource-efficient, fixed with restrained molecular dynamics simulations where the 

hydrogen bonds between the β-sheets of the respective module were connected with rubber 

bands [Polez, 2018]. This procedure was not possible for the C-terminal residues as these 

have an unknown conformation that cannot be assigned to a module type. Additionally, the 

sequence is relatively large with around 50 and 100 amino acids for the mono- and dimer, 

respectively. The folding of this large domain was only possible with our newly-developed 

TIGER2hs algorithm with great success [Kulke et al., 2019b; Geist et al., 2019]. It revealed 

an extremely defined tertiary structure comprising an umbrella-like head spanned by two 

antiparallel β-sheet pairs where two legs with a distinct corner structure are connected (Figure 

3-6). This unusual leg structure is stabilized by multiple hydrogen bonds between arginines 

and the phosphorylated Thr-2363 and Ser-2384 in the β-turn of the umbrella and the leg 

region. Because the phosphorylation of the fibronectin C-terminus is highly debated in 

literature [Peterson et al., 1983; Garcia-Pardo et al., 1984; Akiyama & Yamada, 1987], the 

folding of the unphsophorylated fibronectin was investigated and the same structure was 

found [Kulke et al., 2019]. The two fibronectin monomer chains continue on the opposing 

side from the umbrella domain, pointing away from the legs. This sterically allows the two 

monomers to fold into a snail-like conformation as described by Mao and Schwarzbauer in 

2005. However, by contrast I propose that the C-terminal domain is pointing towards the cell 

and connects directly to the lipid membrane, given that both legs have a high affinity to 

hydrophilic groups due to the phosphorylated amino acids and abundant arginine groups. 
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Additionally, they show a high flexibility in molecular dynamics simulations to adjust to 

different surface curvatures and nano-topologies. Moreover, this explains the unrolling of 

fibronectin to form fibrils more easily, as this process is sterically hindered if fibronectin is 

bound to integrin and the C-terminal domain points away from the membrane (Figure 1-2). 

This process can occur more naturally without sterical hindrance of the cell membrane if the 

C-terminal domain is bound to the membrane, given that this already has to induce a partial 

unrolling of fibronectin to bind to integrin and exposes the fibronectin adhesion sites III2-3 and 

III12-14. 

 

Figure 3-7. (top) Probability distributions of the secondary structure elements for the (A) N- 

and (B) C-telopeptide sequences. For the N-telopeptides, both α1(I)-chains (first black and 

blue sequence on the x-axis) and the α2(I)-chain (last black sequence on the x-axis) are 

represented, while for the C-telopeptides both α1(I) chains are averaged. The experimentally-
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described turn-motifs DEKST and PQPP [Malone et al., 2004; Friedrichs et al., 2011; Wodtke 

et al., 2015; Kulke et al., 2017] are displayed in brackets. The structure contributions are 

displayed in black for parallel sheet, dark gray for antiparallel sheet, light gray for turn and 

white for helix. (bottom) Minimal free energy conformations of the (C) N- and (D) C-

telopeptides during the replica exchange simulation (white unfolded, cyan turn, golden sheet-

like structure, and red the DEKST or PQPP sequence, respectively). 

3.4 Collagen telopeptide structure 

The collagen was studied at the example of bos taurus collagen type I [Kulke et al., 2017]. 

Several different replica exchange simulations were applied to determine the N-telopeptide 

structure [Kulke et al., 2017; Kulke et al., 2018], among which the TIGER2A methods 

provides the most accurate results [Geist et al., 2019]. In agreement with the literature, a 

primarily turn structure was found for the DEKS sequence [Malone et al., 2004; Friedrichs et 

al., 2011; Wodtke et al., 2015], but also for the four amino acids SYGY prior to this sequence 

(Figure 3-7A,C). The amino acids after this sequence form predominantly parallel β-sheets. 

Additionally, the overall structure is very flexible and may frequently change. 

The conformation of the C-telopeptides was determined with the TIGER2 algorithm in 

implicit solvent [Kulke et al., 2017]. Although the results are scientifically significant, the 

result may be inaccurate as the implicit solvent model in combination with TIGER2 

overestimates the α-helix probability, while underestimating the β-sheet formation [Geist et 

al., 2019]. For these telopeptides, the PQPP sequence did not have a turn structure but an 

extended conformation, supporting the suggestion of Otter et al. in 1988 (Figure 3-7B). 

Contrary to the N-telopeptides, the α1(I) chains of the C-telopeptides bend inwards and 

interact with the collagen triple helix (Figure 3-7D). The overall structure is also highly 

flexible, similar to the N-telopeptides. 
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Figure 3-8. The parameterization procedure to obtain coarse-grained parameters from 

atomistic simulations at the example of the bond in the two bead containing methionin. (A) 

Bond deviations during atomistic simulations at different temperatures. With increasing 

temperatures, the deviations also increase. (B) Histogram of the bond deviations for the 

different temperatures revealing the optimal distance. (C) Boltzmann inversion (eq. 2) of the 

histograms to obtain the Helmholtz free energy ΔF. (D) Calculation of the potential energy 

ΔU from the Helmholtz free energy distributions (eq. 3). By fitting this curve to a harmonic 

oscillator, the optimal distance and force constant for the coarse-grained force field is 

obtained. The same procedure is then applied to a coarse-grained simulation using these 
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parameters and the resulting potential energy distributions should match. For comparison, the 

old coarse-grained force field parameters are plotted, showing the poor agreement [Monticelli 

et al., 2008]. 

3.5 Towards a new coarse-grained protein force field 

The Martini force field is a widely-used coarse-grained force field with the parameterization 

philosophy that four heavy atoms together with the connected hydrogen are united to one 

group, addressed as a bead. Typically, the parameterization is conducted in two steps. First, 

the internal parameters are determined, which involves bond, angle and torsion angle optimal 

distances and force constants. In a second step, the external van-der-Waals parameters are 

calculated by determining the free energy of solvation with thermodynamic integration, 

whereby the correct internal parameters are mandatory. 

The protein force field extension for the Martini force field [Monticelli et al., 2008] involved 

a by-hand trial-and-error optimization for the internal parameters. They were essentially 

guessed and the resulting bond, angle and torsion angle deviation distributions were compared 

between coarse-grained and atomistic simulations. The internal parameters were then adjusted 

based on this result until the distributions matched. The parameterization of the external 

interaction parameters was achieved by assigning each bead to one of the 64 different Martini 

bead types. Subsequently, the free energy of solvation was calculated in water and octanol, 

and the resulting partition coefficient is compared with experimentally-obtained values for the 

solute. 

This approach is unfortunately extremely prone to errors as it strongly depends on the first 

guesses for the internal and external parameters. An approach that determines distinct values 

for these parameters and does not need by-hand optimization and guessing is definitely more 
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desired. Such an algorithm could be implemented in an automatic web tool that allows for an 

easy coarse-graining of unparameterized, needed substances. 

In this thesis, I have developed a methodical approach for the coarse-graining of internal 

parameters that yields accurate results for the force constants and optimal distances (Figure 

3-8). The algorithm is based on the Boltzmann inversion approach, where the parameter 

deviation distributions are determined in an atomistic simulation and the free energy ΔG is 

calculated with the gas constant R, the temperature T, and the total and current state 

occurrence Nmax and N, respectively (Figure 3-8C): 

             
 

     
 . (2) 

This methodology has two main sources of errors, which are the cross interactions between 

internal parameters and the temperature dependent entropic term. Normally, parameters like 

bonds, angles and dihedrals are described by harmonic oscillators or cumulative sinus 

functions that have a distinct potential and kinetic energy at a certain time point. 

Unfortunately, with the Boltzmann inversion only free energies are calculated that majorly 

depend on the simulation temperature and lead to much broader deviations in the coarse-

grained internal parameters (Figure 3-8A,B) [Sokolowski, 2016]. In order to improve this, in 

my approach the potential energy of the parameter ΔU is determined from the Helmholtz free 

energy ΔF by the slope (Figure 3-8D): 

 
    

  
  

 
 

    
 
   

. (3) 

This means that the deviation distributions must be calculated for several temperatures instead 

of simply for the temperature of interest (Figure 3-8A,B). In order to circumvent the poor 
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sampling of the reaction coordinate at low temperatures – because energy barriers cannot be 

overcome – a temperature replica exchange simulation is performed for the parameter 

deviation sampling that allows the exchange of structures between temperatures and leads to a 

significant improvement in the obtained Boltzmann ensemble [Brinkert, 2017]. Finally, this 

algorithm was used to obtain accurate, new internal parameters for all common amino acids in 

proteins that showed an immense improvement over the previous by guess optimized 

parameters (Figure 3-8D) [Bodnar, 2018; Höper, 2018; Thran, 2018]. The remaining 

inaccuracy is the cross correlation of these parameters. If these parameters are imagined as 

springs with an optimal distance and a certain force constant, then they influence their 

oscillation mutually, meaning that the oscillation of one parameter is not independent and is 

partly influenced by oscillations of other parameters. We found that this inaccuracy is only 

minor and neglectable [Höper, 2018]. 

Further studies should address the parameterization of the external parameters to remove 

necessary educated guesses and allow the fully-automated computation of the coarse-grained 

model for substances. 

 

Figure 3-9. The proposed refined model of the adhesion complex in the extracellular matrix. 
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The respective symbols are described in the legend (bottom). 

3.6 The refined model of the simple extracellular adhesion complex 

With the combined information obtained from the thesis studies and literature, I propose a 

refined adhesion complex model for the quaternary and tertiary structure of the proteins 

integrin, collagen and fibronectin in the extracellular matrix of cells (Figure 3-9). The 

activated integrin is in an extended open-leg conformation [Kulke & Langel, 2019] and bound 

to the talin FN2 domain by the cytoplastic β3 tail. The integrin head is in interaction with the 

fibronectin III10 domain [Leahy et al., 1996; Pierschbacher & Ruoslahti, 1984]. Fibronectin is 

peripheral attached to the cell membrane [Kulke et al., 2019b] with the two monomeric chains 

being partly unrolled due to the interaction with integrin exposing the collagen binding 

domains I6-9 and II1-2. Fibronectin also attaches to other fibronectins, presumably mainly 

owing to the interaction between the I1-4 domain to the III13-15 modules, forming small fibrils 

of two to three peptide diameters. This fibril network structure is further stabilized by the 

attachment of fibronectin’s collagen binding modules (I6-9 and II1-2) to the collagen 1/10 and 

3/4 binding sites [Erat et al., 2013] of a single collagen molecule. 

3.7 Final conclusion and future perspectives 

In this thesis, molecular insight is provided into the protein arrangement of the adhesion 

complex in the extracellular matrix of bone cells. Additionally, the complete molecular 

structures and mechanisms are investigated for the three relevant ECM proteins integrin, 

collagen and fibronectin, developing new methods in protein folding and coarse-graining 

accordingly. 

In a first aspect, the given insights are valuable for developing new drugs for diseases like 

bone cancer, given that the obtained secondary and tertiary protein structures in this study 
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provide a good molecular foundation to test various drugs in the disruption of the different 

protein-protein interfaces with e.g. docking studies. For instance, bone cancer is promoted by 

osteoclasts and common therapies involve inactivation or adoptosis of these [Mantyh, 2014]. 

Another alternative therapy may involve drugs that target directly the structural integrity of 

extracellular matrix forming proteins in osteoclasts like collagen and fibronectin or cell 

receptors like integrin [Hall et al., 2006] inducing cell death. Such drugs may target 

fibronectin’s interconnecting domain, destroying the attachment of fibronectin to the cell 

membrane or the RGD sequence in the III10 domain possibly inactivating the fibronectin and 

fibril formation [Wang & Hielscher, 2017]. Of course, effective therapies must be applied 

only locally in the tumor region as the osteoblast, osteoclast and bone tumor cell extracellular 

matrices are presumably too similar. Indeed, experiments have already shown that integrin-

binding antibodies or molecules containing RGD did reduce liver and prostate cancer 

metastasis [Nemeth et al., 2003; Reinmuth et al., 2003]. 

Other diseases like osteoporosis and osteogenesis imperfecta require studying the complete 

structural integrity of the bone ECM. While in osteogenesis imperfect, mutations of glycin in 

collagen lead to local disruption of the triple helix [Mertz et al., 2016], in osteoporosis the 

whole structural integrity of the ECM is affected by aging, gene defects, missing physical 

activity, drugs or malnutrition [Sroga & Vashishth, 2012; König et al., 2018]. In an ongoing 

cooperation with the hybrid materials interfaces group in Bremen, the tertiary structure of 

fibronectin is investigated to verify the model proposed in this thesis. With the conclusion of 

this project, the extracellular matrix adhesion model may be used to study influences of amino 

acid mutations in integrin, collagen and fibronectin on the integrity of the ECM. Moreover, it 

allows a fast exploration of possible drugs to counter unwanted mutational effects by directly 

observing the behavior of these drugs in the ECM. 
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A second major field of application for the developed protein models is the study of 

biomaterials. The used proteins and substances for these materials should form three-

dimensional scaffolds and be non-toxic, biocompatible, and preferably biodegradable 

[Chattopadhyay & Raines, 2014]. The two ECM scaffold forming proteins collagen and 

fibronectin naturally fulfill these requirements and are widely used in biomaterials [Parenteau-

Bareil et al., 2010; Muthukumar et al., 2018; Lin et al., 2019; Schmidt & Kao, 2007; 

Formentin et al., 2018; Llopis-Hernandez et al., 2015]. The applications span from wound 

healing, bone filling, tissue engineering, thrombosis prevention to enzyme immobilization and 

drug delivery [Khan & Khan, 2013]. Understanding the folding and fibrillar mechanisms of 

these ECM proteins holds crucial importance for future and current biomedical applications. 

In this thesis, the influence of the telopeptides in the network formation of a collagen-heparin 

biomaterial has been demonstrated [Kulke et al., 2017]. With the obtained secondary structure 

of fibronectin and collagen, studies with a similar approach can be performed for biomaterials 

containing at least one of these proteins. 

With the development of the new TIGER2hs algorithm during this thesis, a major step has 

been taken in protein folding [Geist et al., 2019]. Previous algorithms only allowed the 

accurate folding of protein sequences containing less than 30 amino acids. This limit is 

increased to around 100 amino acids with TIGER2hs and opens up various different 

applications not only in protein folding. In principle, every method that uses replica exchange 

to improve conformational sampling and only analyzes the baseline ensemble is more 

efficient with TIGER2hs. Future studies may investigate the combination of TIGER2hs with 

umbrella sampling and free energy perturbation, as well as the protein folding of larger ECM 

proteins of mostly unknown structures like laminin or other integrin receptors. 
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4. Summary 

Understanding the fundamental mechanisms in the extracellular matrix of cells (ECM) is 

crucial for the development of drugs and biomaterials. Therefore, an atomistic model of the 

extracellular matrix is a cost-efficient way to observe influences of drugs, test the effect of 

mutations or misfolds in proteins or study the properties of fibril or network-forming peptides. 

With this thesis, a refined molecular model of an adhesion complex is proposed that contains 

collagen, fibronectin and the cell receptor integrin. During the building of the model, major 

new insights are given for each of these proteins and a powerful protein-folding algorithm is 

developed. 

For the membrane protein integrin, the bidirectional adhesion signaling pathway is 

investigated. In the case of outside-in signaling, integrin is first pre-activated by a Mn
2+

 ion 

that binds to the metal adjacent adhesion site (MIDAS), because only small molecules can 

reach this covered side. This leads to minor localized rearrangements in the β-sheet content in 

the head domain of integrin, ultimately exposing MIDAS for larger proteins. In a second step, 

the structural protein fibronectin binds to integrin and forces the head up in a switchblade 

motion erecting the whole extracellular domain. After several 10 to 100 ns, this results in a 

slight shift of the torsion angle between the transmembrane helices, and with a delay of 

around 70 ns the cytoplastic tails form a close connection. Subsequently, the inner cell protein 

talin that is connected to the actin filament binds specifically to the β3 tail. The natural motion 

of the actin filament leads to a separation of the integrin transmembrane domains and this is 

the final activated integrin state. The inside-out signaling works similarly, whereby talin binds 

to both cytoplastic tails and initiates the erection of the extracellular domain either directly or 

by pre-activating the molecule, leading to the erection by ECM proteins. This results again in 

a shift in the torsion angle between the transmembrane helices and the formation of a close 
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connection in the cytoplastic tails, which shifts the binding of talin to only attach to the β3 tail. 

Finally, the transmembrane domains are separated reaching the identical activated state as for 

the outside-in signaling. 

For fibronectin, the C-terminal interconnecting region is studied and the results suggest that 

this region attaches directly to the hydrophilic membrane surface. The secondary structure of 

this module was not previously investigated in experimental studies, and only the newly-

developed temperature intervals with global exchanging replicas and hybrid shells (TIGERhs) 

algorithm allows sufficient efficiency to fold the complete 100 amino acid domain. The C-

terminal region folds into an umbrella with two connected legs that are flexible and can adjust 

to any surface topology. The phosphorylated amino acids in the legs point towards the surface, 

making hydrophilic surface interactions preferable. 

For collagen, the triple-helical domain is well studied, although the flexible telopeptide 

structure had not been obtained experimentally. Here again, the TIGER2h and TIGER2hs 

algorithms allow the folding of these telopeptides and tertiary structures are obtained. The N-

telopeptides form a loop at the DEKST sequence and interact with each other in a β-sheet-like 

secondary structure. The C-telopeptides do not interact preferably with each other but form a 

loop right at the start to interact with the collagen triple-helical domain. 

Subsequent studies should address the tertiary and quaternary structure of fibronectin to verify 

the proposed model. In the future, this model will provide a powerful tool for the study of 

drugs against diseases like osteoporosis, bone tumor, and osteogenesis imperfecta, as well as 

for the development of new biomaterials for drug delivery, tissue engineering and wound 

healing. 
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Abstract 

Synthetic scaffolds containing collagen (Type I) are of increasing interest for bone tissue 

engineering, especially for highly porous biomaterials in combination with 

glycosaminoglycans. In experiments the integration of heparin during the fibrillogenesis 

resulted in different types of collagen fibrils, but models for this aggregation on a molecular 

scale were only tentative. We conducted molecular dynamic simulations investigating the 

binding of heparin to collagen and the influence of the telopeptides during collagen 

aggregation. This aims at explaining experimental findings on a molecular level. Novel 

structures for N- and C-telopeptides were developed with the TIGER2 replica exchange 

algorithm and dihedral principle component analysis. We present an extended statistical 

analysis of the mainly electrostatic interaction between heparin and collagen and identify 

several binding sites. Finally, we propose a molecular mechanism for the influence of 

glycosaminoglycans on the morphology of collagen fibrils. 
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1. Introduction 

1.1 Collagen 

Collagen is a very abundant protein in the human body. Particularly type I is the most 

common structural protein in the cell and makes up 60-90 % of the organic mass in bones and 

cartilage
1
, but also regulates cell adhesion

1, 2
. In tissue engineering synthetic collagen-heparin 

scaffolds are widely used
3–6

. They have a highly porous structure that allows cell infiltration 

while maintaining sufficient mechanical stability. The collagen consists of two α1(I) and one 

α2(I) chain that form a unique triple helical structure. Every collagen chain is built up by 

triplet subunits in a Gly-X-Y pattern, with proline as the major amino acid in X and Y 

positions. 

At the C- and N-termini of each strand of the triple helix in natural tropocollagen, telopeptides 

are bound, which do not contain the triplet subunits and have rather flexible structures, in 

variance to the rigid helix. These peptides are important for the formation and the structure of 

the fibrils
7
. 

MALONE et al. used energy minimization with subsequent short molecular dynamic 

simulations at different temperatures and obtained distinct conformations for the N-terminal 

telopeptides
8
. Especially the α1 chains form a loop with the DEKS amino sequence as β-turn. 

FRIEDRICHS et al. also concluded from 15 ns long molecular dynamics simulations on the 

telopeptides that the DEKS motif forms a hairpin structure
9
. The role of this motif for the 

interaction between the telopeptides and the collagen triple helix was recently studied in detail 

experimentally
10

. Cyclohexapeptides containing the DEKS sequence attained a hairpin 

structure, whereas the linear hexapeptide had an extended conformation. 



Publications   

 

                                                                          86                                                                        

 

Earlier experimental work by OTTER et al.
11

 based on NMR studies revealed a stable extended 

conformation for the C-telopeptides. In contrast to that ORGEL et al. postulated a compact β-

sheet-like conformation with a turn at the PQPP amino sequence, by analysing the distance 

between iodinated tyrosines in X-ray studies
12

. FRIEDRICHS et al.  found the same 

conformation by assigning the backbone torsion angles to corresponding structures during a 

molecular dynamic simulation. 

In the present study, a more complete image of the free energy landscape of the N- and C-

terminal telopeptides than in singular optimization or molecular dynamics studies was 

obtained by combining replica exchange molecular dynamics (REMD-TIGER2)
13

 with 

dihedral principal component analysis (dPCA)
14

. 

Table 1: Sequence of the collagen chains α1 (P02453) and α2 (P02465). Shown are 

atelocollagen in plain text (α1 178-1191, α2 89-1099), the telopeptides in italic 

(N-telopeptides: α1 162-177, α2 80-88; C-telopeptides: α1 1192-1215, α2 1100-1105) and 

DEKS- and PQPP-motif in italic bold (α1-chain only). The sequences of 111 amino acids used 

for the fibrillogenesis simulations are underlined on the N- and C-ends for both sequences (N-

terminal: α1 178-288, α2 89-189; C-terminal: α1 1081-1191, α2 999-1099) and the two main 

interaction sites for the telopeptides and heparin
16,17,19

 (2 and 11, s. Figure 6B) are underlined 

bold  (2: α1 264-269, α2 175-180; 11: α1 1107-1112 α2 1018-1023). The One letter code 'O' is 

used for hydroxylated lysines (264, 276, 285, 708, 780, 861, 933, 1095, 1107 in the α1 chains 

and 175, 196, 262, 307, 352 in the α2 chain). 

P02453 5 10 15 20 25 30 35 40 45 

160 QLSY GYDEK STGIS VPGPM GPSGP RGLPG PPGAP GPQGF QGPPG 

205 EPGEP GASGP MGPRG PPGPP GKNGD DGEAG KPGRP GERGP PGPQG 

250 ARGLP GTAGL PGMOG HRGFS GLDGA OGDAG PAGPO GEPGS PGENG 

295 APGQM GPRGL PGERG RPGAP GPAGA RGNDG ATGAA GPPGP TGPAG 
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340 PPGFP GAVGA KGEGG PQGPR GSEGP QGVRG EPGPP GPAGA AGPAG 

385 NPGAD GQPGA KGANG APGIA GAPGF PGARG PSGPQ GPSGP PGPKG 

430 NSGEP GAPGS KGDTG AKGEP GPTGI QGPPG PAGEE GKRGA RGEPG 

475 PAGLP GPPGE RGGPG SRGFP GADGV AGPKG PAGER GAPGP AGPKG 

520 SPGEA GRPGE AGLPG AKGLT GSPGS PGPDG KTGPP GPAGQ DGRPG 

565 PPGPP GARGQ AGVMG FPGPK GAAGE PGKAG ERGVP GPPGA VGPAG 

610 KDGEA GAQGP PGPAG PAGER GEQGP AGSPG FQGLP GPAGP PGEAG 

655 KPGEQ GVPGD LGAPG PSGAR GERGF PGERG VQGPP GPAGP RGANG 

700 APGND GAOGD AGAPG APGSQ GAPGL QGMPG ERGAA GLPGP KGDRG 

745 DAGPK GADGA PGKDG VRGLT GPIGP PGPAG APGDO GEAGP SGPAG 

790 PTGAR GAPGD RGEPG PPGPA GFAGP PGADG QPGAK GEPGD AGAKG 

835 DAGPP GPAGP AGPPG PIGNV GAPGP OGARG SAGPP GATGF PGAAG 

880 RVGPP GPSGN AGPPG PPGPA GKEGS KGPRG ETGPA GRPGE VGPPG 

925 PPGPA GEOGA PGADG PAGAP GTPGP QGIAG QRGVV GLPGQ RGERG 

970 FPGLP GPSGE PGKQG PSGAS GERGP PGPMG PPGLA GPPGE SGREG 

1015 APGAE GSPGR DGSPG AKGDR GETGP AGPPG APGAP GAPGP VGPAG 

1060 KSGDR GETGP AGPAG PIGPV GARGP AGPQG PRGDO GETGE QGDRG 

1105 IOGHR GFSGL QGPPG PPGSP GEQGP SGASG PAGPR GPPGS AGSPG 

1150 KDGLN GLPGP IGPPG PRGRT GDAGP AGPPG PPGPP GPPGP PSGGY 

1195 DLSFL PQPPQ EKAHD GGRYY      

          

P02453 5 10 15 20 25 30 35 40 45 

35         Q 

80 FDAKG GGPGP MGLMG PRGPP GASGA PGPQG FQGPP GEPGE PGQTG 

125 PAGAR GPPGP PGKAG EDGHP GKPGR PGERG VVGPQ GARGF PGTPG 

170 LPGFO GIRGH NGLDG LKGQP GAPGV OGEPG APGEN GTPGQ TGARG 

215 LPGER GRVGA PGPAG ARGSD GSVGP VGPAG PIGSA GPPGF PGAPG 

260 POGEL GPVGN PGPAG PAGPR GEVGL PGLSG PVGPP GNPGA NGLPG 

305 AOGAA GLPGV AGAPG LPGPR GIPGP VGAAG ATGAR GLVGE PGPAG 

350 SOGES GNKGE PGAVG QPGPP GPSGE EGKRG STGEI GPAGP PGPPG 

395 LRGNP GSRGL PGADG RAGVM GPAGS RGATG PAGVR GPNGD SGRPG 

440 EPGLM GPRGF PGSPG NIGPA GKEGP VGLPG IDGRP GPIGP AGARG 

485 EPGNI GFPGP KGPSG DPGKA GEKGH AGLAG ARGAP GPDGN NGAQG 

530 PPGLQ GVQGG KGEQG PAGPP GFQGL PGPAG TAGEA GKPGE RGIPG 

575 EFGLP GPAGA RGERG PPGES GAAGP TGPIG SRGPS GPPGP DGNKG 

620 EPGVV GAPGT AGPSG PSGLP GERGA AGIPG GKGEK GETGL RGDIG 

665 SPGRD GARGA PGAIG APGPA GANGD RGEAG PAGPA GPAGP RGSPG 

710 ERGEV GPAGP NGFAG PAGAA GQPGA KGERG TKGPK GENGP VGPTG 
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755 PVGAA GPSGP NGPPG PAGSR GDGGP PGATG FPGAA GRTGP PGPSG 

800 ISGPP GPPGP AGKEG LRGPR GDQGP VGRSG ETGAS GPPGF VGEKG 

845 PSGEP GTAGP PGTPG PQGLL GAPGF LGLPG SRGER GLPGV AGSVG 

890 EPGPL GIAGP PGARG PPGNV GNPGV NGAPG EAGRD GNPGN DGPPG 

935 RDGQP GHKGE RGYPG NAGPV GAAGA PGPQG PVGPV GKHGN RGEPG 

980 PAGAV GPAGA VGPRG PSGPQ GIRGD KGEPG DKGPR GLPGL KGHNG 

1025 LQGLP GLAGH HGDQG APGAV GPAGP RGPAG PSGPA GKDGR IGQPG 

1070 AVGPA GIRGS QGSQG PAGPP GPPGP PGPPG PSGGG   

1.2 Heparin 

The heparin molecule is a highly negatively charged glycosaminoglycan (GAG)
15

. An 

iduronic acid monomer is bound to a glucosamine by an oxygen bridge between the 

respective C1 and C4 atoms, and the resulting disaccharides are polymerized by further 1-4 

bonds. In natural heparin, these disaccharides contain 2.5 sulfonate groups in average, which 

are deprotonated under physiological conditions and have a charge of -1. The total average 

charge of the disaccharides is -3.5 including a negative carbonic acid group. The adhesion of 

the strongly negative heparin to the collagen triple helix is mostly driven by Coulomb 

interactions. SANANTONIO et al.
16

 described specific binding sites on the basis of affinity 

coelectrophoresis experiments at both ends of the triple helix. These binding sites are nearly 

identical with the cross-linking sites for collagen-collagen interaction (Table 1). KELLER et al. 

found a similar C-terminal binding site
17

. The respective sequences on N- and C-terminus are 

identical on the two α1 strands, but slightly different on α2 and consist of nine and eight 

positive amino acids for the N- and C-binding site, respectively. 

1.3 Fibrils 

Most of the prolines in Y position and many lysines in X position are post-translationally 

modified to hydroxyproline and hydroxylysine, respectively. Additionally, hydroxylysine can 

be glycosylated in the triple helical part of collagen mainly by galactose, mannose and 

glucose
1
. 
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Outside the cell, hydroxylysine is oxidized and the resulting aldehyde can form an 

intermolecular cross-link between the triple helix of one and the telopeptides of another 

collagen molecule. The first step is catalyzed by lysyl oxidase, whereas the latter process is 

spontaneous
18

. The cross-linking sites are the N-terminal amino acid 87 (α1 and α2) and the C-

terminal amino acids 930 (α1) and 933 (α2)
19

. In the extracellular matrix the collagen triple 

helices then aggregate and form fibrils with a banding pattern of 67 nm
1
. The self-assembly of 

the collagen fibril still is not fully understood but it is likely that GAGs as part of 

proteoglycans play a role
20, 21

. 

POMPE et al. have experimentally studied the formation of fibrils from bovine collagen (I) and 

found that morphology and thickness are controlled by the heparin and the telopeptides
22–24

. 

Atelocollagen (telopeptides absent) or tropocollagen (telopeptides present) with very small 

amounts of heparin only form typical fibrils with a 67 nm D-periodic asymmetric banding 

periodicity. The addition of heparin to atelocollagen suppresses these in favor of two other 

types, single fibrils with a considerably higher diameter than without heparin and a network of 

very thin symmetric fibrous long fibrils with an average banding periodicity of 165 nm. With 

tropocollagen instead of atelocollagen, only the thin network remained. 

The aim of this project is to analyze the binding of heparin to collagen in atomistic detail. The 

computational approach used here shall help to understand the experiments, revealing 

significant influence of the telopeptides and heparin on the self-assembly of tropocollagen and 

fibril formation. 
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2. Methods 

2.1  Molecular dynamics simulation 

The molecular dynamics simulation package NAMD 2.11
25

 was used with the 

AMBER14SB
26

 force field and discrete water was described by the TIP3P model
27

. Periodic 

boundary conditions with a grid spacing of 0.1 nm for PME and a 1 nm cutoff with a 

switching function for VAN-DER-WAALS interactions were applied. The total charges of the 

simulation cells were set to values close to zero by adding appropriate numbers of sodium 

ions. Prior to the molecular dynamic simulation, the potential energies of the systems were 

minimized with the conjugate gradient algorithm for 10000 steps. 

Molecular dynamics applied a Verlet integrator with a dual time step of 2 fs for the bonded 

and VAN-DER-WAALS interactions and 4 fs for the particle mesh Ewald (PME) electrostatics. 

The lengths of all covalent bonds to H-atoms were constrained using the RATTLE algorithm. 

The systems were equilibrated according to the following protocol: 500 ps in a NVT (constant 

particle number, cell volume and temperature), 500 ps in a NPT (constant pressure) and again 

500 ps in a NVT ensemble. The temperature was controlled around 300 K by a Langevin 

thermostat at steps of 1 ps. In NPT runs, a Langevin piston barostat adjusted the system 

pressure to 1 atm each 0.2 ps. The production runs were done in a pseudo NVE (constant 

energy) ensemble with a long time constant of 100 ps for the thermostat. The trajectories were 

visualized with VMD 1.9.2
28, 29

. 

2.2 Collagen model 

The sequences for the bos taurus collagen type I triple helix with two α1 and one α2 chain 

were taken from UniProt (accession numbers P02453 and P02465, respectively)
30

 (Table 1), 

and we adopt the numbering scheme of the amino acid residues according to this source 
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throughout the paper. In the sequence P02453, triple helical parts and telopeptides are clearly 

distinguished. For the α2 chain (P02465), the telopeptides were assigned according to STAMOV 

et al.
23

 (Table 1). The sterical model of the triple helix was built with the collagen building 

script TheBuScr 1.05
31

. The prolines in each third position of a GXY triplet were 

hydroxylated in their C3 positions (hydroxyprolin, Y) as well as a number of lysines in their 

respective C5-positions. Further modifications of the triple helix by covalent bonding such as 

oxidation and glycosylation were not taken into account in our force field model. 

The atomic charges for 5-hydroxylysine with a total charge of +1 were calculated by the 

RESP method using the standard AMBER99SB procedure
32

. A geometry optimization in 

Gaussian g03
33

 was done with B3LYP
34, 35

 and the 6-31G* basis set. A consecutive single 

point HARTREE-FOCK calculation with this basis set, the convergence criteria tight and four 

layers per atom, with a point density per unit area of one, yielded the electrostatic potential 

(ESP). The antechamber program from the AmberTools14 package
36

 fitted restrained RESP 

point charges to this ESP. 

2.3 Telopeptide model 

We used a REMD-TIGER2 calculation to obtain the secondary structure of the telopeptides 

(cf. Table 1). The telopeptides and the first and last nine amino acids of the helical part in 

collagen together formed a small collagen fragment, which was dissolved in discrete water. 

This allows the telopeptides to interact with the triple helix and generate a more natural state 

distribution. The Cα backbone atoms of the triple helical part were fixed to conserve the 

conformation and the system was equilibrated for 10 ns. The resulting structure was chosen as 

the starting point for the REMD and the TIGER2 algorithm (s. supplementary information) 

was applied with eight replicas
13, 37

. Their temperatures ranged from the base TB=280 to 
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600 K and were equally spaced on a logarithmic scale. Equilibration, sampling and cooling 

phases extended over 1.0, 1.0, and 1.2 ps, respectively. The REMD simulations used 

generalized Born implicit solvent (GBOBC-II) including an additional solvent accessible surface 

area potential mimicking the hydrophobic effect
38–41

. The total simulation time was 5 μs. The 

1.6 million exchanges were controlled by the METROPOLIS sampling criterion
13, 42

. The higher 

temperatures were assigned to the remaining replicas including the one rejected by the 

Metropolis criterion for the next sampling step according to their current potential energies. 

The quality of the replica exchange production run was analyzed separately for the N- and 

C-telopeptides with dPCA
14

. Whereas standard PCA refers to the atomic positions, only the 

internal coordinates φi and ψi of the protein backbone enter dPCA. This reduces the number of 

degrees of freedom of the system to 2N-2 where N is the number of amino acids. Additionally 

there is no need to remove the overall motion of the protein trajectory prior to analysis. The 

dihedral angles are periodic, and this makes their definition ambiguous. Thus, the polar 

coordinates are transformed to the Cartesian system: 

 
                          
                            

 (1) 

The covariance matrix is calculated for a trajectory as: 

 
                         (2) 

and diagonalized, where xi, xj  are column vectors.       are the averages of xi and xj for each 

frame, respectively and <...> denotes the average over all frames of the trajectory. 

The states in the free energy landscape were assigned using the first two main components of 

the dPCA. These two eigenvectors covered only about 30 % of the overall torsional space for 

both telopeptides. Although this is not sufficient for describing the main motions of the 
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protein, it permitted us to identify the conformation with minimal free energy. The final 

energy surface is obtained by normalizing the histogram Pv1,v2 of the probabilities of the first 

two main components along the trajectory and transforming it into the free energy
14

: 

                 
      
    

   (3) 
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Figure 1. Telopeptide structures from REMD: (A/B) Free energy plot of the first two dPCA 

eigenvectors for the collagen (A) N- and (B) C-telopeptides at TB=280 K. The relative free 

energy in kJ/mol is scaled in gray. The global minima Π1=Pv1,v2(-4,-2.5) and Π2=Pv1,v2(-5,3) 

are indicated. (C/D) Probability distribution of secondary structure elements of the α1 

telopeptides during the REMD at 280 K. Helical, turn and sheet contributions are depicted in 
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white, grey and black, respectively. (C) It is clearly seen that the motif DEKST of the 

N-telopeptides has a much higher contribution of helix and turn than the other residues. (D) 

Contrary the PQPP sequence of the C-telopeptides is always in random coil conformation. 

(E/F) Steric structure snapshot of the (E) N- and (F) C-terminal telopeptides after the REMD 

calculation bound to a small fragment of the triple helix. The secondary structure elements are 

marked as cyan (turn), purple (helix), orange (collagen triple helix) and white (coil). The (E) 

DEKST and (F) PQPP sequences are shown in red. 

The resulting free energy landscapes (Figures 1A, 1B, S1, S2) contain several local minima. 

The most significant conformations were deduced from the global minima in the dPCA map, 

Π1=Pv1,v2(-4,-2.5) and Π2=Pv1,v2(-5,3) for N- and C-telopeptides, respectively. The energy 

barriers for leaving these minima on the configurational map were at least 5 kJ/mol or about 

2RT (R: gas constant, T: temperature) in any direction. The formation of islands in the free 

energy landscape and the significant energy barriers for both minima suggest that the N- and 

C-telopeptides have distinct secondary structures. In contrast to that we obtained a circular 

state distribution with a global minimum at Pv1,v2(0,0) for disordered structures at higher 

temperatures. 

The root mean square displacements (RMSD) of all conformations with the assigned main 

component pairs Π1 and Π2, respectively, were averaged over the trajectory. The low values 

1.587 + 0.45 Å and 1.670 + 0.45 Å indicate that all configurations in the environment of each 

of these two points are similar. We thus chose single frames (Figures 1E,F, s. supplementary 

information for PDB files) out of these clusters of structures as starting points for the N- and 

C-telopeptides. These structures revealed to be stable during follow up simulations at 300 K. 

The secondary structures of the telopeptides were evaluated for the trajectory at base 
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temperature with the ptraj program of AmberTools12
43

 (Figures 1C, D). Most amino acids in 

the N-terminal telopeptides had in about 35 % of the time well-defined secondary structure 

elements beyond coil. Only the DEKS motif in the α1 chain attained 70-90 % for helix and 

turn together (Figure 1C). No indication of β-sheet formation was observed, and in that 

regard our structure is consistent with the results from MALONE et al.
8
. Contrarily to MALONE, 

a small helical segment formed before and after the DEKS-turn (Figure 1E). The complete 

structure of the α2 and both α1 chains was stabilized by 8.46 hydrogen bridge bonds in average 

during the simulation. The C-telopeptides obtained an extended conformation parallel to the 

triple helix with a loop at the start of the sequence (Figure 1F) and were sustained by 15.85 

hydrogen bridge bonds in average for all three chains together. As the PQPP-motif had only 

random coil structure (Figure 1D) the conformation is close to the results from OTTER et al.
11

. 

The N-terminal telopeptides are slightly positive (+1), whereas the C-terminal telopeptides are 

mainly negatively charged with a total charge of -6. 

2.4 Heparin model 

We built up heparin from three different disaccharide groups - head, chain and terminus. The 

head and the end groups have hydroxyl functions at the C1 position of glucosamine and at the 

C4 position of the iduronic acid, respectively. For simplifying our model and handling only 

three types of disaccharides, we assigned three sulfonate groups to each of them at the C2 

position of iduronic acid and at C2 and C6 of glucosamine. The resulting polymer has three 

negative sulfonate groups per disaccharide unit and is slightly more negative than in nature (-

4 instead of -3.5 per unit including the carboxyl group). The final model contained one head, 

seven chain and one terminal group with a total molecular mass of 5.14 kDa, which matches 

the average experimental size
24

. 

The heparin atom types and the corresponding bond, torsion and angle parameters were taken 
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from the Glycam force field
44–46

. The atomic charges were calculated the same way as 

described above for hydroxylysine. The ESP was calculated for a smaller molecule than used 

in the force field simulation, containing only one chain group in between a head and a 

terminal unit, and the partial charges in these three groups were separately parametrized. 

 

Figure 2. Snapshots of collagen triple helices (white) with telopeptides (green) aggregating to 

heparin (colored by atoms) in a molecular dynamics simulation. (A) Two strands are 
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connected by a C-terminal telopeptide (right) and by hydrophobic interaction of triple helices 

(left) and are aligned in parallel with small distance. (Insert) Without heparin interference, 

collagen triple helices arrange in parallel and form close contacts extending over several 

amino acids. Hydrophobic interactions (red circles) between two collagen triple helices are 

indicated. Positive and negative domains are drawn transparent red and transparent blue, 

respectively. (B) Heparin readily connects to atelocollagen at numerous sites and increases the 

intermolecular distance of the two strands significantly. (C) Spacing of the strands by heparin 

and close adhesion of the telopeptides at the C-terminus to the neighboring strand results in 

asymmetric binding in a simulation box with tropocollagen and heparin. The distances 

between these two strands induced by heparin linking is significantly bigger than by 

telopeptide driven aggregation. We assume that no ordered aggregation of a larger number of 

strands is possible. (Insert) Schematic drawing of the overlap region (red) between two 

tropocollagen molecules in a fibril. 

2.5 Simulation of collagen, heparin and telopeptide aggregation 

We set up two atelocollagen fragments with lengths of 31.5 nm for studying the influence of 

telopeptides and heparin on the aggregation of triple helices in early stage fibrillogenesis. 

These fragments correspond to the fibril overlap region
18

 (Figure 2C, insert). The first 

peptide started from the N-terminal of the atelocollagen and contained the first 111 amino 

acids of each of the three strands of the triple helix, embodying the N-terminal triple helical 

binding site for heparin (Table 1). Cutting the triple helix at an arbitrary position leads to 

polar ends with an unnatural affinity to the negative heparin molecules. The three collagen 

chains were thus capped by N-methyl groups at the C-terminus of their respective 111
th

 amino 

acid. The second fragment contained the last 111 amino acids close to the C-terminal end of 

the full triple helix with the respective C-terminal triple helical binding site and was capped at 
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its N-terminus by three acetyl groups. These two fragments were dissolved in one simulation 

cell in discrete water at a protein concentration of 23.6 g/l. In addition to this system (i), three 

further starting configurations were generated by (ii) adding 37.1 g/l heparin molecules to (i), 

(iii) by attaching the respective telopeptides to the uncapped end of the two peptides, and (iv) 

by adding heparin and telopeptides. Each of the four systems was equilibrated and subjected 

to free molecular dynamics four times for 80 ns starting with identical atomic positions, but 

different initial velocities. 

We developed a computer program, by which we analyzed the contacts between molecular 

compounds and created histograms of the interaction probabilities among residues and residue 

types: two residues on different fragments are considered to be in contact, if the distance 

between any two atoms of these amino acids was smaller than 0.225 nm. The total contact 

count per residue type was averaged over all frames and normalized with respect to the 

number of occurrences of the residue type. Additionally, the program calculated the charge 

densities for each compound around the contact within a radius of 0.5 nm. 

 

Figure 3. The 24 starting configurations of heparin are circularly oriented around the collagen 

fragment for the statistical analysis. The molecule was placed at one of eight positions (dark 

gray) at the respective start, middle and end of a triple helical fragment (orange) with an 

initial distance of about 3 nm from the molecular axis of the collagen. 
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2.6  Statistical analysis of heparin binding sites 

The relative importance of the contact points for heparin molecules along the complete triple 

helix with an overall length of 290 nm was obtained cutting the molecule into 15 fragments 

with lengths of 21.3 nm. This specific length was chosen to enable competition between 

several binding positions along one fragment while retaining a manageable system size. 

Neighboring fragments overlap for 1 nm, and this prevents the destruction of contact points 

by redistributing the respective amino acids to two different fragments. They were capped at 

both ends by protection groups as described above. In each simulation, a single heparin 

molecule was placed at a well-defined starting position relative to the respective fragment. We 

chose eight distinct positions around the collagen at its start, middle or end and obtained 24 

different initial heparin positions per fragment (Figure 3). A total of 15 x 24 = 360 

simulations were performed. Each of these ran for 10 ns after equilibration giving a total 

simulation time of 3.6 μs. The trajectories were analyzed for contact points along the helix 

between collagen and heparin as described above and a statistical distribution of the favorite 

binding sites of heparin to collagen was obtained. 

 

Figure 4. Electrostatics of atelocollagen/heparin (dot-dashed line), atelocollagen/ 
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atelocollagen (full) and heparin/atelocollagen (dashed) contacts. The probability of the 

interaction is plotted as a function of the charge densities around the contacts (s. text). The 

protein strands aggregate mostly at neutral and rarely at positive sites (full). Negative parts of 

the heparin (dashed) preferably bind to positive sites of the collagen (dot-dashed), which 

mainly contribute to the peak at +2.5 e/nm³. The neutral side chains around 0 e/nm³ bind by 

other than electrostatic mechanisms (s. text). 
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3. Results and Discussion 

3.1 Collagen-collagen interaction 

In atelocollagen, the triple helix strands strongly interact with each other (Figure 2A). The 

density analysis of the contact points showed that here a neutral charge environment is 

preferred (Figure 4). This suggests that the collagen-collagen aggregation is mostly driven by 

sequence and amino acid unspecific hydrophobic interactions along the triple helix. 

 

Figure 5. Interaction probabilities between the amino acids of two collagen triple helices in 

the systems with (A) atelocollagen only, (B) atelocollagen and heparin, (C) tropocollagen and 
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(D) tropocollagen with heparin. The x- and y-axis refer to the amino acid species on the N- 

and C-terminal fragments, respectively (s. Table 1). 

Figure 5 shows the interaction probabilities between specific amino acids in atelocollagen 

and tropocollagen with and without heparin. The interaction between neighboring triple 

helices are mainly hydrophobic (Figure 2A, insert), and only a few Coulomb contacts are 

distributed over the whole sequence. The contact map is not symmetric with respect to the 

main diagonal (Figure 5A) and does not indicate sequence or amino acid specificity. A given 

specific interaction between pairs of amino acid species X1, X2 should occur both with X1 on 

the C-terminal and X2 on the N-terminal fragment and the other way round, and the resulting 

contact should be symmetric in the map. 

Without heparin, the strength of the collagen-collagen interaction is hardly affected by the 

telopeptides (cf. Figures 5A, C). Heparin readily binds to the collagen and reduces the direct 

collagen-collagen interaction significantly (Figure 5B). In the simulations with tropocollagen 

and heparin, these tight contacts are nearly completely suppressed (Figure 5D). 

WODTKE et al. proposed a model for the binding of the DEKS turn to collagen
10

 based on the 

structure developed by MALONE et al.
8
. We also found a turn structure in the DEKS motif, but 

did not observe their binding configuration during the simulation. The telopeptides attach with 

a rather unspecific structure to the triple helical binding site. 
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Figure 6. (A) Binding probabilities of heparin for each residue of collagen (bottom) and the 

corresponding charge per residue (top) are summed up for the three chains in the triple helix. 

A running average with a width of six was applied to the raw data for probability and charge. 

This accounts for the observation that one heparin molecule binds to six neighboring residues 

at each site. The x-axis starts at the first amino acid of the atelocollagen and corresponds to 

178-1191 (α1) and 89-1099 (α2), respectively. The twelve binding sites are numbered. The 

sites close to the cross linking positions at the N- and C-terminal ends of the triple helix have 

total charges of +6 (2) and +5 (11), respectively. (B) Binding sites with an intensity greater 

then 0.38 %. The residue numbers start at the first amino acid of the atelocollagen and 

corresponds to 178-1191 (α1) and 89-1099 (α2), respectively. (C) Binding probability of the C-

terminal telopeptide to the binding site close to the N-terminal (2) plotted over the residue 

number of atelocollagen. Data are from the calculation with small fragments (3 x 111 amino 

acids, s. text), and the x-axis corresponds to residues 178-288 (α1) and 89-189 (α2), 

respectively. Without the interference of the heparin, the telopeptide of a neighboring collagen 

binds to the residues 60-95 preferring 70 (full line). Heparin binds very quickly to the 

collagen and presumably blocks residues below 80. The telopeptide then preferably connects 

to the residues around 75-90 close to the mature cross-link location at 87 (dotted). (Insert) 

Binding of the C-telopeptides to the N-terminal binding site. The heparin and parts of the 

collagen are negatively charged (blue), red side chains are positive, and white parts are nearly 

neutral. 

3.2 Heparin binding mechanism 

Figure 6A shows the results of a statistical evaluation of sequence specific sites on the 

collagen for binding heparin. Positive amino acids cluster at numerous positions along the 
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collagen helix, and twelve major binding sites were identified, which are distributed along the 

collagen helix (Figure 6B). 

The charge density of heparin in contact points to collagen is mostly negative due to the 

carboxyl and sulfate groups. A strong correlation between the charge density and the 

probability of binding was found (Figure 6A, top), and the interactions presumably are 

mostly electrostatic. Positive parts of collagen such as the side chains of arginine, lysine and 

histidine are strongly interacting with the negative heparin sites (Figure 4, S3). Only in very 

few cases, the contact points on the heparin are neutral and other mechanisms may be 

effective. The hydroxyl groups of heparin form hydrogen bonds to threonine, and the 

saccharide weakly interacts with the hydrophobic side chain of isoleucine. 

The two sites (2) and (11) with the highest adhesion probability for heparin in our analysis are 

identical to those reported experimentally
16, 17

 (87-92 and 930-935 on α1) around the cross 

linking residues 87 and 930 (Table 1, Figure 6B). It is feasible that these two regions are 

important. Both sequences have highly positive charges of +6 and +5 at N- and C-terminal, 

respectively, and contain nine amino acids each per strand. We assume based on experimental 

results
16

 that heparin binds only to six neighboring amino acids at a time and thus sees four 

neighboring binding sites with significant affinities. 

3.3 Competition between heparin and telopeptides 

The telopeptides bind specifically next to the positively charged cross-linking site. There was 

no specific sequence in the N- and C-telopeptides with high affinity to the binding sites. The 

initial attraction of heparin and collagen to the telopeptides is driven by Coulomb interactions. 

After the binding, the structure is mainly stabilized by hydrogen bonds (Figures S4B, S4E). 

Figure 6C shows that the binding of the telopeptides to the collagen is not independent from 
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prior binding of heparin. We thus analyzed the probabilities that heparin binds to the two 

preferred sites on the collagen triple helix discussed above, where also the telopeptides of 

collagen bind. 

C-telopeptides have a highly negative charge (-6) and do not attach to negative heparin 

molecules, but rather compete with them for the positive collagen binding site close to the 

N-terminal (+6) (Figures 1F, 6C, S4D). Without heparin, the C-telopeptides tend to bind 

close to residue 70. Under the conditions of our simulation, heparin very quickly finds this 

binding site in the positively charged region of the triple helix. If the site is blocked, the 

C-telopeptides than attach to residues around 87, which is the cross-link site and the 

experimentally found binding site for heparin. Thereby the heparin guides the C-telopeptides 

to the correct binding position by screening the repulsion between the positive charges of 

collagen and C-telopeptides (Figures S4E, S4F, 6C, insert). The telopeptides seem to find the 

typical binding site around 87 only, if there is heparin present. This supports the argument that 

low concentrations of negatively charged glycosaminoglycans are needed for correct 

fibrillogenesis
20, 21, 47, 48

.   

The N-telopeptide is slightly positive (+1), and binds weaker to the site (11) close to the 

strictly positive C-terminus (+5) than C-telopeptides to the N-terminus site (2). Instead, the 

negative heparin very quickly finds the positively charged C-terminal region of the triple helix 

(Figure 2C). The N-telopeptide does not compete with heparin for the positive binding sites 

on the C-terminal, but mostly binds to the oligosaccharide itself (Figures S4A, S4C, 6D, left 

bottom). This way, the heparin forms a bridge between positive sites on the two collagen triple 

helices. With a sufficient amount of heparin available, several similar bridges between 

neighboring strands not only near to their termini (Figure 2B) are formed keeping them in 
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significant distance from each other. This results in greater spacing between the strands. 

Conclusion 

We studied the aggregation of collagen triple helices as an initial step for fibrillogenesis and 

present a detailed investigation of the interactions between telopeptides, collagen type I and 

heparin. We think that our results match the experimental data as described below and provide 

atomistic insight into the system, which is inaccessible in the experiment only. POMPE et al. 

describe three different systems of fibrils (Figure 1 in
23

): 

I. Without heparin, standard fibrils from atelo- and tropocollagen with a 67 nm 

D-periodic asymmetric banding periodicity are obtained in the experiment. We speculate that 

fibrillogenesis is initiated by the hydrophobic aggregation of collagen triple helices in our 

simulation which results in a parallel alignment of the strands with an average collagen-

collagen distance of 1.2 nm  (Figure 2A). 

After adding heparin to atelocollagen, cofibrils with a much higher diameter and a 67 nm 

D-periodic asymmetric banding periodicity were observed in the experiment. In the 

simulation, the saccharide acts as a spacer between the triple helices throughout the whole 

collagen sequence and reduces the collagen-collagen interaction. It is likely that the collagen-

collagen distance increases from 1.2 nm to approximately 5.2 nm, and a fibril with a four 

times bigger radius may be formed (Figure 2B). 

II. In addition to these fibrils, a mesh-like network of fibrous long spacing fibrils with an 

average periodicity of 165 nm is seen in the experiment with atelocollagen. We assign this 

mesh to a mechanism different to that for the thick fibrils described above. Under the 

conditions of the simulation, the N- or C-terminus may bind to the second triple helix without 

a heparin link. This direct connection competes with heparin spacing and leads to asymmetric 
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binding. The close hydrophobic aggregation of the complete collagen helices is very unlikely 

in the presence of heparin and did not occur in the simulation. We suppose that this 

asymmetric binding suppresses the regular fibrillogenesis and the formation of thicker fibrils 

and develops into a network of irregular fibrils. 

III. The formation of the regular and thick fibrils of tropocollagen is completely 

suppressed by heparin, and only the fine fibrils are obtained in the experiment. In the 

simulation heparin binds very quickly to the positively charged amino acids of the 

N-telopeptides, blocks their interaction to the C-terminal binding site and links itself to the 

C-terminal helix. Contrarily, the C-telopeptides can directly connect to the binding site near 

the N-terminus without heparin interfering. This mechanism always results in asymmetric 

binding if heparin is sufficiently abundant (Figure 2C). 
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Abstract 

The structure of a protein is often not completely accessible by experiments. In silico, replica 

exchange molecular dynamics (REMD) is the standard sampling method for predicting the 

secondary and tertiary structures from the amino acid sequence, but is computationally very 

expensive. Two recent adaptations from REMD, temperature intervals with global exchange 

of replicas (TIGER2) and TIGER2A, have been tested here in implicit and explicit solvent. 

Additionally, explicit, implicit and hybrid solvent REMD are compared. Based on the hybrid 

REMD method (REMDh), we present a new hybrid TIGER2h algorithm for faster structural 

sampling, while retaining good accuracy. The implementations of REMDh, TIGER2, 

TIGER2A and TIGER2h are provided for NAMD. 

All methods were tested with two model peptides of known structure, (AAQAA)3 and HP7, 

with helix- and sheet motifs, respectively. The TIGER2-methods and REMDh were also 

applied to the unknown structure of the collagen type I telopeptides which represent bigger 

proteins with some degree of disorder. We present simulations covering more than 180 μs and 

analyze performance and convergence of the distributions of states between the particular 

methods by dihedral principal component and secondary structure analysis. 

1. Introduction 

The common experimental methods for finding the secondary and tertiary structures of 

proteins are X-ray diffraction and NMR-spectroscopy. Data from these techniques are 

converted into atomic structures with limited computational effort, but the experiments often 

have to be complemented by in silico structure prediction, if it is difficult to isolate or 

crystallize the protein. In several cases, proteins contain very flexible motifs or are completely 

intrinsically disordered
1,2

. Even if the main part of the protein is readily crystallized and the 
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structure is determined by X-ray diffraction, the structure of these flexible strands may not be 

recognized. In such cases, homology modeling is a cheap knowledge based method for 

finding the secondary and tertiary structures. However, if no comparable proteins are 

available, this approach may be very inaccurate and the structure has to be derived ab initio 

from the amino acid sequence. In these cases, the aim is not to minimize the potential energy 

only, but to find the conformation with minimum free energy. If external factors such as 

chaperone folding can be excluded and no metastable states exist, this conformation will be 

the native state. 

Molecular dynamics (MD) simulations using sophisticated force fields are a generally 

accepted technique for sampling the large conformational spaces of proteins. Different states 

are distinguished and structures occurring with high probability are identified by decomposing 

the dynamics into suitable collective coordinates. The native folding conformation of the 

protein with a given sequence manifests as the most common structure in a complete 

Boltzmann weighted ensemble, representing the overall density of states specific to a 

respective temperature. Energy barriers and folding pathways between different states can 

then be taken from the resulting energy landscapes. 

In principle, the full conformational space has to be sampled for obtaining the state with 

minimal free energy. By ergodicity, a single straight MD simulation should finally attain a 

Boltzmann ensemble. Unfortunately, the required real time for such an out-of-the-box 

structure determination is usually out of reach. In standard MD simulations, the protein rather 

gets stuck in local wells in the rough conformational energy landscape, and in practice 

thermal motion is not sufficient to overcome the energy barriers around these minima. The 

established approach for sampling the conformational space of proteins beyond MD is replica 
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exchange molecular dynamics (REMD)
3
. For modeling protein folding with reasonable 

computational resources, enhanced sampling methods based on REMD were developed
4–12

, 

such as Hamiltonian REMD (H-REMD)
5,6,11

, reservoir REMD (R-REMD)
7,9

, hybrid REMD 

(REMDh)
8,12

 and multidimensional REMD (M-REMD)
4
. All these methods compromise 

between the accuracy and computational effort. 

In this study we will focus on the temperature intervals with global exchange of replicas 

(TIGER2) enhanced sampling methods
13,14

. These algorithms will be compared with 

conventional replica exchange molecular dynamics (REMD)
3
, hybrid REMD (REMDh)

8,12
 

and implicit solvent REMD (REMD/GBSA) at the example of two model peptides, 

(AAQAA)3 and HP7. Dihedral principle component analysis (dPCA)
15

 validates the accuracy 

more sensitively than earlier evaluations by hydrogen bond frequency, radius of gyration, end-

to-end distances or similar collective variables. We will propose an algorithm TIGER2h 

similar to REMDh that outperforms the here investigated methods. 

The native configuration of the sequence (AAQAA)3 is dominated by an α-helix. The peptide 

is commonly used to characterize the secondary structure prediction behavior of force fields 

and conformational sampling methods
13,16–19

. NMR experiments at 274 K on the secondary 

structure of this peptide resulted in a maximum helical structure probability of 55 %
20

. HP7 

also is a very small peptide consisting of 12 amino acids (KTWNPATGKWTE), but forms an 

antiparallel sheet with a turn (PDB code: 2EVQ) at 280 K
21

. 

MD based protein calculations are very sensitive to the solvent model. The straightforward 

approach is to provide discrete water molecules and to describe them by a simple force field. 

Systems with explicit solvent yield an intrinsically correct description of water properties 

such as the permittivity and polarization not only in the bulk, but also close to the surface of 

the solute on short length scales and reproduce the gradual transition from free solvent to rigid 
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hydration shell molecules. On the other hand, these systems contain many water molecules 

and most of the computing power is used for their dynamics. Consequently, implicit water 

models have been developed, which shall artificially reproduce the influence of water on the 

solute on various levels of precision
22–25

 with negligible computational overhead. We used the 

parametrization based on the generalized Born approach with surface corrections (GBSA) that 

describes the hydrophylic energy of solvation as a sum of pair and self energies
26,27

. These 

depend on an effective dielectric constant, the ion concentration, and effective Born radii, 

which are approximated by a set of specific variables and functions. Obviously, it is difficult 

to describe the hydration shell and thus the structural properties of proteins precisely with 

implicit models. Therefore, folding in implicit vs explicit water is a major issue in this study 

and the influence of implicit solvent on accuracy will be demonstrated. 

In addition to the model peptides, the faster TIGER2-methods and REMDh will be 

benchmarked for a larger protein of our intrinsic interest, the N-telopeptides of bos taurus 

collagen type I. It is challenging to predict the folding of this protein, because it is very 

flexible and has no well defined secondary structure. This leads to a large conformational 

ensemble space that must be scanned. Therefore this is a good example to validate these 

methods at the example of a complex biological system. Several tertiary structures of these 

very flexible telopeptides have been proposed in the literature. MALONE et al. and FRIEDRICHS 

et al. concluded from energy minimization followed by molecular dynamics simulations that 

the N-telopeptides nearly form a hairpin motif with the DEKST amino sequence as β-turn
28,29

. 

Experimentally, cyclic and linear hexapeptides with the DEKST motif attained hairpin and 

extended conformations, respectively
30

. In an earlier study, we obtained the minimum free 

energy structure of the telopeptides from the TIGER2 method in implicit solvent
31

. The 

DEKST motif formed a hairpin-like structure enclosed by two helical fragments. In this work, 
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we propose refined conformations for the N-telopeptides. 

2. Methods 

2.1 Replica Exchange 

We applied the classical T-REMD (temperature replica exchange molecular dynamics)
3
, 

where multiple uncoupled MD simulations, so called replicas, proceed simultaneously at 

different temperatures. The range extends from the base temperature, usually 270-300 K, to 

higher values up to 600 K, at which we see rapid unfolding on the time scale of our MD 

simulations. Effectively, REMD performs a random walk within the given temperature space 

controlled by a Metropolis sampling (MS) criterion
3,32

, which allows high temperature 

replicas to overcome energy barriers and escape local energy minima. On the other hand, at 

low temperatures the replicas can find local energy minima. Pairs of replicas A and B with 

neighboring temperatures TA and TB are periodically exchanged, if the MS criterion (eq. 1), 

based on the current potential energies, EA and EB of two replicas is accepted. 

 
            

     
          

   (1) 

The MS criterion essentially checks, if it is more probable that A is occurring in the ensemble 

with TB and B in that with TA. 

After a sufficiently long sampling time, this procedure converges to specific Boltzmann 

weighted ensembles at each temperature
3,13,33–36

. Therefore, we consider its probability 

distribution as the best approximation of the free energy landscape among the presented 

methods. The results of a converged REMD calculation obviously only depend on the applied 

force field, and are expected to reproduce the native structure as the predominant 

conformation at the temperature of interest, which is usually the baseline. 
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The potential energies of the replicas increase with increasing temperature, because the 

internal parameters show stronger average deviations from the equilibrium values of the force 

field. As a textbook example, the amplitude of a given harmonic oscillator increases with 

increasing temperature and the vibration gains the same amount of potential as of kinetic 

energy. Consequently, replicas with similar structures but different temperatures have 

different potential energies and temperature steps between adjacent replicas must be small for 

maintaining sufficient overlap of their respective energy distributions. A sufficiently fast 

diffusion of the conformational states along the temperature scale affords that the MS 

criterion yields an exchange probability of about 20 %
3
. This condition requires a high total 

number of replicas, and exchange is limited to neighboring temperatures. The temperatures 

for the replicas are often equally spaced on a logarithmic scale in order to ensure similar 

exchange rates between all pairs of neighboring replicas at low and high temperatures. 

The potential energy of each replica additionally scales with the number of degrees of 

freedom in the system and becomes very high when using explicit water. This effect affords a 

larger number of replicas and makes REMD prohibitively slow for explicit solvent and larger 

proteins. This problem is enforced by the fact that a particular state in general has to undergo 

many exchanges to “diffuse to” and stay at its representative temperature ensemble. The 

computing time thus increases more than linearly with the increasing number of replicas, 

since each replica needs more exchanges. These effects lead to a long initial equilibration time 

for REMD before attaining reasonable Boltzmann distributions in all temperature levels. 

Statistics of conformational data from an REMD run can be improved by applying the 

temperature weighted histogram analysis method (t-WHAM)
35

. This combines the Boltzmann 

distributions of replicas at different temperatures and produces a more complete free energy 



Publications   

 

                                                                          124                                                                        

 

image than with the baseline data alone. In our simulations the t-WHAM approach did not 

yield significant improvements over the baseline data only (Figure S4, supporting 

information, appendix C), which was used for all comparisons. 

Here, we used 80 replicas for explicit solvent REMD at temperatures between 270 and 600 K 

for (AAQAA)3 and HP7. After each sampling run, the exchange order toggles between pairs 

starting with odd or even numbers (e.g. 1-2, 3-4, ..,79-80 or 2-3, 4-5,..,78-79, respectively). 

The exchange rates were tuned to 14% and 26% for the helix and sheet protein, respectively. 

Figure 1. Schemes of the applied REMD and TIGER2 algorithms. The different order of 

steps is demonstrated for each replica exchange cycle. In the exchange step (magenta) the 

potential energies are evaluated by implicit solvent for the REMDh and TIGER2h methods 

and in explicit solvent for TIGER2, TIGER2A and REMD. 

The number of replicas is drastically reduced with the REMDh and REMD/GBSA. For the 

same temperature range only eight replicas are needed. The simulation procedure is the same, 

but in REMD/GBSA the simulation is performed entirely in implicit solvent, while in 

REMDh implicit solvent is only applied during the energy calculation for use with the MS 

criterion (Figure 1). In both cases the perturbations by huge potential energy contributions of 

the explicit water are suppressed for the exchanges, and sufficient exchange probabilities for 

the MS criterion are achieved with less replicas. 
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2.2 TIGER2 

Temperature intervals with global exchange of replicas (TIGER2) works with a reduced 

number of replicas
13,37

. In contrast to classical REMD, all replicas are rapidly cooled down to 

base temperature by velocity rescaling followed by short thermostated runs before an 

exchange is attempted. Rapid cooling shall quench the kinetic and temperature dependent 

potential energies, but hardly affect the structures. Consequently an exchange is sensible not 

only between conformations with adjacent, but with any temperature. The MS criterion 

 
            

     
    

   (2) 

is applied once for comparing and exchanging the base line replica with another randomly 

selected one. After the exchange, the remaining replicas, including the one eventually rejected 

by the MS criterion, are reassigned to the replica temperatures in the same order as their 

respective potential energies. 

This method enhances the conformational sampling efficiency with respect to classical 

REMD. The replicas do not need to have a distinct temperature scaling in small steps and the 

number of replicas is set independently from the temperature range or the system size. 

Working with a smaller number of replicas and fewer parallel MD simulations than in REMD 

immensely reduces the demand of computational resources. The additional cooling and 

heating intervals before and after the exchanges usually only take a few picoseconds and a 

significant gain in computational efficiency is achieved despite the increased simulation time 

for each exchange. Additionally, the algorithm might converge significantly faster, since all 

exchanges take place directly with the base line replica in contrast to the diffusion process in 

REMD. As pointed out by the developers of the TIGER2 method, the algorithm does not 
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satisfy the detailed balance condition but the balance condition
13

. While this is no proof that 

this algorithm yields a Boltzmann distribution at the baseline temperature, it was argued that 

the balance condition together with a move algorithm is sufficient to provide a Boltzmann 

ensemble. For a detailed discussion of this crucial point, we refer to [ref 13]. 

Here, eight replicas of the respective peptide, HP7 or (AAQAA)3, were used with explicit 

solvent in a temperature range of 270-600 K. Between each exchange, heating, sampling and 

cooling phases of 2 ps, 18 ps and 10 ps were provided. 

2.3 TIGER2A 

In systems with an explicit representation of water, the potential energy fluctuations are orders 

of magnitude higher than those of the protein alone (Table S4, supporting information, 

appendix B), and the MS criterion fails to favor protein structures with low potential 

energies
14,38

. The TIGER2 developers addressed this issue by introducing an additional 

averaging phase for the explicit water which strongly reduces the potential energy noise 

(Figure 1). This resulted in the TIGER2A approach, which, according to LI et al., reasonably 

well approximates a Boltzmann ensemble of states at the base temperature for explicit and 

implicit solvent
14

. Similarly to TIGER2, the TIGER2A algorithm converges faster than 

REMD since every replica may exchange directly with the baseline replica, circumventing the 

diffusion problem. 

We again used eight replicas at the same temperatures in two runs with implicit and explicit 

solvent, respectively. Averaging applies to explicit water only, and the simulation times 

needed for these phases were determined separately for each system (cf. Figure S1, 

supporting information, appendix B). A lower limit was obtained from the condition that the 

fluctuation of the averaged energy for the system with explicit water should be lower than the 
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fluctuation without averaging for the corresponding system with implicit water. This resulted 

in 256, 128 and 320 ps for (AAQAA)3, HP7 and the N-telopeptides. In Appendix B, the 

correlation between energy fluctuations, specific heat, and averaging times is explained. It is 

shown that the fluctuations and averaging times are related to the thermodynamics of the 

system, rather than being artifacts of the calculation. Consistently, an attempt to reduce the 

averaging phase by a factor of two resulted in scrambling of the peptide configurations 

similarly to the original TIGER2. This indicates that the lengthy averaging is indeed needed in 

this approach and that our estimate is realistic. The mismatch between computational costs for 

averaging and for sampling was reduced by extending the sampling phase to 48 ps. The 

heating and cooling phases lasted for 2 and 10 ps, respectively. 

Table 1. Calculation of the benchmark factors fb for the two test peptides (s. text). Each of the 

Nr replicas has to be simulated for the total time tt before the MS criterion is applied and nc 

configurations for the distribution at the baseline temperature are generated. fb=Nr·tt/nc is a 

measure for the computational cost for generating a Boltzmann distribution with a given 

number of configurations. A high value corresponds to a slow method. For the calculation of tt 

see Tables S1-S3 in the supporting information. 

Algorithm tt (ps) Nr nc fb (ps) 

(AAQAA)3 REMD 20 80 1 1600 

REMDh 20 8 (+1) 1 160 

REMD/GBSA 20 8 1 160 

TIGER2A 316 8 2.4 1076 

TIGER2A 

(half averaging) 
188 8 2.5 611 

TIGER2h 30 8 (+1) 1.9 127 

TIGER2A/GBSA 30 8 2 120 
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TIGER2 30 8 1 240 

HP7 REMD 20 80 1 1600 

REMDh 20 8 (+1) 1 160 

REMD/GBSA 20 8 1 160 

TIGER2A 188 8 2.3 657 

TIGER2h 30 8 (+1) 1.8 132 

TIGER2A/GBSA 30 8 1.9 128 

TIGER2 30 8 1 240 

N-telopeptides REMDh 50 23 (+1) 1 1150 

TIGER2A 380 12 1.9 2386 

TIGER2h 60 12 (+1) 2.1 346 

TIGER2/GBSA 16 8 1 128 

 

TIGER2A makes a second modification with respect to TIGER2. Previously, only one 

randomly chosen replica had been compared with that at the base temperature. Now, the MS 

criterion is applied between a reference state and all other replicas in increasing order of their 

respective sampling temperatures. The first reference state is the current baseline replica and 

each accepted replica becomes the new reference state (Figure S5, supporting information, 

appendix D). The current conformations of all accepted replicas are written to the baseline 

trajectory and contribute to the baseline Boltzmann ensemble. Thus, TIGER2A is able to 

generate several states at each exchange cycle. For implicit solvent simulations without the 

averaging phase, about two states are accepted, resulting in a two-fold speedup as compared 

to TIGER2. Only for the implicit solvent the advantages of running less replica and obtaining 

more conformations per step are significant. With explicit solvent, computational costs 

increase dramatically due to the expensive averaging phases and TIGER2A is not 

significantly more efficient than conventional REMD (Table 1). 
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 TIGER2A was originally developed for the CHARMM software
14,39

 and had not been 

implemented in NAMD before. The method is provided in the supporting information. For 

technical reasons the solute atoms are not fixed during the averaging, resulting in a slightly 

increased computational overhead. 

2.4 TIGER2h 

We modify the explicit water TIGER2A simulations and propose a new hybrid method 

TIGER2h in analogy to the hybrid REMDh approach
8
. In contrast to REMDh, we adopt the 

advantages of freely selecting the number of replicas and of the additional MS criterion 

checks from TIGER2A. We calculated the conformations by sampling over eight replicas at 

the temperatures used before. The calculation of peptide conformations takes place in explicit 

solvent and is not affected by the known errors of searching for protein structures in implicit 

solvent
40–42

. 

The important difference with respect to TIGER2 and TIGER2A is that the energies for 

applying the MS criterion are not taken directly from the current simulation with explicit 

water. These energies were subject to strong noise due to the large number of water molecules 

in TIGER2 or could only be obtained after costly averaging intervals in TIGER2A. This slow 

energy calculation after averaging in explicit water is replaced in the hybrid method by the 

fast evaluation in a single step in implicit water. State of the art implicit methods may have 

shortcomings in calculating dynamics but permit to evaluate the relative energies of different 

replicas with sufficient precision for consistently applying the MS criterion. 

Technically, this is done by sampling in explicit water but removing the water molecules from 

the final simulation snapshot of the sampling stage and embedding the remaining peptide 

conformation into the implicit solvent environment as described below. This is provided by an 
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additional replica running as a dummy system with implicit water in parallel to the sampling 

replicas in explicit water. Their coordinates are sequentially sent to the dummy replica and the 

energies are calculated applying the corrections for the implicit water. This energy calculation 

can be applied to replicas without adapting the dummy system to their respective 

temperatures. As only the potential energy is evaluated in one single step and no velocity 

distribution enters the result. This procedure is implemented by exchanging PDB-files and 

MPI messages using the NAMD/Tcl API (s. supporting information). 

2.5 Simulation procedure 

The AMBER14SB
43

 force field was applied inside the molecular dynamics simulation 

package NAMD 2.11 with GPU acceleration
44

. Net electrostatic charges of the peptides were 

compensated by adding appropriate amounts of sodium or chloride counterions. The lengths 

of all covalent H-bonds were constrained using the RATTLE algorithm
45

. Hydrogen mass 

repartitioning (HMR)
46

 was implemented in NAMD by modifying the AMBER topology file 

using the ParmED 2.4.0 utility
47

 and applied to the solute only. 

In implicit solvent, periodic boundary conditions were obsolete for our systems, and cutoffs at 

1.6 nm with switching functions were applied to VAN-DER-WAALS and COULOMB interactions. 

The ion concentration and the dielectric constant were 0.2 M and 78.5, respectively. The 

GB
OBC

II model was used with a solvent accessible surface area (SASA) correction term with a 

surface tension of 0.005 kcal∙mol
-1

∙Å
-2

 (3.47 mN/m)
27,48

. This combination is addressed here 

as GBSA. 

Explicit water was described by the TIP3P model
49

 under periodic boundary conditions. 

Electrostatic and VAN-DER-WAALS interactions were treated with PME
50

 (grid spacing of 

0.1 nm) and with a cutoff at 1 nm (including switching functions), respectively. The target 
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pressure was three times the pressure resulting from the ANTOINE-equation (A=8.14019, 

B=1810.94 °C, C=244.485 °C: result in torr
51

). By moderately enhancing the pressure with 

respect to the vapor pressure, we suppress vapor bubbles but avoid a significant increase of 

the liquid density. 

The potential energy of all systems was first minimized with the conjugate gradient algorithm 

for 15000 steps. The subsequent molecular dynamics simulation used a Verlet integrator
52

 

with a time step of 4 fs. The temperature and the pressure were controlled by a Langevin 

thermostat
53

 and by a Langevin piston barostat
54

 with coupling time constants of 1 and 0.2 ps, 

respectively. The simulation boxes and trajectories were visualized with VMD 1.9.3
55,56

. 

The sequences for the α1 and α2 chain of collagen N-telopeptides were taken from Uniprot 

(P02453 and P02465)
31,57

: 

Two α1 strands: QLSYGYDEKSTGISVP GPMGPSGPRGLPGPPGAP 

One α2 strand: QFDAKGGGP GPMGLMGPRGPPGASGAP 

The three telopeptide strands (italic) including the DEKST sequence (underlined italic) were 

bound to a small triple helix (plain) built of 18 amino acids of the subsequent part of the 

collagen sequence. The triple helical part was generated with the collagen building script 

TheBuScr 1.05
58

. Prolines at the Y-position of a GXY triplet were hydroxylated to 

hydroxyproline. The structure of this collagen fragment was preserved by fixing its backbone 

atoms during the simulations. The telopeptides were attached to this triple helix, which 

mimics the external influence on their structure. The cell with the size of 12x7x7 nm
3
 and 

17777 water molecules was large enough for avoiding interaction between the fully extended 

peptides and their periodic images. 
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For all sampling methods, the temperature range was 280 to 600 K. In explicit solvent we 

used twelve replicas with the same simulation parameters as described above. The slightly 

higher number of replicas resulted in a reduced convergence time and consequently the 

sampling time compensating for the larger protein size and higher water count. Heating, 

sampling and cooling times were 2, 48 and 10 ps, respectively. The implicit solvent TIGER2 

simulation of eight replicas applied a dual Verlet integrator with a time step of 2 fs for VAN-

DER-WAALS interactions and 4 fs for COULOMB interactions. The simulation times for heating, 

sampling and cooling were 5, 5 and 6 ps, respectively. The other simulation parameters were 

taken from the general implicit solvent method described above. 

Because of the increased system size, 23 replicas are needed for the REMDh method and an 

exchange was tried every 50 ps. Further simulation parameters are as described above. 

2.6 dPCA 

The distribution of states and differences between the sampling methods were characterized 

using dihedral principal component analysis (dPCA)
15,31

. This reduced the dimension of the 

resulting distribution of states in two steps. (i) Instead of describing the protein with atomic 

coordinates like in standard PCA, the internal backbone dihedrals φi and ψi were used. This 

greatly reduces the number of degrees of freedom and the result is not affected by the overall 

motion of the protein. The dPCA will yield as many principal components as the analyzed 

system has torsional degrees of freedom, i.e. two per residue. (ii) It turned out, however, that 

the first two main components of the torsional space, which cover around 15-30 % of the 

internal motions for peptides in this study, were sufficient to distinguish between different 

conformational states for the analysis described here. Each peptide conformation is 

unambiguously labeled by its values of these two principal components v1 and v2 only, and a 

distribution N of base line states is obtained on a grid of v1 and v2 with a resolution of 50 x 50 
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or 100 x 100 points. We did not refer to tools which achieve higher precision with 

multidimensional cluster analysis, such as CARMA
59

, because these results cannot be 

visualized appropriately. 

In general, if the principal coordinates are calculated from each trajectory independently, the 

analysis of different trajectories results in different principal coordinates. In several cases we 

applied the principal axes derived from one trajectory to the frames of a second one. If not 

described otherwise, the results from different methods were plotted with the principal 

component axes taken from the explicit solvent REMD method. The distribution of states of 

the two trajectories then are directly comparable. Similar structures obtained with different 

methods now appear at the same spot in the free energy landscape and similar Boltzmann 

distributions for the same peptide yield similar landscapes. By comparing such landscapes 

from different methods, the agreement between their results and the completeness of the 

sampling of the conformational space are appreciated. 

Assuming a Boltzmann distribution, the values of N are converted into relative Gibbs free 

energies ΔG, 

                      (3) 

The reference ΔG=0 is the point with the highest number of states, Nmax. At points with high 

free energy, the values of N are very low and subject to large relative scatter. These points do 

not contribute significantly to the Boltzmann distribution and the actual value of ΔG is very 

uncertain. Unoccupied points (N=0) are set to an upper limit for ΔG according to kbTln(Nmax) 

avoiding the singularity of the natural logarithm. The Gibbs energies are presented in 

pseudocolors in plots of the distribution of conformations for coordinate pairs N(v1,v2). After 

using the same principal components for different methods and increasing ΔG with respect to 
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the most probable conformation, the mismatch between the results from different methods is 

also visualized on the basis of difference plots (Figure S2, S3, supplementary information, 

appendix C). 

2.7 Benchmark factor 

We compare the sampling and computational efficiency of all methods by a benchmark factor 

fb (Table 1) that counts the entire simulation time with given time step for obtaining a single 

state of the baseline Boltzmann ensemble. The total simulation time of a method including all 

TIGER2 phases is summed up and divided by the number of accepted base line 

conformations. This factor accounts for the general effort to sample the conformations, but 

does not give the actual real time spent, which depends on the hardware setup and the 

software configuration. 
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Figure 2. (Top) Pseudocolor plots of the first (x-axis) and second (y-axis) main component 

from the dPCA of the helix protein (AAQAA)3 for the algorithms indicated. TIGER2A (half) 
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denotes TIGER2A with half the averaging time. The colors represent the free energies with 

black and yellow being zero and the highest value, respectively. The inserts at the bottom of 

each plot are side views of the energy landscape showing the dependence of ΔG on the first 

(PC1) or second (PC2) main component. In all diagrams the principal axes of the explicit 

solvent REMD are imposed. For all algorithms except REMD/GBSA and TIGER2A/GBSA 

the sampling, cooling and heating phases were done in explicit water. The structures with high 

probability form a contiguous nearly hexagonal area with distinct peaks. No conformations 

corresponding to N(v1,v2) were obtained for the surrounding yellow zone. Thus, these points 

were set to the highest free energy. The codes HA-HZ denote secondary structures as shown 

below. HZ is the unfolded starting structure shown as a dashed large circle near to the center. 

The smaller circles correspond to distinct peaks in the free energy plots that relate to the 

structures HA-HH. Structures HB, HC, HD are folded on the left (N-terminus) and the helix 

increasingly extends to the right (C-terminus), whereas HE, HF, HG fold from right to left. 

HH is an intermediate between these two series close to HA and is folded on both termini, 

with a turn-like structure in the middle. The completely folded conformation is HA at the very 

right corner of the hexagon. (Bottom) Secondary structures of representative states HA-HZ of 

the helix protein (AAQAA)3 (white unfolded, cyan turn and purple α-helix). 

3. Results and Discussion 

Here we analyze the dPCA plots for each method and compare the results with the data from 

the classical REMD, which yielded the closest approximation to a Boltzmann distribution in 

our simulations. 

3.1 (AAQAA)3, a helix protein 

The dPCA results show that only by REMD in explicit solvent a large field of states was 

scanned (Figure 2). Hybrid and implicit solvent REMD have a much sparser free energy 
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landscape when analyzed by the same dPCA protocol. This suggests that the implicit solvent 

model introduces an error to the MS criterion and only a restricted fraction of conformations 

is accepted. We assume that the implicit solvent model leads to the reduced conformational 

fraction, since the effect is even more pronounced in the full implicit approach REMD/GBSA 

than in the hybrid data from REMDh. 

The genuine TIGER2 algorithm without averaging yielded a potential energy surface, which 

was dominated by an unspecific circular state distribution of configurations with N(0, 0) as 

minimum and led to an erroneous assessment of the favorable structures. Water had 

contributed the major part of the potential energy, and its fluctuation was so large that the MS 

criterion could not favor peptide states with lower potential energies. In principle, the 

algorithm will still generate a Boltzmann ensemble, but the convergence time is beyond the 

time scale of current computational resources. In contrast to TIGER2, TIGER2A averages 

over the fluctuation of water energies. The dPCA plot from TIGER2A is more similar to that 

from explicit solvent REMD than the TIGER2 result, and we conclude that TIGER2A yields a 

better approximation of the Boltzmann ensemble than genuine TIGER2. 

The C-terminal unfolded conformations (structure HB-HD) were preferred with respect to the 

N-terminal unfolded conformations (structure HE-HG), in agreement with the conventional 

REMD plot. The result crucially depends on a long averaging time, and after averaging for 

only half the time estimated, an intermediate result was obtained with higher probabilities for 

configurations close to the unfolded region N(0, 0). 

The TIGER2h method slightly overestimated the folded structures, and configurations with a 

negative first main component have very low probabilities. Still the result was much closer to 

the data for explicit solvent REMD than after calculating the structures by molecular 



Publications   

 

                                                                          138                                                                        

 

dynamics in implicit solvent with TIGER2A/GBSA or REMD/GBSA. We ascribe the huge 

discrepancy between REMDh and TIGER2h to an increasing error of the implicit solvent 

energies with temperature. These solvent models are optimized at 300 K, and important 

parameters such as the permittivity of water are not rescaled to other temperatures. The 

TIGER2h method only applies the MS criterion at baseline temperature, and the error 

introduced by temperature is very small. In REMDh however, the replicas have to be 

compared at different temperatures and the solvation energies of replicas at higher 

temperature replicas might be considerably in error. This also implies, that by choosing an 

improved implicit solvent model, the REMDh might be considerably improved. 

Three different folding pathways seem to be feasible to us for the formation of the final helix 

on the given energy landscape: Either the folding starts at one of the two ends and proceeds 

along the protein (HZ->HG->HF->HE->HA or HZ->HD->HC->HB->HA, respectively) or 

both ends fold simultaneously, and the middle part adapts afterwards (HZ->HH->HA). 
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Figure 3. (Top) As Figure 2 but for the sheet protein HP7. The range of structures with high 

probability now has a diamond shape and the maps contain the β-sheet conformations and the 
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unfolded structures on the left and right sides, respectively. The global minimum SA for the 

sheet peptide has a negative first main component and is at the left corner of the rhomboid for 

favorable structures. The unfolded coil is SZ at the right corner and the intermediates are SB-

SW. The most pronounced conformation is the sheet structure SA, which matches NMR 

results
21

. On the right side, β-sheet like structures (SC, SF and SW) and less folded 

conformations (SD, SZ and SH) are found. (Bottom) Secondary structures of representative 

conformations SA-SZ of the sheet protein HP7 (white unfolded, yellow β-sheet, cyan turn, 

golden sheet-like structure and blue 3-10-helix). 

3.2 HP7, a sheet protein 

For the sheet peptide, the explicit solvent REMD data fill a rhomboid more complete in the 

dPCA plot (Figure 3). Only the corresponding image for REMDh is sparsely filled as was 

seen for the helix peptide. In contrast to Figure 2, the implicit solvent REMD/GBSA yields a 

larger conformational space than REMDh, but the major peak diverges from explicit solvent 

REMD, and the fully folded structure SA was not found. 

As for the helix protein, the TIGER2 result shows no distinct peaks and overestimates the 

structures in the middle. Nevertheless, a slight peak on the left of the free energy plot 

indicates structure SA [Figure 3 (TIGER2), insert PC1]. Both, TIGER2A and TIGER2h are 

in good agreement with the explicit REMD image. The discrepancy between REMDh and 

TIGER2h is again attributed to a presumably temperature dependent error of the implicit 

solvent model. The corresponding TIGER2A/GBSA algorithm failed to reproduce the energy 

landscape of REMD, and SD/SE had the highest probability rather than SA. We thus doubt 

that protein structures with significant amounts of sheet conformations can be accurately 

predicted using the present combination of implicit water model and force field. 
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There appears to be one distinct pathway for the correct folding. First, the turn structure arises 

and the ends approach each other yielding a sheet-like structure (SZ->SD->SC). Then the 

correctly folded antiparallel β-sheet is formed (SC->SB->SA). Parallel to this pathway there 

are several misfolded structures containing a 3-10-helix (SE, SH, SG and SF). A second path 

leads to a dead-end, if the turn is badly folded at the beginning (SW->SV->SU). 

Figure 4. Secondary structure probabilities for each residue in the peptide in the baseline 

Boltzmann ensemble from various algorithms. For comparison, results from an experiment
20

 

are added (black dot). For (AAQAA)3 the -helix probability is shown in the left plot, and the 

right plot contains the antiparallel -sheet probabilities for HP7. 

3.3 Average folding structure of the helix protein 

In addition to the dPCA-treatment, we assigned the secondary structure of each residue in the 

two test peptides along the respective trajectories for the REMD and the TIGER2 methods 

using CPPTRAJ from the AmberTools16
47,60

 software package. We calculated the number of 

frames showing the predominant secondary structure element (-helix or -sheet for 

(AAQAA)3 or HP7, respectively) for each residue in each data set, and divided the result by 

the respective total number of frames. The reference algorithm REMD yielded a maximum 
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probability of 50 % -helix at 270 K (Figure 4, left), which is close to the experimental value 

of 55 %
20

. We assume that REMD and the NMR data match within the range of the 

measurement and computational errors. 

With TIGER2, we did not detect any meaningful secondary structure, and the -helix 

contribution was largely underestimated with a maximum of about 15 %. This error is only 

partially compensated by the averaging, and the maximum values are still below 40 % for 

TIGER2A. On the other hand, simulations with current implicit water models seem to largely 

overestimate helix formation. The TIGER2A/GBSA, REMD/GBSA and REMDh systems 

yielded helix structures with a probability of almost 100 % throughout the whole sequence. LI 

et al.
14

 still found a maximum helix probability of 80 % using TIGER2A/GBSW
61,62

, and this 

result was consistent with a very high α-helix contribution in their implicit solvent 

REMD/GBSW simulation
14

. We explain the discrepancy to our data by the difference in the 

solvent parametrization. 

The new TIGER2h algorithm yielded much lower values for the helix fold than REMDh and 

the methods purely relying on implicit solvent, but slightly overestimated this contribution 

with respect to explicit solvent REMD. In principle the experimental data was even better 

reproduced by TIGER2h than by REMD, but we assume that this is due to a compensation of 

errors in the force field and in the energy calculation. 

3.4 Average folding structure of the sheet protein 

The predominant secondary structure in the REMD trajectories of HP7 is an antiparallel sheet 

with a turn structure at the sequence PATG (Figure 4, right). The TIGER2A/GBSA method in 

implicit water returned high probabilities for the antiparallel β-sheet only at two residues. The 

probability distribution of this secondary structure element did not match REMD data and as a 
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consequence, the turn in the middle with low antiparallel -sheet probability was narrowed to 

the sequence PAT, and no consistent sheet structure was obtained. In explicit water, the 

TIGER2 algorithm again failed to detect any significant secondary structure. TIGER2A yields 

a better approximation to the secondary structure distribution along the residues, but the 

overall probabilities for -sheet are still low by about a factor of two. The REMD/GBSA 

method underestimates the secondary structure probability similarly to TIGER2A. Contrarily 

to TIGER2A/GBSA, the turn sequence PATG is correctly reproduced, but low probabilities 

are obtained for well defined motifs at the ends. The REMDh method overestimates the 

sheet probability by a factor of two and the maxima seen for explicit solvent REMD and 

TIGER2h are shifted by one amino acid towards the ends of the protein. The TIGER2h 

algorithm well reproduces the relative distribution of the antiparallel -sheet probability but 

overestimates all values with respect to the REMD reference by 30 %. 
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Figure 5. (Top) As Figure 2, but for the three collagen type I telopeptides at the N-terminal 

for REMDh and the three TIGER2-based algorithms as indicated in the figure. (Bottom) 

Minimal free energy conformations of the N-telopeptides during the replica exchange 

simulation (white unfolded, yellow β-sheet, cyan turn, golden sheet-like structure, blue 3-10-

helix, purple α-helix and red DEKST sequence). The most probable structures were NA-NE. 

3.5 N-telopeptides: an application 

No explicit solvent REMD of the N-telopeptides of collagen could be attained with the 

available computational power. As we had demonstrated for the small test peptides that the 

TIGER2A algorithm in explicit water closely approximates a Boltzmann ensemble, we used 
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the result of this method as the reference state for TIGER2 in implicit water, for TIGER2A in 

explicit water and for the hybrid methods TIGER2h and REMDh. Starting from a strongly 

disordered center distribution NE (Figure 5), partly folded structures form on different 

folding pathways. There are two major conformational spots missing in the TIGER2h data 

(NA, NB), while a third spot is only weakly present (NC). This indicates that the implicit 

solvent evaluation for the MS criterion in the hybrid approach still has a considerable 

influence on the resulting ensemble of states for larger more complex peptides without a 

distinct native conformation (eg. intrinsically disordered peptides). A similar shape of the 

landscape but with sparser sampling is found in the REMDh image. The implicit TIGER2 

approach only found poorly folded structures giving rise to a circular distribution around the 

point N(0,0). Indeed, the previous results suggest that this algorithm overestimates the helix 

probability and generates wrongly folded β-sheets (Figure 2,3). 
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Figure 6. Probability distributions of the secondary structure elements for the N-telopeptide 

sequence of both α1(I)-chains (first black and blue sequence on the x-axis) and the α2(I)-chain 

(last black sequence on the x-axis) for the indicated algorithms. The experimentally described 

turn-motif DEKST
28,30,31

 is displayed in brackets. The structure contributions are displayed in 

black for parallel sheet, dark gray for antiparallel sheet, light gray for turn and white for helix. 

In Figure 6 this problem is shown in more detail. The secondary structure distributions of 

TIGER2A and TIGER2h are rather similar. The implicit TIGER2/GBSA method strongly 

favors the helical structure as compared to calculations in explicit solvent, and the sheet 

probability is reduced. This is in agreement with our findings for the two test peptides. The 

hybrid REMD method overestimates the stability of turn motives and contrarily to the sheet 

test peptide predicts a smaller sheet probability than TIGER2h and TIGER2A. 
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Figure 7. The probabilities of main secondary structure elements are plotted for each residue 

correlating the results for the three TIGER2-methods and REMDh applied. Secondary 

structure elements are parallel and antiparallel sheet (top and second rows), helix (third) and 
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turn (fourth). The columns contain (from left to right, y vs. x): TIGER2h vs. explicit solvent 

TIGER2A, TIGER2/GBSA vs. TIGER2A , REMDh vs. TIGER2h. Each data point denotes 

one residue. The x- and y-axes in each plot have equal scaling, and linear regressions without 

intercepts are added and slopes and coefficients of the determination are indicated. A perfect 

agreement would result in a straight line with a slope of one. 

 

The relation between the results from the four methods is further illuminated by correlation 

maps of the secondary structure composition (Figure 7). The two left columns show a 

comparison between implicit (ordinate) and explicit (abscissa) energy evaluations. The slopes 

larger than one are consistent with our observation that implicit solvent favors helix 

formation. This effect is very dramatic comparing TIGER2/GBSA with TIGER2A, with a 

slope of 4.56. The divergence between TIGER2h and TIGER2A is more moderate (1.6), 

which is consistent with the similarity of Figure 6. The helix prediction of REMDh is in good 

agreement with TIGER2h with a slope of 1.05. For turn, parallel and antiparallel sheets, there 

is a nearly 1:1 correlation between TIGER2h and TIGER2A with slopes of 1.08, 0.97 and 

0.87, respectively. The implicit methods TIGER2/GBSA and REMDh correlate very poorly 

with the explicit and the hybrid TIGER2 methods as is seen especially in the graphs for 

parallel and antiparallel sheet. 

4. Conclusion 

REMD is an accurate but slow method for finding a Boltzmann distribution, showing poor 

convergence of the baseline ensemble. A large number of replicas is required, and this results 

in a poor benchmark factor. Due to the high computational cost, the application of genuine 

REMD to systems beyond small peptides affords very large computing facilities. Here, 
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satisfying dPCA-maps were only obtained on high performance computing facilities. 

Thus, we tested extensions of the classical REMD methods, which are based on the TIGER2 

procedure and implicit solvent utilization, at the example of three peptides. These TIGER2 

derivatives are still apt for scanning efficiently a large conformational space, finding folds 

which occur with high probability and assigning them to the native structure, but work with a 

smaller number of replicas and significantly faster approximate the Boltzmann ensemble than 

explicit solvent REMD. This makes folding simulations feasible on smaller computing 

facilities. All our simulations as reported here covered a total time of about 180 µs. 

As soon as the MS criterion is applied to the peptide in implicit rather than explicit solvent, 

the number of replicas may be reduced considerably. The computational effort is then smaller 

not only since the computing speed per replica is higher but also since the number of replicas 

to be treated in parallel goes down. This latter acceleration with respect to the original explicit 

REMD is found for both the REMD/GBSA and REMDh methods and makes them speedwise 

feasible for simulating larger peptides. But, we showed that a state-of-the-art generalized 

Born model yields unphysical results for the conformations overestimating helical structures. 

In the implicit solvent approximation, the potential energy, the resulting forces and the 

resistance of the water shell around the protein are not simulated with sufficient accuracy. 

The genuine TIGER2 is not optimized for explicit solvent simulations. The exchange between 

replicas due to the MS criterion scrambles conformations with low and high potential energies 

because the potential energy noise of water overlays the solute differences by several orders 

of magnitude. The TIGER2A approach overcomes this problem by averaging over the 

potential energy of water for several picoseconds rather than taking it from a single frame. We 

implemented this approach and found that the averaging phase is very costly, significantly 
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reducing the advantage of the TIGER2 method with respect to explicit solvent REMD. 

Finally, we combined the implicit and explicit solvent TIGER2A approaches in a hybrid 

algorithm TIGER2h similar to REMDh that performs the dynamics under explicit solvent but 

replaces the lengthy averaging phase by an implicit solvent energy approximation. TIGER2h 

maintains the explicit solvent representation during the dynamic processes, which determine 

the conformations, and is in accuracy much closer to TIGER2A with explicit than with 

implicit solvent. 

Surprisingly, TIGER2h attained much higher accuracy than its counterpart, the hybrid 

REMDh method. REMDh mostly over-predicted structure elements in all three test systems 

and the final energy landscape was sparser. Prior to subsequent tests we explain this problem 

by the unsatisfying adaptation of implicit solvent to temperature variations. The GBSA model 

was parametrized in close temperature ranges as relevant for biological systems, and 

dynamics and energies are probably not accurately described at temperatures above 400 K. 

This is not relevant for TIGER2h, where all potential energies are estimated at baseline 

temperature, here 280 K. 

WANG et al. used velocity rescaling
12

 before attempting an exchange in hybrid REMD to 

reduce this effect but did not provide a profound analysis of the obtained improvements. 

While it might enhance the accuracy of the method, we do not think that switching errors are 

of substantial importance, because the TIGER2h method uses similar switching between 

explicit and implicit solvent but provides good results without the rescaling of velocities. 

Another improvement to the evaluation of energies in implicit solvent might be the partial or 

full description of peptide hydration shells by explicit water molecules in combination with 

the implicit modeling of the bulk water as introduced by OKUR et al.
8
. It is difficult here to 
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find a compromise for the correct amount of explicit water between two extrema: very many 

water molecules might introduce noise into the potential energy calculation and increase again 

the needed replica number. On the other hand, a small number of discrete H2O molecules 

might introduce an even greater error because the peptide is solvated by an ill-defined mixture 

of explicit and implicit water. 

OKUR et al. used molecular dynamic simulations to analyze the average number of water 

molecules in the first hydrate shell and used this as input. The problem is, that the number of 

water in the first hydrate shell strongly depends on the current conformation of the protein, 

which is supposed to change during the replica exchange simulation. 

For larger peptides such as the N-telopeptide of collagen, explicit solvent REMD needs a 

large number of replicas and was beyond our computational resources. We demonstrated how 

faster methods such as REMDh, TIGER2h and TIGER2/GBSA with energy calculation in 

implicit solvent can be applied to this larger protein. We compared these results with 

TIGER2A in explicit solvent. This latter method needs less replicas than REMD, but energy 

averaging consumed 50–80 % of the total time per sampling phase (Table 1) and this might 

even get worse if the proteins increase in size. This is obsolete, if the TIGER2h is used, as it is 

significantly faster competing in efficiency rather with the implicit solvent TIGER2A. For 

REMDh, we used the same sampling time of 50 ps per saved structure as for the other two 

methods. This may be one reason why this approach was slower than the TIGER2 methods, 

and it might be possible to reduce the sampling time in REMDh to a few 100 fs
63

, making the 

method converge faster. 

The telopeptides are very flexible and will not fold directly to a well-defined structure. The 

folding calculations will result in a large conformational space, which is a sensitive test to the 
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precision with which the Boltzmann ensemble is reproduced. The three methods REMDh, 

TIGER2h and TIGER2/GBSA, which include implicit solvent models, indeed show strong 

deviations from the TIGER2A results (Figure 5), but the finally predicted secondary structure 

distribution of TIGER2h was very close to that of TIGER2A (Figure 6). From the fact that 

coil structures are slightly underestimated, we conclude that in the TIGER2h method the 

exchange between replicas is still affected by errors in implicit solvent energies. 

For the systems discussed here, the new TIGER2h hybrid method seems to be a very 

favorable compromise between accuracy and speed, but further optimizations especially 

concerning the solvent will be needed to enhance the accuracy for larger proteins. 
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 Difference maps for the two model peptides. 

 Demonstration of T-WHAM impact at the example of REMDh. 
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 Flowcharts of the sampling algorithms. 

- PDB file with the 5 most probable N-telopeptides structures determined by replica exchange 

TIGER2A 
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Abstract 

Integrins are transmembrane proteins involved in hemostasis, wound healing, 

immunity and cancer. In response to intracellular signals and ligand binding, integrins adopt 

different conformations: the bent (resting) form; the intermediate extended form; and the 

ligand-occupied active form. An integrin undergoing such conformational dynamics is the 

heterodimeric platelet receptor αIIbβ3. Although the dramatic rearrangement of the overall 

structure of αIIbβ3 during the activation process is potentially related to changes in the protein 

secondary structure, this has not been investigated so far in a membrane environment. Here 

we examine the Mn
2+

- and drug-induced activation of αIIbβ3 and the impact on the structure 

of this protein reconstituted into liposomes. By quartz crystal microbalance with dissipation 

monitoring and activation assays we show that Mn
2+

 induces binding of the conformation-

specific antibody PAC-1, which only recognizes the extended, active integrin. Circular 

dichroism spectroscopy reveals, however, that Mn
2+

-treatment does not induce major 

secondary structural changes of αIIbβ3. Similarly, we found that treatment with clinically 

relevant drugs (e.g. quinine) led to the activation of αIIbβ3 without significant changes in 

protein secondary structure. Molecular dynamics simulation studies revealed minor local 

changes in the beta-sheet probability of several extracellular domains of the integrin. Our 

experimental setup represents a new approach to study transmembrane proteins, especially 

integrins, in a membrane environment and opens a new way for testing drug binding to 

integrins under clinically relevant conditions. 

Introduction 

The heterodimeric platelet receptor integrin αIIbβ3 mediates cell adhesion and plays a 

critical role in hemostasis and clot formation [1, 2]. Therefore, regulating the activity of 

αIIbβ3 is essential for platelet stimulation and prevention of their uncontrolled aggregation [3, 
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4]. The expression of αIIbβ3 is restricted to megakaryocytes, where the two subunits are as-

sembled in the endoplasmic reticulum. After post-translational processing in the Golgi appa-

ratus, the 235 kDa protein, comprised of 1827 amino acids, translocates to the platelet surface 

and is expressed with approximately 80,000 copies per platelet [5].  

Integrin αIIbβ3 is a bidirectional receptor that undergoes outside-in and inside-out signaling 

and is present in at least three different conformations as demonstrated by cryo-electron mi-

croscopy (EM), negatively stained EM or by nuclear magnetic resonance [6-8]: i) the bent 

(resting) low affinity state; ii) the intermediate extended state (opening); and iii) the ligand-

occupied high affinity active form [9].  

Divalent ions have been widely shown to be essential for integrin function, stabilization of 

subunit interaction, regulation of ligand binding and consequently for the activation of the 

protein. The addition of EDTA removes divalent cations (i.e. Ca
2+

, Mg
2+

) from their binding 

sites and leads to the inhibition of integrin-ligand binding [10]. By contrast, the non-

physiological stimulation by manganese ions (Mn
2+

) shifts  integrin into its high affinity con-

formation by potential opening of the hinge angle at the hybrid domain and alters the cation 

coordination in the β3 A-domain by binding to the metal ion-dependent adhesion site 

(MIDAS) [2, 10, 11], as illustrated in Fig 1.  

However, the physiological activation of αIIbβ3 in platelets is mediated by talin-1 that links 

the integrin cytoplasmic domain to the actin cytoskeleton and initiates unclasping between the 

two cytoplasmic tails of αIIb- and β3-subunits. Talin-1 triggers conformational changes in the 

extracellular domain, which is associated with the inside-out signaling [11], such as the trans-

location of helix-7 within β3 A-domain and the repositioning of the plexin-semaphorin-

integrin (PSI) and the hybrid domain [2, 8, 11]. After opening, integrin is able to bind e.g. 

fibrinogen via the RGD (arginine-glycine-aspartate) binding pocket, and this activates intra-



  Publications 

 

                                                                          165                                                                         

 

cellular signaling pathways and leads to platelet aggregation (outside-in signaling) [12]. Be-

sides these major changes in the tertiary structure of αIIbβ3, the transition between the posi-

tion of the different domains during activation could lead to alterations in secondary structure. 

However, this was not studied so far in a membrane environment. 

The conformation-specific antibody PAC-1 (IgM) binds only to the activated integrin αIIbβ3. 

The binding takes place at the fibrinogen binding site in the head domain formed by α and β 

subunits [13, 14]. Bhoria et al. used this antibody PAC-1 to show that platelets from patients 

affected by immune thrombocytopenia (ITP) exist in an activated state [15, 16]. Besides the 

platelet glycoprotein Ibα, integrin αIIbβ3 is the major antigen targeted by autoantibodies in 

ITP. Additionally, in secondary ITP, several drugs are potential candidates for inducing con-

formational changes in αIIbβ3. Examples are the anti-malaria drug quinine, or αIIbβ3 inhibi-

tors such as eptifibatide, tirofiban and abciximab [17]. Similarly, unfractionated heparin 

(UFH), which is widely used as an anticoagulant in clinics, causes activation of αIIbβ3, plate-

let aggregation and increased affinity to its physiological ligand fibrinogen [18-20]. UFH, 

low-molecular weight heparins and the synthetic pentasaccharide fondaparinux induce out-

side-in signaling and consequently lead to platelet activation [19, 20]. Heparin binding is 

blocked by αIIbβ3 antagonists [21, 22]. This indicates that αIIbβ3 is activated by drugs, and 

this interaction induces structural changes, activation or even expression of cryptic epitopes 

(i.e. hidden binding sites) of the integrin.  

Here, we study in a membrane environment the activation of αIIbβ3 reconstituted into lipo-

somes, upon treatment with Mn
2+

, quinine and heparins and investigate the related changes in 

the protein structure using various biophysical methods and molecular dynamics simulations. 
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Fig. 1. Schematic illustration of the proteoliposomes and structure of integrin αIIbβ3 A) 

Schematic illustration of the proteoliposomes as obtained after the reconstitution procedure 

before adsorption on SiO2 surface. αIIbβ3 (αIIb-subunit in blue and β3-subunit in orange) is 

reconstituted into liposomes and treated with Triton X-100 as well as biobeads and activated 

by manganese ions (Mn
2+

) or drugs. B) Structure of αIIbβ3 in bent (left) and open/active 

(right) conformation in a DMPG:DMPC (1:20) lipid membrane (cyan). The integrin model 

combines the αIIbβ3 transmembrane domain (PDB-code 2k9j) and ectodomain (PDB-code 

3fcs), missing residues were added as random coils. The VMD 1.9. and PyMOL 2.1. 

softwarepackages were used to create this figure. 
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Results 

αIIbβ3 was reconstituted into a membrane environment (i.e. liposomes) and treated with Mn
2+

 

or clinically relevant drugs (UFH, fondaparinux and quinine), as shown schematically in Fig 

1A. The activation (opening) of integrin (Fig 1B) was determined by the binding of the 

conformation-specific antibody PAC-1 that is only interacting with the extended, active form 

of αIIbβ3. 

Validation of αIIbβ3 reconstitution into liposomes 

The successful protein reconstitution into liposomes was validated by several tech-

niques. Fig 2A presents TEM images of DMPG:DMPC vesicles with reconstituted protein 

(proteoliposomes). The inset shows spherical proteoliposomes with visible globular heads and 

stalk domains of the ectodomain of αIIbβ3 at the rim as indicated by the black arrow. By dy-

namic light scattering (DLS) it was demonstrated that the diameter of the proteoliposomes 

(255 ± 16.6 nm) was significantly larger than that of bare liposomes (161 ± 1.3 nm) (Fig 2B). 

The presence of the αIIb- and/or β3-subunits  in the liposomes was verified by flow cytometry 

(Fig 2C) and SDS-PAGE (Fig 2D). Bare fluorescently labelled PE CF-liposomes show low 

unspecific staining by anti-CD41 antibody (anti-αIIb-subunit) and anti-CD61 antibody (anti-

β3-subunit), whereas over 80 % of the PE CF-proteoliposomes are CD41 and CD61 positive 

(Fig 2C). Moreover, both subunits migrated in a denaturating SDS-PAGE as two visible 

bands at 105 kDa (red arrow, αIIb-subunit) and 90 kDa (blue arrow, β3-subunit) in the 

proteoliposome sample, but not in the bare liposome fraction (Fig 2D). 
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Fig. 2. Validation of αIIbβ3 reconstitution into liposomes. A) TEM images of 

proteoliposomes. The inset shows a close-up view of αIIbβ3 (indicated by arrow) incorpo-

rated in a membrane environment. B) DLS data showing the hydrodynamic diameter of lipo-

somes (black) and proteoliposomes (red) of three independent experiments measured in lipo-

some buffer at 37 °C. C) Statistical analysis of FACS-plots with liposomes and 

proteoliposomes from three independent measurements. Percentages of the mean ± standard 

error of the mean (SEM) of anti-CD41 (red) and anti-CD61 binding (blue) on PE CF- lipo-

somes were plotted. D) Reductive SDS-PAGE of liposomes (-) and proteoliposomes (+), pro-

tein molecular weight standard (M) is shown on the left. The bands corresponding to the αIIb- 

(red) and β3-subunit (blue) are indicated by arrows. 
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Monitoring the Mn
2+

-induced activation of αIIbβ3 in proteoliposomes by different 

methods 

We further addressed the activation state of αIIbβ3 in the liposomes by an activation 

assay with the conformation-specific antibody PAC-1. Fig 3A shows a substantially greater 

binding of PE CF-fluorescently labelled proteoliposomes to PAC-1 coated on a microtiter 

plate after incubation with Mn
2+

 (red) compared to EDTA-treated proteoliposomes (blue). 

However, also without any additives, binding of PAC-1 to proteoliposomes was increased. By 

contrast, the flow cytometry measurements with PE CF- proteoliposomes, standard buffer 

conditions show 2 % binding of PAC-1, whereas Mn
2+

-treated liposomes show 25 % binding 

(Fig 3B). Additionally, no binding of PAC-1 could be observed in proteoliposomes incubated 

with EDTA. Furthermore, PAC-1 binding was addressed by the complementary biophysical 

method quartz crystal microbalance with dissipation monitoring (QCM-D), which detects 

vesicle rupture and lipid bilayer formation, as well as mass adsorption (frequency f) and vis-

coelastic properties (dissipation D) [23]. Fig 3C displays the changes in f (Δf, top) and D (ΔD, 

bottom) upon PAC-1 binding to proteoliposomes under different conditions. After a baseline 

was reached (phase I), samples (liposomes or proteoliposomes) were injected (phase II). Both 

bare liposomes and proteoliposomes show a strong binding to the SiO2 substrate as indicated 

by the decrease in f, but only for proteoliposomes, a significant increase in D is observed. The 

f of pure liposomes (black) reaches a minimum and then increases again due to the release of 

enclosed aqueous buffer and levels out a stable value of -26 ± 0.2 Hz. The respective D signal 

shows a response of the opposite direction and reaches a baseline at 0.5 ± 0.1 x 10
-6

. Howev-

er, proteoliposomes (green) display a constant decrease in f, that stabilizes at -53 Hz, and an 

increase in D up to 12 x 10
-6

. A schematic illustration of the setup in the flow chambers of the 

instrument is displayed in S1 Fig. Treatment of the proteoliposome bilayer with buffer con-
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taining Mn
2+

 (red) or EDTA (blue) led to a decrease in f of approximately 5 Hz and an in-

crease in D of 2.5 x 10
-6

 for Mn
2+

 and 5 x 10
-6

 for EDTA due to the buffer injection (phase 

III), respectively. Subsequently, PAC-1 antibody (phase IV) was injected to determine the 

activation state of αIIbβ3. The integrin bilayer treated with Mn
2+

 (red) showed a decrease in f 

of 4 ± 0.3 Hz, whereas for the standard buffer treated bilayer (dark green) PAC-1 binding 

induces only 1.9 ± 0.7 Hz changes in f. EDTA treatment led to even lower changes in f. The 

respective D response is oppositely increasing. By contrast, in control experiments without 

protein (pink, light blue, black), neither changes of f nor D could be demonstrated in phase 

IV. Phase V corresponds to rinsing with the respective buffer. 
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Fig. 3. Activation of αIIbβ3. A) Activation assay using PAC-1 antibody. Each value is the 

mean of three replicate measurements ± SEM. The binding of PE CF-

liposomes/proteoliposomes to 5 µg/mL PAC-1 coated on a microtiter plate was detected after 

incubation with buffer (green), 1 mM Mn
2+

 (red) and 5 mM EDTA (blue). Values of bare 

liposome samples were subtracted from proteoliposome values. The y-axis shows relative 

fluorescence units (RFU). B) Integrin activation investigated by flow cytometry with PE CF-

liposomes (black)/proteoliposomes (red) by adding PAC-1-Alexa 647-coupled antibody. 

Percentages of  the mean ± SEM of Alexa-647 signal of PE positive events incubated with 

buffer, Mn
2+

 and EDTA are shown. C) Representative QCM-D data showing the changes in 

frequency f (top) and dissipation D (bottom) of the seventh overtone for the binding of the 

conformation-specific antibody PAC-1 at 37 °C. Buffer was injected over the SiO2 sensors 
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(phase I) and after reaching a baseline liposomes or proteoliposomes were injected and the 

formation of a bilayer was observed (phase II). After a washing step with either liposome 

buffer, liposome buffer with 1 mM Mn
2+

, or 5 mM EDTA (phase III), PAC-1 antibody was 

injected (phase IV) and binding was observed (indicated by arrows). Rinsing with the 

respective buffer followed (phase V). 

Changes in αIIbβ3 secondary structure reconstituted into liposomes and their correla-

tion with protein activation  

By CD spectroscopy we searched for correlations between the protein secondary struc-

ture of αIIbβ3 and its activation state. Fig 4A shows a representative far-UV CD spectrum of 

proteoliposomes in buffer (green), after treatment with Mn
2+ 

(red) and with addition of 5 mM 

EDTA (blue). After Mn
2+

-treatment, the CD spectrum shows a decrease of amplitude, that can 

be almost recovered after EDTA treatment.  

Complementary to CD measurements, molecular dynamics simulation studies were carried 

out. All divalent ions were either removed or the three divalent ions in the MIDAS, the adja-

cent to MIDAS (ADMIDAS) and the synergistic metal ion-binding-side (SyMBS) of the β3-

subunit were changed to Mn
2+

. Shifts in the β-sheet probability are illustrated in Fig 4B. 

Without any divalent ions, several β-sheets in the PSI-domain get destabilized, but new β-

sheets are formed in the Calf-1 and 2 domain and existing ones extend in the hybrid domain. 

β-sheets in the β-propeller region are rearranged. Similar effects are observed after the ex-

change of the divalent ions in the three metal ion-binding sides comprising again rearrange-

ment in the β-propeller domain, but elongation and formation of new sheets in the Calf-1 and 

EGF2-domain. The changes in the secondary structure content for both the experimental and 

the simulated approach are summarized in S1 Table. As detected by CD spectroscopy and 

supported by MDS results, the α-helical content is reduced by 0.6 % and β-sheet content in-
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creases by 1 % after addition of Mn
2+

. Treatment with EDTA leads to a small decrease in β-

sheet content as shown by CD spectroscopy. By contrast, MDS results show an increase of 

0.3 % in β-sheet content after removal of divalent ions.  
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Fig. 4. CD spectra and MDS of αIIbβ3 A) Far-UV region CD spectra of αIIbβ3 reconstitut-

ed into liposomes in buffer (green), with addition of 1 mM Mn
2+

 (red) or 5 mM EDTA (blue). 

One representative spectrum recorded with proteoliposomes with a protein concentration of 

approximately 0.4 µM or liposomes in 5 mm path length cuvettes at 37 °C is shown. Lipo-

some spectra were subtracted from the respective proteoliposome spectra. B) MDS demon-

strating the regions that changed drastically in the antiparallel β-sheet probability after remov-

ing all structural ions (right) or converting the three Ca
2+

 in the MIDAS, ADMIDAS and 

SyMBS to Mn
2+

 (left). The red and blue colored regions illustrate the formation or loss of β-

sheets, respectively, compared to integrin with Ca
2+

 and Mg
2+

 metal ions only. In white or 

transparent regions, the β-sheet probability did not change.  

 

Drug-induced activation of αIIbβ3 and changes in protein secondary structure 

QCM-D experiments reveal PAC-1 antibody binding to integrin reconstituted into 

phospholipid bilayers upon treatment with fondaparinux, UFH or quinine as indicated by 

changes in f and D (Fig 5A and S2 Fig). The frequency shifts after PAC-1 injection shown in 

Fig 5A for quinine (Δf = 4.3 ± 0.3 Hz) and Mn
2+

 (4.0 ± 0.1 Hz) are comparable and greater 



  Publications 

 

                                                                          175                                                                         

 

than in the absence of drug or Mn
2+

. Fondaparinux and UFH (Δf=3.0 ± 0.7 Hz) do not signifi-

cantly modify the binding of PAC-1 with respect to the control buffer (Δf=1.9 ± 0.7 Hz), and 

after complexing the Mn
2+

 by EDTA, only half of the signal is found than with buffer alone.  

Results from the activation assay with the PAC-1 antibody coated on a microtiter plate are 

consistent with these QCM-D data (Fig 5B). The highest binding tendency of PE CF-

fluorescently labelled proteoliposomes to PAC-1 is again observed after incubation with qui-

nine or Mn
2+

 compared to the buffer control. UFH-treated proteoliposomes still show more 

binding of PAC-1 than fondaparinux, which is at the same binding level as the control buffer. 

Changes in the secondary structure of αIIbβ3 during interaction with the drugs were traced by 

CD spectroscopy. Fig 5C displays the normalized CD signal as MRDE values at 210 nm 

wavelength extracted from the far-UV spectra (S3 Fig) of proteoliposomes upon titration with 

rising concentrations of fondaparinux (purple), UFH (blue) and quinine (black), respectively. 

The spectra show an increase in the amplitude with rising concentrations of UFH transform-

ing into decreasing MRDE values at 210 nm (Fig 5C). By contrast, incubation of proteolipo-

somes with increasing concentration of fondaparinux resulted in insignificant changes of 

MRDE signal, and no amplitude changes were observed with quinine at concentrations be-

tween 0.1-1.5 µg/mL. 

Within the experimental error, a linear dependence of the MRDE at 210 nm on the logarithm 

of the drug concentration, especially UFH, is observed. The concentration dependence of the 

MRDE value indicates changes in the secondary structure of integrin during drug interaction. 
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Fig. 5. αIIbβ3 activation by drugs. A) Changes in frequency (Δf) and dissipation (ΔD) after 

PAC-1 injection event (indicated by the respective arrows) in representative QCM-D 

experiments with proteoliposomes after treatment with buffer (green), 1 mM Mn
2+

 (red), 250 

µg/mL fondaparinux (purple), 50 µg/mL quinine (black), 250 µg/mL UFH (blue) and 5 mM 

EDTA (light blue) for at least 15 min at 37°C. B) Drug activation assay using PAC-1 antibody. 

Each value is the mean of three replicate measurements ± SEM. The binding of PE CF-

liposomes/proteoliposomes to 5 µg/mL PAC-1 coated to a microtiter plate was detected after 

the incubation with buffer (green), 1 mM Mn
2+

 (red), 250 µg/mL fondaparinux (purple), 250 

µg/mL UFH (blue) and 50 µg/mL quinine (black). Liposome sample results were subtracted 

from proteoliposomes values. The y-axis shows relative fluorescence units (RFU). C) 

Normalized single wavelength plot for corresponding MRDE values at 210 nm from far-UV 

region CD spectra of αIIbβ3 incorporated into liposomes/proteoliposomes treated with 

increasing concentrations of  UFH (blue), fondaparinux (purple) and quinine (black), 

respectively. Normalized averages from three independent measurements ± SEM are shown 

as dots that were recorded with proteoliposomes with a protein concentration of 

approximately 0.4 µM or liposomes in 5 mm path length cuvettes at 37 °C. Liposomes spectra 

were subtracted from the respective proteoliposome spectra. Respective trendlines were 
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applied to guide the reader. 

Discussion 

In this study we investigated the correlation between the secondary structure of αIIbβ3 

reconstituted into liposomes and its activation state. A membrane-like system (liposomes) was 

used to exclude any additional interferences with e.g. activators in platelets and successful 

reconstitution was presented.  

QCM-D measurements enable the analysis of the mechanism of vesicle rupture and formation 

of supported lipid bilayers [24-26], which makes the analysis of membrane proteins in physio-

logical-like environment and interaction with other molecules feasible [27-29]. Although 

Frohnmayer et al. investigated αIIbβ3 egg PC/egg PG proteoliposomes and its binding to ex-

tracellular matrix in QCM-D experiments [30] our setup has not been previously considered 

for analysis of integrin interactions in a SiO2-supported lipid bilayer. Injection of 

proteoliposomes show a strong increase in D while the decrease in f is comparable to the bare 

liposome measurements. However, the increase in D is not as high as it would be observed 

without any supported lipid bilayer (SLB) formation [31]. The high dissipation was explained 

by a small amount of liposomes potentially remaining on the assumed substrate-covering SLB 

and [23, 31] the huge ectodomain of the 235 kDa large integrin (S1 Fig) [32].  

QCM-D results, flow cytometry activation detection as well as activation assay demonstrated 

a higher binding of conformation-specific antibody PAC-1 after treatment with Mn
2+

 than 

with control buffer and after capturing of divalent ions by EDTA. This indicates an activation 

of αIIbβ3 by Mn
2+

 and supports the importance of other divalent ions such as Ca
2+ 

for the ac-

tivation process, that have been examined over the past years [11, 30, 33]. Previous MDS 

studies revealed eight divalent cation binding sites on αIIbβ3. The MIDAS, which is required 
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for ligand binding, is capable for binding Ca
2+ 

and Mg
2+

 ions, while the other sites are specific 

for Ca
2+

. The metal ions induce local structural changes in the MIDAS of integrins, which 

consequentially leads to a displacement of the α7-helix located in the head region by two heli-

cal turns upon the dynamics of αIIbβ3 activation [8, 10]. Although Mn
2+

 ions compete with 

the divalent ions and increases the ligand affinity, it is controversially discussed whether a 

complete activation of αIIbβ3 is reached [34]. Our analysis of PAC-1 binding suggests that 

Mn
2+

 induces indeed an active conformation. The control buffer shows an increased activation 

of integrin, especially in the activation assay. This indicates a partial activation that could be 

explained by the long incubation with the PAC-1 antibody or unspecific binding to the 

microtiter plate leading to activation. 

Further, we addressed the question whether the activation/opening of the protein correlates to 

certain changes in protein secondary structure. Several recent publications identified the struc-

ture for parts of other integrin subunits by CD spectroscopy e.g. the domain I of CD11b/CD18 

leukocyte integrin [35] or the biological active part of α3β1 integrin [36] and even for the cy-

toplasmic tail and the transmembrane domain of αIIbβ3 [37]. Additionally, MDS studies as 

well as crystal structures have shown the dynamics of integrin motion [38, 39]. However, the-

se studies concentrated only on specific domains of proteins and/or have not taken into ac-

count the dynamic rearrangements during activation of overall integrin within a lipid envi-

ronment.  

The evaluation of CD spectra from proteoliposomes is complex due to solvent shifts caused 

by hydrophobic lipid environment, differential light scattering or absorption flattening effects 

[40]. Moreover, data quality depends strongly on the lipid-to-protein ratio, which was in our 

study as high as about 1000:1 [40, 41]. Therefore, lower wavelengths could not be included 

into the evaluation of the shown CD spectra and the data could be deconvoluted only to a lim-
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ited extent. The CD results support the switchblade model for integrin activation shown by 

various groups [6, 12, 42], where a dramatic rearrangement of the global structure by a 

switchblade-like opening of the interface between the headpiece and stalk occurs, extending 

the ligand binding domain away from the plasma membrane. Nevertheless, major changes in 

secondary structure upon activation have not been shown in previous studies as well as in our 

experimental approach, which is explained by probable motion of mainly disordered regions 

e.g. the flexible knee region between the EGF domains of the β-subunit [6].  

The MDS results support minor changes in the β-sheet content of the knee region of αIIb- and 

β3-subunit (the Calf-1 and EGF2 region, respectively), that are only visible by localizing the 

overall β-sheet probability changes. This could lead to a decrease in the interaction of 

Thigh↔Calf1 and EGF1↔EGF2, and eventually reduce the force needed to unfold the pro-

tein (e.g. in a switchblade motion after Mn
2+

-treatment). The changes in this region could get 

conveyed from the MIDAS site by the rearrangements of β-sheets in the β-propeller domain. 

With the removal of all divalent ions the secondary structure changes were stronger and al-

most random. They included changes in all extracellular αIIb domains. In the simulation was 

assumed, that EDTA coordinates and removes all divalent ions. In the experiment, certain 

ions might not be accessible by EDTA and remain coordinated to the integrin. This may ex-

plain the contrast in the results between MDS and experiments. If assumed that only the ions 

in MIDAS, AMIDAS and SyMDS are removed, the changes in protein secondary structure 

might be neglectable as observed in the experiments.  

Our methods were applied to demonstrate that clinically relevant drugs quinine, UFH and 

fondaparinux have an impact on activation of αIIbβ3. Especially, the quinine-treated integrin 

leads to PAC-1 binding indicating the activation and opening of αIIbβ3. However, no changes 
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in secondary structure were observed in CD spectroscopy upon titration with low concentra-

tions of quinine. 

Due to its chirality, quinine has an influence on the CD spectra, and the plasma concentration 

of quinine in uncomplicated falciparum malaria patients of approx. 6 µg/mL [43] was not 

attained in these measurements. The potential binding site of quinine to αIIbβ3 is involved in 

the transition from the bent to the active form of the integrin by a swing-out motion because 

of the β3 A-α7-helix movement towards the hybrid domain [8]. Therefore, potential binding 

of quinine to this domain could lead to changes in the protein structure or even to integrin 

activation. Two explanations are possible for the interaction and activation of αIIbβ3 with 

quinine. Firstly, quinine binds to αIIbβ3 and leads to an extension of the head domain (activa-

tion), which enables PAC-1 binding. Secondly, quinine mediates the contact between the 

PAC-1 antibody and αIIbβ3 independently from the activation state and enhances the affinity 

of this interaction. This was described recently for mouse quinine-dependent antibodies [44-

46]. We assume that the interaction of quinine with αIIbβ3 activates the integrin and induces 

the exposure of cryptic epitopes, e.g. ligand-induced binding sites, which could lead to drug-

induced thrombocytopenia [17]. 

Treatments with UFH and with Mn
2+

 result in opposite influence on the CD-amplitude,
 
but 

both lead to increased binding of PAC-1 in QCM-D. Possibly, Mn
2+

 induces other changes in 

secondary structure than UFH, and activation of αIIbβ3 is achieved in both cases via different 

mechanisms. Additionally, activation assays indicated rising amounts of activated αIIbβ3 up-

on UFH treatment. Studies with other integrins, e.g. αX β2 [47] and αV β3 [48], showed hep-

arin binding near the ligand-binding site in the integrin head domain. These regions are ho-

mologous to e.g. the A-ligand binding domain of the β3-subunit. Binding of UFH to the re-

gion containing the RGD binding pocket could lead to opening of the integrin mediating bind-
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ing of PAC-1 [21, 47, 48]. By contrast, incubation of αIIbβ3 with fondaparinux induces nei-

ther significant activation of the integrin, nor changes in its secondary structure. Apparently, 

sulfated polysaccharides with different lengths interact differently with αIIbβ3, similarily to 

other proteins [49]. Besides the mechanism of platelet-factor 4/heparin complexes in heparin-

induced thrombocytopenia, it is likely that heparin potentiates platelet activation via binding 

to αIIbβ3 leading to thrombocytopenia [19]. 

Our results reveal that similarly to Mn
2+

, quinine- and UFH induce αIIbβ3 activation in a 

membrane-like environment, but do not lead to significant changes in the protein secondary 

structure. This is consistent with switchblade motion that enables the movement of the extra-

cellular parts of αIIbβ3. The exposure of these hidden regions has important clinical implica-

tions, because autoantibody binding leads to loss of self-tolerance and immunogenicity in 

some patients [16, 17]. Our experimental setup could be applied in prospective experiments to 

reveal autoantibody binding to αIIbβ3 under various conditions. In addition, the combination 

of the biophysical and biological tools can be applied in future to study other transmembrane 

proteins. 

Materials and methods 

Proteins and chemicals 

Human integrin αIIbβ3 was purchased from Enzyme Research Laboratories (South 

Bend, USA). Unless otherwise stated, all mentioned antibodies were bought from Biolegend 

(San Diego, USA). Dimyristoylphosphatidylglycerol (DMPG; 14:0 PG), 

dimyristolphosphatidylcholine (DMPC; 14:0 PC) and dioleoyl-glycero-phosphoethanolamine-

N-carboxyfluorescein (PE CF) were obtained from Avanti Polar Lipids Inc. (Alabaster, USA). 

SM-2 biobeads were supplied by Bio-Rad (Munich, Germany). Unfractionated heparin 

(UFH), fondaparinux and quinine sulfate were purchased from Sigma-Aldrich (Steinheim, 
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Germany). Protein concentration was determined by bicinchonic acid assay (BCA) kit with 

included protein microstandard (Sigma-Aldrich, Steinheim, Germany). Tris-Base, 

ethylenediaminetetraacetic acid (EDTA), bovine serum albumin and NaCl were bought from 

Sigma-Aldrich (Taufkirchen, Germany). CaCl2, MnCl2, Triton X-100 and methanol were pur-

chased from Carl Roth GmbH (Karlsruhe, Germany). Sucrose and sodium dodecyl sulfate 

(SDS) were obtained from Merck KgaA (Darmstadt, Germany). 

Reconstitution of integrin αIIbβ3 into liposomes 

Liposome buffer consisting of 20 mM Tris, 50 mM NaCl, 1 mM CaCl2 was prepared 

and the pH was adjusted to 7.4 with HCl. Liposomes were prepared following an adapted pro-

tocol of Erb and Engel [50]. Briefly, a 900 nM DMPG:DMPC (1:20) mixture were dried first 

under nitrogen stream and then in vacuum overnight. For the activity assays, fluorescein la-

beled lipids (PE CF) were added to the lipid mixture with a ratio of DMPC:DMPG:PE CF 

500:25:1. Subsequently, lipids were dissolved in liposome buffer containing 0.1 % Triton X-

100 and 0.2 mg/mL integrin αIIbβ3 (1000:1 lipid:protein molar ratio). The solution was incu-

bated for 2 h at 37 °C and Triton X-100 was removed afterwards by adding twice 50 mg SM-

2 biobeads for 210 min at 37 °C. The biobeads were prewashed with methanol and ultrapure 

water (Sartorius, Göttingen, Germany). Non-reconstituted αIIbβ3 was separated from the 

proteoliposomes by ultracentrifugation at 4 °C and 268,000 g for 24 h with a four-step sucrose 

gradient (2 M, 1.2 M, 0.8 M and 0.4 M in liposome buffer). The proteoliposome-containing 

fraction was collected and dialyzed against liposome buffer for 72 h using 8 kDa cut-off dial-

ysis cassettes (GE Healthcare, Freiburg, Germany). These vesicles were stored at 4 °C and 

used for experiments within four days.    
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Validation of protein reconstitution into liposomes 

Determination of protein concentration  

Determination of protein concentration was done by a modified BCA adapted from 

Parmar et al. [51]. Protein microstandards or 25 µL proteoliposome samples were pipetted 

into a microtiter plate (Sarstedt AG, Nürnbrecht, Germany). After addition of 25 µL 0.5 % 

SDS, 50 µL of working BCA reagent was added to each well. The plate was incubated for 2 h 

at 37 °C and the absorbance was measured at 562 nm on a TECAN infinite M200Pro plate 

reader (Tecan group, Männedorf, Swizerland). The protein concentration in the samples was 

determined from a standard curve with the mentioned protein standard. 

SDS-PAGE 

SDS-PAGE was carried out to detect the integrin subunits under reductive conditions 

upon protein reconstitution into liposomes. Liposome and integrin liposome samples were 

loaded to 4-12 % gradient Bis-Tris SDS gels and visualized with the Pierce Silver Stain Kit 

(both Thermo Fischer, Darmstadt, Germany).  

Transmission electron microscopy (TEM) of negatively stained proteoliposomes  

For the negative staining procedure, the proteoliposomes were allowed to adsorb onto 

a glow-discharged carbon-coated holey Pioloform film on a 400-mesh grid for 5 min. The 

grid was then transferred onto two droplets of deionized water and then onto a droplet of 2 % 

aqueous phosphotungstic acid at pH 7.0 (VWR, Radnor, USA) for 30 s and finally on a se-

cond droplet for 4 min. After blotting with filter paper and air-drying, the samples were exam-

ined with a transmission electron microscope LEO 906 (Carl Zeiss Microscopy GmbH, 

Oberkochen, Germany) at an acceleration voltage of 80 kV. Pictures were taken with flat 

films with a magnification of 60,000-times.  Afterwards, the micrographs were analyzed using 

Adobe Photoshop CS6. 
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Dynamic light scattering (DLS) measurements  

Dynamic light scattering (DLS) measurements were acquired on a Zetasizer Nano ZS 

(Malvern Instruments, Herrenberg, Germany). Liposome and proteoliposome samples were 

diluted in liposome buffer (1:10) and vacuum degassed for 20 min at 37 °C. Subsequently, 

500 µl were transferred to a 10 mm path length cuvette (Brand, Wertheim, Germany) and 

equilibrated 4 min at 37 °C. Measurements were done at a detector angle of 173° with a re-

fractive index of 1.45 and absorption of 0.001 with standard solvent parameters as referred to 

water. Each measurement consisted of 15 runs and was repeated five times. Hydrodynamic 

diameter data was analyzed with the Zetasizer software 7.11. 

Flow cytometry 

Flow cytometry experiments were carried out for the validation of successful integrin 

reconstitution into liposomes. Integrin was detected by anti-CD61-Alexa 647 and anti-CD41 

(Bio-Techne Holding, Minneapolis, USA) antibody binding. For analysis, 10 µl of purified 

PE CF-fluorescently labelled liposomes were mixed with 1 µL of 200 µg/mL anti-CD61-

Alexa 647 and 1 µL of 500 µg/mL anti-CD41 and incubated for 30 min at room temperature 

(RT). The anti-CD41 antibody samples were then incubated with 1 µL of the secondary goat 

anti-mouse IgG-Alexa Fluor 647 (Thermo Fischer) antibody for 10 min at RT. Afterwards, 

samples were diluted with 290 µL liposome buffer and analyzed in a BD LSR II Flow Cy-

tometer (Becton, Dickinson and Company; Franklin lakes, USA). Integrin activation was de-

tected by adding 1 µL of 100 mg/mL conformation-specific Alexa 647-labelled PAC-1 IgM 

antibody to PE CF-liposomes in buffer, with 1 mM MnCl2 (control for activation) or EDTA 

(negative control). The FlowJo 7.6.5 software was used for evaluation. 
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Activation assay for proteoliposomes 

Activation assay for proteoliposomes was carried out following a protocol adapted 

from Ye et al. 2009 [7]. PAC-1 was coated on a 96 well plate (Capitol Scientific, Austin, 

USA) at 4 °C overnight. After blocking the plate with liposome buffer containing 30 mg/mL 

bovine serum albumin, PE CF-fluorescently labelled liposomes or proteoliposomes were add-

ed (conditions are indicated in the graphs) and incubated for 4 h at 37 °C.  Unbound lipo-

somes were washed away with liposome buffer and after addition of 100 µL 1 % Triton- X-

100 in liposome buffer, fluorescence was read in a microplate reader (Paradigm, Beckman 

Coulter, Pasadena, USA) at ex485/em535 nm. The respective liposome fluorescence signal 

was subtracted from the proteoliposome signal. 

Quartz crystal microbalance with dissipation monitoring (QCM-D) 

QCM-D measurements were carried out with a Q-sense Analyzer from Biolin Scien-

tific Holding AB (Västra Frölunda, Sweden) under continuous flow of 25 µL/min driven by a 

peristaltic pump (Ismatec IPC-N4, Idex Health & Science GmbH, Wertheim-Mondfeld, Ger-

many) at 37 °C. SiO2-coated quartz crystal sensors (Biolin Scientific) were cleaned using a 2 

% SDS solution for 30 min at RT followed by rinsing with ultrapure water. Afterwards, crys-

tals were dried under a stream of nitrogen and exposed for 20 min to UV-ozone (Pro Cleaner 

Plus, Bioforce Nanoscience, Ames, USA). Resonance frequency and dissipation were meas-

ured at several harmonics (15, 25, 35, 45, 55, 65 MHz) simultaneously. Changes in dissipa-

tion (ΔD) and frequency (Δf) of the seventh overtone (35 MHz) are presented in the graphs. 

After equilibrating the system with liposome buffer (15 min), liposomes or proteoliposomes 

were injected into the system. After surface adsorption, the system was washed for at least 20 

min with liposome buffer. For the activation state experiments, liposome buffer containing 1 

mM MnCl2 or 5 mM EDTA was loaded into the system and incubated under continous flow 
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for approximately 1 h. PAC-1 was finally added at a concentration of 5 µg/mL for interaction 

analysis followed by rinsing with the respective buffer. For drug interaction analyses, 

250 µg/mL UFH, 250 µg/mL fondaparinux or 50 µg/mL quinine sulfate diluted in liposome 

buffer were introduced into the system for 10 min after washing and PAC-1 injection was 

performed subsequently. Data analysis was achieved using Q-Tools V.3.0 and QSoft401 V2.5 

(both Biolin Scientific AB). 

Circular dichroism (CD) spectroscopy 

CD spectra were measured with a Chirascan CD spectrometer (Applied Photophysics, 

Leatherhead, UK) equipped with a temperature control unit (Quantum Northwest, Liberty 

Lake, USA) at 37 °C. Measurements at wavelengths in the range of 195-360 nm were per-

formed with a 5 mm path length cuvette (110-QS; Hellma Analytics, Müllheim, Germany) 

and a protein concentration of 0.4 µM incorporated into liposomes. Spectra were recorded 

with a bandwidth of 1.0 nm, a scanning speed of 15 nm/min and three repetitions. For data 

analysis, spectra of liposomes were subtracted from proteoliposomes. For the analysis of 

Mn
2+

 and EDTA induced changes in the secondary structure of αIIbβ3, the sample was first 

measured in liposome buffer, afterwards MnCl2 was added to a final concentration of 1 mM 

and the sample was incubated 45 min before measurement. Finally, 50 mM EDTA was added 

to the same cuvette to a final concentration of 5 mM and incubated for 45 min at RT. For the 

drug titrations, respective volume of UFH (0-295 µg/mL), fondaparinux (0-122 µg/mL) or 

quinine sulfate (0-1.5 g/mL) were added to the cuvette and equilibrated for 5 min at 37 °C 

before each measurement. Normalization of the data was calculated by the wavelength de-

pendent mean residue delta epsilon (MRDE) that includes concentration c, number of amino 

acids AA, and path length of the cuvette d:  
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The estimation of the secondary structural content was done by deconvolution of CD spectra 

by the CDNN software using a database of 33 reference proteins [52]. 

Molecular dynamics simulations (MDS) 

Integrin model 

For the complete bent integrin model, the NMR structure of the transmembrane do-

main (PDB-code: 2k9j) [53] and the X-ray structure of the ectodomain (PDB-code: 3fcs) [6] 

were combined. The missing residues 764 to 774 and 840 to 873 in the αIIb chain, and 75 to 

78 and 477 to 482 in the β3 chain were added as random coil. After manual linking of the 

fragments, the structure was energy minimized and equilibrated in vacuum to relax over-

stretched bonds. The glycolysations and modified residues as described in the UniProt entries 

(P08514 and P05106) [54] were considered. A detailed list is provided in the Supporting In-

formation (S2 Table). Seven Ca
2+

 ions and one Mg
2+

 ion, as present in the X-ray structure, 

were inherited. The integrin was then embedded in a membrane containing 1076 DMPC and 

54 DMPG lipids (20:1), solvated and equilibrated for 350 ns in a isothermal-isobaric (NPT) 

ensemble to ensure that the created gap in the membrane at the integrin membrane interface is 

closed. Ions were added to neutralize the box and the ion content was not adjusted to physio-

logical conditions. For a more detailed description of the simulation cell, please refer to the 

Supporting information S3 Table. In the time scale of several hundreds ns the activation and 

opening of integrin cannot be achieved without external forces during a MDS. Therefore, an 

open conformation of integrin was obtained with steered MD by constant velocity pulling. 

The transmembrane domain and the integrin head (β-propeller and β3 A-domain) were pulled 

apart from each other with a speed of 2 m/s up to complete unfolding. The real distance was 

restrained to the constantly increasing virtual group distance by a harmonic potential with a 

force constant of 50 kJ*mol
-1

*nm
-2

.  
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Simulation parameters 

The equation of motion was integrated with a Verlet integrator applied every 7 fs with 

the simulation software package GROMACS 5.1 [55]. This was achieved by increasing the 

mass of all hydrogen to 4 m.u., and reducing the corresponding heavy atom mass by the same 

amount (hydrogen mass repartitioning - HMR). Explicit water was described by the TIP3P 

model [56], the protein with the AMBER99SB-ildn force field [57], modified amino acids 

with the PTM force field [58], carbohydrates with the Glycam force field [59] and lipids with 

the Slipids force field [60]. Periodic boundary conditions were used. The intermolecular inter-

actions were applied with the particle mesh Ewald (PME) method [61]  and a grid spacing of 

0.12 nm for Coulomb interactions, and van der Waals interactions with Lennard-Jones func-

tions. Cutoffs of 1.0 nm with switching functions at 0.9 nm were used with a neighborlist dis-

tance [62] of 1.2 nm. All bonds were constrained with the LINCS algorithm [63] to the opti-

mal distance. The temperature bath was regulated to 300 K with a modified v-rescale thermo-

stat [64] for protein and non-protein separately every 100 fs. The pressure was controlled to 1 

bar every 12 ps by a Parrinello-Rahman barostat [65]. The barostat is semiisotropic, and re-

laxation of the membrane in xy-direction and control of the water density by adjusting the 

height in z-direction are independent of each other. 

MDS of the effect of ions on the integrin structure 

Three systems with membrane embedded integrin, water and different structural ion 

compositions were prepared: i) Seven Ca
2+

 and one Mg
2+

 ion as present in the X-ray structure 

[6]; ii) the three structural ions in the proximity of the active center were replaced with Mn
2+

; 

and iii) all structure ions were removed. Each system was first equilibrated for 350 ns in the 

NPT, followed by 100 ns production trajectory, and conformations were collected every 700 

ps. The structural distribution and MDS secondary structure (S1 Table) were analyzed and 

predicted with the AmberTools program CppTraj [66] over the whole trajectory.  
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Supporting information  

S1 Fig. Schematic illustration of the formation of a proteoliposome-derived bilayer with 

reconstituted αIIbβ3 on a SiO2 quartz sensor. We assume in our QCM-D experiments the 

fusion of proteoliposomes to the substrate and the formation of a bilayer. Potentially, some 

proteoliposomes remain on the lipid bilayer surface. Conformation specific antibody PAC-1 

(cyan) could bind to activated αIIbβ3 in a bilayer as well as to activated αIIbβ3 in liposomes.  

S1 Table. Change in the secondary structure distribution of αIIbβ3 determined by CD 

spectroscopy and MDS. Changes in the secondary structure distribution between integrin 

αIIbβ3 in buffer environment, after addition of 1 mM Mn
2+

 experimentally or changing the 

three ions in the MIDAS and ADMIDAS region to Mn
2+

 via MDS, and after addition of 5 

mM EDTA experimentally or removing all structural ions during MDS in the environment. 

The estimation of the experimental secondary structure content was carried out with the 

deconvolution of CD spectra using CDNN software. The MDS secondary structure was 

predicted with CPPTRAJ.  

S2 Fig. Representative QCM-D data showing the changes in frequency Δf (top) and 

dissipation ΔD (bottom) of the seventh overtone for the binding of PAC-1 antibody at 

37 °C. Buffer was injected over the SiO2 sensors and after reaching a baseline, liposomes or 

proteoliposomes were injected and formation of a bilayer was observed. After a washing step 

with buffer, the bilayer was treated with the respective drugs (250 µg/mL fondaparinux, 

250 µg/mL UFH and 50 µg/mL quinine sulfate), which is indicated by the first arrow and 

PAC-1 antibody was injected (indicated by the second arrow) followed by rinsing with the 

respective buffer. 
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S3 Fig. The far-UV region CD spectra of αIIbβ3 reconstituted into liposomes titrated 

with drugs. The far-UV region CD spectra of αIIbβ3 reconstituted into liposomes in buffer 

(dark green), and with increasing concentrations of UFH (top), fondaparinux (middle) and 

quinine (bottom), respectively. Representative spectra recorded for proteoliposomes with a 

protein concentration of approximately 0.4 µM in 5 mm path length cuvettes at 37 °C are 

shown. Liposome spectra were subtracted from the respective proteoliposome spectra. 

S2 Table. Amino acid modifications of the MDS model of αIIbβ3. Amino acid 

modifications of the MDS model of integrin αIIbβ3. NDG and NAG are N-

Acetylglucosamine in α and β form, respectively, MAN is α-Mannose and NGA is β-N-

Acetylgalactosamine. 

S3 Table. System setups for the particular MDS. System setups for the particular MDS. 

The first five columns indicate the cell volume Cs, the number of water molecules NW, 

membrane molecules NDMPC and NDMPG, and ions NI. The last two columns contain the 

equilibration tE and data collection tD times. 
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Abstract 

In many cases, native states of proteins may be predicted with sufficient accuracy by 

molecular dynamics simulations (MDS) with modern force fields. Enhanced sampling 

methods based on MDS are applied for exploring the phase space of a protein sequence and to 

overcome barriers on rough conformational energy landscapes. The minimum free energy 

state is obtained with sampling algorithms providing sufficient convergence and accuracy. A 

reliable but computationally very expensive method is replica exchange molecular dynamics 

(REMD), with many modifications to this approach presented in the past. Recently, we 

demonstrated how our TIGER2h hybrid solvent sampling algorithm made a good compromise 

between efficiency and accuracy. There, all states are sampled under full explicit solvent 

conditions with a freely chosen number of replicas, while implicit solvent is used during the 

swap decisions. This hybrid method yielded a much better approximation to the agreement 

with calculations in explicit solvent than fully implicit solvent simulations. Here, we present 

an extension of TIGER2h and add a few layers of explicit water molecules around the peptide 

for the energy calculations, whereas the dynamics in fully explicit water is maintained. We 

claim that these water layers better reproduce steric effects, the polarization of the solvent and 

the resulting reaction field energy than typical implicit solvent models. By investigating the 

protein-solvent interactions across thorough thermodynamic state ensembles, we found a 

strong conformational dependence of this reaction field energy. All simulations were 

performed with nanoscale molecular dynamics (NAMD) on two peptides, the α-helical 

peptide (AAQAA)3 and the β-hairpin peptide HP7. A production ready TIGER2hs 

implementation is supplied, approaching the accuracy of full explicit solvent sampling at a 

fraction of computational resources. 
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1. Introduction 

Modern force field based molecular dynamics (MD) simulations are a valuable tool of 

growing popularity, especially for systems of biological interest like proteins. Dedicated 

protein force fields like Amber14SB
1
 have been developed and extensively refined over the 

past decades and are now ready for large scale folding simulations, especially in cases where 

the 3D structure of a protein is completely or partly inaccessible by experimental methods. 

Such folding simulations are only conclusive after scanning a sufficiently large part of the 

conformational space. This ideally includes all protein states in their respective probability for 

a given temperature and environment (e.g. solvent, pH, salt concentration) and is known as 

the thermodynamic or BOLTZMANN weighted ensemble. It can be visualized by a folding-

free-energy landscape, and the related 3D structures, the heights of surrounding energy 

barriers and state transition pathways can be derived. The native state manifests itself as a 

global minimum in this landscape with sufficient depth and extension. In principle, 

straightforward MD simulations generate such a BOLTZMANN weighted ensemble of states 

within sufficient simulation time, but tend to get stuck in local minima only rarely crossing  

energy barriers higher than a few RT (R gas constant, T absolute temperature). This is why 

many methods have been and are still developed for more efficient sampling of protein 

conformational spaces
2–9

. 

1.1 Model peptides 

We demonstrated earlier that the two peptides (AAQAA)3 and HP7 are well suited for 

analyzing different sampling methods
7
. Their native states are completely different: The 

configuration of the sequence (AAQAA)3 is dominated by an α-helix. The peptide is 

commonly used to characterize the secondary structure prediction behavior of force fields and 
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conformational sampling methods. NMR experiments at 274 K on the secondary structure of 

this peptide resulted in a maximum helical structure probability of 55%
10

. HP7 is also a small 

peptide consisting of 12 amino acids (KTWNPATGKWTE), but forms a β-hairpin at 270 K 

(PDB access code: 2EVQ)
11

. 

1.2 Replica exchange molecular dynamics: REMD 

The established approach in the field of configuration sampling is replica exchange molecular 

dynamics (REMD)
9
, which is accurate and has been successfully applied to many sampling 

problems
12–16

. Multiple MD simulations run in parallel at different temperatures to enhance 

sampling. The temperatures usually range from a baseline value, at which the protein is stably 

folded, to a high temperature at which any ordered conformation, including the native state, 

has a much shorter lifetime than the simulation time scale. Recurrently after a specific 

simulation time, termed a cycle, pairs of replicas (A, B) target to exchange their temperature 

based on a probability given by the Metropolis sampling criterion (MSC)
17

, which is based on 

the current potential energies EA, EB, temperatures of replicas TA, TB and the BOLTZMANN 

constant kB: 

 
            

     
  

  
 

  
 

 

  
    (1) 

This criterion accepts the exchange of the two states, if the overall energy is lower after the 

exchange or otherwise if p is greater than a random number in the range of zero to one. 

During a large number of cycles, each replica performs a random walk in phase space to 

overcome energy barriers, escape minima and refine its structures. After a sufficient amount 

of cycles, this procedure converges to the specific BOLTZMANN weighted ensemble at each 

temperature, and the native state is obtained as the dominant structure at the temperature of 

interest. 
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Figure 1: Schematic illustration of overlaps between the potential energy distributions of two 

replicas. Black areas denote the solvents potential energy distribution, burying that of the 

protein (white). The overlap of water distributions is shown in dark gray, while solvent-

protein overlap is light gray: (A) no overlap, (B) overlap providing sufficient exchange by the 

MSC as in REMD.  (C) excessive overlap as in TIGER2 with explicit solvent. (D) same as (C) 

but with averaging over the solvent potential energy as in TIGER2A. (abscissa: Epot ; ordinate: 

P(Epot)) 

The rate at which the MSC will trigger exchanges depends on the overlap of the potential 

energy distributions between two replicas (s. Figure 1, B) and its adjustment is fundamental in 

REMD. Relative offsets and consequently the overlap of replicas’ potential energy 

distributions result from the temperature difference and degrees of freedom in the system.  If 

there is no or only sparse overlap, few exchanges will take place, and the sampling 

enhancement over conventional MD is small (s. Figure 1, A). In practice, the acceptance rate 

is controlled by selecting suitable temperature steps, i.e. a sufficient number of replicas. These 

temperature steps are equidistant on a logarithmic scale, which ensures consistent exchange 
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rates between all pairs of neighboring replicas. In larger peptides with an increasing number 

of internal degrees of freedom, the relative width of the energy distributions decreases, and 

more replicas must be added for maintaining a sufficient overlap and exchange rate. This 

higher number of replicas lets the computational cost of the sampling increase for two 

reasons. First, the amount of computations for a given baseline sampling time is proportional 

to the number of the replicas, running in parallel. In addition, states have to “diffuse” across 

temperatures. Successful exchanges usually take place between neighboring replicas on the 

temperature ladder only, as the overlap between energy distributions of replicas with larger 

temperature differences is too small. Conformations can thus travel from one temperature to 

another only step by step, and the diffusion of a favorable structure from high to low 

temperature takes an increasing number of exchanges with increasing number of replicas in 

larger systems. As a result, the convergence time for obtaining a BOLTZMANN distribution 

increases too. Hence, to balance the convergence gain by the replica exchange scheme with a 

high enough acceptance rate and the convergence penalty by the mentioned diffusion process, 

the exchange probability is tuned to a value of about 20%
9
, which is considered an optimum 

for rapid sampling of BOLTZMANN distributions. Consequently, the computational effort of 

genuine REMD scales very poorly with increasing system size and accurate REMD 

simulations on larger proteins in explicit solvent require a prohibitively large number of 

replicas. This is an important shortcoming and limits the application of REMD to small 

peptides and to high performance computers, even though the number of replicas is usually 

kept as low as possible. 

In some systems, especially ones with explicit representation of solvation, the swap decision 

guided by the MSC may be scrambled by noise, which is generated by parts of the system, 

whose energies fluctuate rapidly and independently of the system’s part of interest (s. Figure 

1, C). The text book example is a protein in explicit water, where the solvent around one 
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protein structure can cover a wide range of bulk states. Consequently, even if e.g. TA<TB and 

for the protein energies EpA<EpB, there is a significant probability that the total energies 

including the water are in inverse order, EA>EB, and exchange of both takes place only due to 

the noise of the solvent energies. This results in a high acceptance rate of swaps and replicas 

may obtain similar and noisy solute ensembles, regardless of their actual temperature. 

However in REMD, the replicas’ potential energy distributions hover centered around their 

solutes potential energies, with a width modulated by noise of the solvent. Thereby, during the 

ongoing sampling, the overlap between the replicas energy distributions are modulated by the 

solute state, by shifting the whole distributions towards each other and vice versa. Thus, 

REMD is intrinsically immune to such noise sources, as long as the movement of states across 

the temperatures is limited. We refer to this concept as intrinsic averaging. 

1.3 Temperature intervals with global exchange of replicas: TIGER2 

Many adaptions to REMD have been reported for reducing the computational effort, often at 

the expense of accuracy
3,5,6,18–20

. Temperature intervals with global exchange of replicas 

(TIGER2)
6
 is an empirical enhanced sampling method aiming on reducing the computational 

demand with respect to the genuine REMD calculations. TIGER2 allows to choose the number 

of replicas independently from system size, as it performs the MSC swap decisions with all 

replicas cooled down to the same baseline temperature Tbase: 

 

 

            
     
        

   
(2) 

The sampling cycle is decomposed into (I) heating, (II) sampling and (III) quenching phases, 

where the heating phase (I) includes the scaling of velocities to the replica target temperature, 

followed by a short temperature controlled equilibration. This is continued by the actual 
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sampling phase (II) under the same conditions. The quenching phase (III), performs velocity 

rescaling to the baseline temperature and shortly equilibrates the system. This quenching is 

supposed to remove excess kinetic energy leaving the solute state untouched. Exchanges are 

attempted between the current baseline and one randomly selected replica. The remaining 

replicas, including the one possibly rejected by the MSC, are reassigned to the sampling 

temperatures in the same order as their respective potential energies, for the next cycle. 

Exchanges happen directly with the baseline replica and state diffusion across the temperature 

ladder does no longer slow down convergence. 

However, the original TIGER2 algorithm faced problems when being applied to systems with 

explicit solvation
5,21,22

. The removal of temperature differences led to a high overlap of the 

potential energy histograms of the replicas (s. Figure 1, C) and the energy differences between 

replicas are dominated by the thermal noise of the solvent potential energy. Hence, the MSC 

decisions did not depend on the solute state, but rather on thermal noise of the solvent, which 

is changing configurations much more quickly. In fact, the intrinsic averaging concept hidden 

in the REMD approach was only revealed by accidentally suppressing it in TIGER2. 

1.4 TIGER2 with solvent energy averaging: TIGER2A 

LI et al. had to reduce the explicit solvent noise by an additional averaging phase (TIGER2 

with solvent energy averaging – TIGER2A)
5
. By explicitly re-introducing averaging over 

many solvent states with fixed solute, the protein energies rather than the solvent fluctuations 

became decisive for the exchange decisions and proper BOLTZMANN weighted ensembles 

are approximated (s. Figure 1, D). We demonstrated previously
7
 that the averaging must 

proceed until the remaining uncertainty of the total energy of the system, at the given 

temperature, is in the range of the energy of the solute alone in an analogous GENERALIZED-

BORN (GB)
23

 implicit solvent. The observed noise was consistent with thermodynamic 
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relations of energy fluctuations and specific heat. 

TIGER2A also came with a modified application of the MSC. Multiple states are accepted, for 

the baseline BOLTZMANN ensemble at each cycle, by performing swap decisions between a 

reference state and all sampling replicas in increasing order of their sampling temperatures. 

The first reference state is the current baseline replica and each accepted state becomes the 

new reference. The last reference state will be the new baseline replica for the next cycle. 

Each meanwhile accepted state is saved to the resulting conformational ensemble. This 

modification is meant to generate more states and to accelerate the convergence even further 

with respect to the classical REMD and TIGER2. It shall also partially compensate the effort 

for the newly introduced averaging phase. 

 

Figure 2: (A) Family tree of some REMD derivatives referenced in this study originating 

from the genuine algorithm. The positioning along the axes illustrates schematically the gains 

and penalties of different methods in terms of efficiency and accuracy. (B) Concept of the 

end-state hybrid solvent approach with explicit solvation shells as used in REMDhs and 

TIGER2hs. 

Recently, we have applied several methods to simulate the folding of the two small peptides 
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(AAQAA)3 and HP7, which, as mentioned above, adopt α-helical and β-hairpin motifs, 

respectively
7,10,11

. Explicit solvent TIGER2A with a long averaging phase closely 

approximated the free energy landscape from explicit solvent REMD. The free energy 

landscape was also occupied more evenly and better converged, which we accounted to the 

global- and multi-exchange scheme used in TIGER2A. Unfortunately, a long averaging phase 

was needed and only a small acceleration factor of two over genuine REMD was obtained 

from TIGER2A
7
 (s. Figure 2, A). 

1.5 REMD with hybrid solvent exchange: REMDh 

Other strategies for reducing the number of replicas and thus the computational cost were 

based on a hybrid solvent approach and has originally been presented by OKUR et al.
2
.  

Simulations with a reduced number of replicas are realized by performing the sampling under 

explicit solvent conditions, but driving exchanges by implicit solvent energies (REMDh) (s. 

Figure 2, A). In the following, this concept is referred to as hybrid solvent exchange scheme 

(s. Figure 2, B). It greatly reduces the degrees of freedom in the system and therefore, less 

replicas are required to fill the gaps between the potential energy distributions. While OKUR 

et al. used the GB implicit solvent model and included two major layers of explicit water 

molecules around the protein, later works applied refined POISSON-BOLTZMANN (PB)
20

 or 

high density GBMV2
24

 implicit models and majorly dismissed the explicit water shells. It was 

argued that choosing a suitable amount of water molecules to keep for this approach is 

challenging. Unfortunately, there was no separate demonstration of the influence of switching 

between GB and PB based implicit models or of adding explicit water shells. This earlier 

works used different molecular systems and analysis methods and these solvation effects have 

not been addressed. In a former study
7
 we applied REMDh to (AAQAA)3 and HP7 with the GB 

implicit solvent model and without explicit water shells. Structures close to the native state 
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were highly dominant and the extended conformations were underestimated. This result was 

only a limited improvement with respect to pure implicit solvent sampling (s. Figure 2, A). 

1.6 TIGER2 with hybrid solvent exchange: TIGER2h 

Inspired by earlier works that utilized the hybrid solvent exchange scheme, we created 

TIGER2h in a previous study, which samples all states in explicit solvent as TIGER2A, and 

only determines the potential energies for exchanges in implicit solvent
7
 (s. Figure 2, A/B). 

Removing the water degrees of freedom for the exchange step suppresses the noise and makes 

the expensive averaging obsolete. TIGER2h was about 25 times more efficient for sampling 

the baseline BOLTZMANN ensemble than genuine REMD, and yielded better approximations 

to results from explicit solvent REMD and TIGER2A than REMDh or purely implicit 

sampling. Surprisingly, REMDh and TIGER2h showed significant accuracy differences (s. 

Figure 2, A). We attributed them to the fact, that in REMDh the implicit solvent model is used 

to compare protein states at different temperatures, whereas in TIGER2h all replicas are 

cooled down to the baseline temperature, before the energy evaluation. These implicit solvent 

models are not fully adapted to the temperature variation in a large range, as not even the 

permittivity of water is scaled down properly. Our hybrid method combined the advantages of 

TIGER2A with the solvent concept of REMDh and represented a favorable compromise 

between computational cost and accuracy (s. Figure 2, A). Still, driving the MSC by implicit 

solvent energies introduced an undesired bias on the state exchange between temperatures and 

consequently also on accounting conformations for the resulting thermodynamic ensemble at 

the baseline temperature. 
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1.7 TIGER2h and REMDh with explicit solvent shells 

The major issue of this work, is to improve the accuracy of TIGER2h by retaining the closest 

shell of explicit water molecules around the solute, during the hybrid solvent exchange 

scheme, similar to the original concept of OKUR et al.
2
 (s. Figure 2, A/B). These shells shall 

account for effects, which are not fully represented by simple implicit solvent models, e.g. 

polarization, as even the simple TIP3P model
25

 with rigid molecules consideres orientation 

polarization. Inclusion of explicit water molecules in the hybrid approach has already been 

shown to correct for overstabilization of salt bridges
24

. However, the solvent molecules 

around a polar solute, e.g. water around a peptide, orient according to the electrical field of 

the solute
26

. This results in a negative energy contribution, which may depend on the 

conformation of the solute, and is usually addressed as reaction field. We address the 

interaction between peptides and the closest water shells as “shell reaction field” (SRF). In the 

present paper, we present an improved hybrid solvent scheme and details on the use of 

explicit water shells with TIGER2h(+s) and REMDh(+s) applying either the GENERALIZED-

BORN or POISSON-BOLTZMANN implicit solvent models (s. Figure 2, A). In both cases, the 

goal is to reduce the influence of implicit solvent driven exchanges to the resulting 

conformational ensembles, but to maintain the high computational efficiency. Importantly for 

REMDhs, only a relatively small fraction of the water is kept for the swap decision and the 

approach still requires significantly less replicas than conventional REMD. For TIGER2hs in 

turn, the thermal fluctuations of the solvent become noticeable with a high amount of water 

and scramble the conformational ensemble as in the original TIGER2 approach. For avoiding 

the costly averaging in TIGER2A, the number of explicit water molecules must be small, but 

should contain enough solvent effects to enhance accuracy. It is therefore crucial to 

investigate the protein-water interface and to provide applicable rules to select the solvation 
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shell size. 

2. Methods 

2.1 General simulation setup 

Sampling methods are compared here, as in our previous work
7
, at the example of the two 

model peptides, (AAQAA)3 and HP7. Both peptides were capped with acetyl groups the N-

termini and protected as N-methyl-amide at the C-terminal ends. The initial structures of both 

peptides were straight strands. The α-helical and the β-sheet peptide were contained in 

periodic simulation cells with side lengths of 6 and 5 nm, respectively. These box dimensions 

were large enough to suppress significant periodic solute-solute interactions. Systems were 

built with Ambertools 16
27

 and the Amber14SB force field
1
 was used. Water was represented 

by the TIP3P water model
25

, and total system charges were neutralized by adding appropriate 

amounts of sodium or chloride ions. All simulations were performed with the NAMD 2.11 

nanoscale molecular dynamics simulation package
28

 and GPU acceleration, where possible. 

We created production ready implementations of all sampling methods, which are fully based 

on NAMD’s TCL/MPI API and were derived from the original REMD implementation shipped 

with NAMD 2.10 without modification of the NAMD source code (Appendix C). The short 

range cutoffs were set to 1 nm for VAN-DER-WAALS (VDW) and COULOMB interactions, 

including a switching function with a 0.1 nm region. Long range electrostatics were described 

by PME
29,30

 with a 0.1 nm grid spacing. The hydrogen mass repartitioning scheme (HMR)
31

 

was applied by the ParmEd 2.4.0 utility
27

 to only the solute and all bonds lengths to hydrogen 

atoms were frozen applying the RATTLE constraint algorithm
32

. By suppression of fast 

hydrogen dynamics, the time step for MD could be extended to 4 fs. During the sampling 

runs, the replica temperatures and pressures were controlled by LANGEVIN thermostats
33
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with a damping time constant of 1 ps and LANGEVIN-PISTON barostats
34

, where period and 

decay time constants were 100 and 200 fs, respectively. The baseline temperatures, which are 

in fact the physical temperatures of the folding peptides, were set to 280 K and 270 K for the 

helix and sheet peptide, respectively. The highest temperature was set to 600 K, which safely 

allowed to escape any state for both peptides studied. The respective target pressure was set to 

three times the temperature dependent vapor pressure as obtained from the ANTOINE-

equation
35

 (A=8.14019, B=1810.94 °C, C=244.485 °C: results in torr). By moderately 

enhancing the pressure with respect to the vapor pressure, we suppress vapor bubbles but 

avoid a significant increase of the liquid density. All sampling simulations included a 

preceding energy minimization with a number of time steps, equivalent to a respective 

sampling cycle. 

2.2 Continuum solvent setup 

NAMD does not support PB, and for the PB representation of implicit solvation during the 

hybrid solvent exchange step, the Sander 16
27

 program was applied on snapshots of sampling 

states, taken out of NAMD at each cycle. Implementations of the sampling methods in NAMD 

running without GPU could thus be combined with PB by passing coordinate files of the 

peptide and the respective discrete water molecules to the Sander engine. It used an MDIN 

configuration file with the respective settings providing single state energy calculations with 

infinite cutoffs. Default settings for the PB solver
36,37

 included a water permittivity of 80 and 

a zero fictive ion concentration. The program does not support periodic boundary conditions 

(PBC) for implicit solvation. This is not relevant for the energy evaluation as long as the 

implicit system is contained in a single simulation cell. 

The GB method is a fast approximation of PB. Here, its implementation in NAMD was used 

for energy evaluations, which was compatible with GPU acceleration
38,39

. Changed NAMD 
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settings for implicit solvent, with respect to the explicit solvent calculations, included 

increased cutoffs of 1.6 nm for VDW and COULOMB to compensate the incompatibility of 

PME with implicit solvent. The default fictive ion concentration and the water permittivity 

were set to 0.2 mol/l and 78.5, respectively. A correction term proportional to the solvent 

accessible surface area corresponding to an interface tension of 0.005 kcal∙mol
-1

∙Å
-2

 

(3.47 mN/m) accounted for non-polar solvation effects
40

. No periodic boundary conditions 

were applied. 

Table 1: System setups for all sampling simulations, including the implicit solvent model and 

number of explicit water molecules used with the hybrid solvent scheme. Right columns 

contain the number of replicas, sampling, quenching and averaging times Nr, ts, tq and ta, 

respectively, and the total simulation time tt = ts+tq+ta per cycle. The TIGER2 heating phase in 

included in ts. (hybrid solvent simulations utilizing GB included an additional dummy replica; 

details s. Appendix A). 

 algorithm hybrid solvent setups 
Nr ts 

(ps) 

tq 

(ps) 

ta 

(ps) 

tt 

(ps) 

(AAQAA)3  GB PB 10 37 74 100 150 330  

 TIGER2A  8 50 10 256 316 

 TIGER2h X X  8 20 10  30 

 TIGER2hs 

X  X X X X X X 8 20 10  30 

 X   X X X  8 20 10  30 

 REMD  80 20   20 

 REMDh X X  X 8 20   20 

 REMDhs X X  X 16 20  20 

HP7  GB PB 14 43 86 100 150 330  

 TIGER2A  8 50 10 128 188 
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 TIGER2h X X  8 20 10  30 

 TIGER2hs 

X  X X X X X X 8 20 10  30 

 X   X X X  8 20 10  30 

 REMDh X X  X 8 20   20 

 REMDhs X X  X 16 20  20 

 

2.3 Shell reaction field (SRF) 

We implemented a post-processing protocoll “shell reaction field” (SRF) for analyzing 

interaction energies between the protein and its solvent shells as a function of the shell size, 

utilizing NAMD’s pair-interaction feature. Given a fully solvated ensemble trajectory, the 

interaction energy is calculated for each non-bonded energy component (COULOMB, VDW) 

separately with various sizes of explicit solvation shells around the protein. Later, the 

influence of the amount of water around the solute on the interaction energies can be derived 

from time averaged energies over shell size or by connecting these energies to collective 

variables that describe the solute states as e.g. dPCA
41

. Hence, SRF allows to appreciate, how 

different conformations would actually respond to the presence of the explicit solvation 

during the hybrid solvent exchange approach (Appendix B/C). We performed SRF 

calculations from the complete explicit solvent TIGER2A ensembles of both peptides, for 

VDW and COULOMB interactions. Solvation shells ranged from 5 to 400 in steps of 5 water 

molecules. 

2.4 Radial distribution function (RDF) and Shell-RDF 

Modified radial distribution function were analyzed by an in-house TCL script, which is 

executed inside VMD
42,43

. The distribution of the shortest periodic distances, of each water 

oxygen atoms to only its nearest solute atom, was evaluated with bins of 0.005 nm and 
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normalized to the number of frames. By using this shortest distances convention and unique 

pairs, we obtain shells adapted to the shape of the solute. In the following, these distribution 

functions are termed RDF. 

For visualizing the coherence of closed water layers and SRF energy decay, we transformed 

our RDF from a function of distance, to a function of water molecules around the solute, 

termed Shell-RDF. These distribution functions are therefore different from the common 

functions g(r), where the relative density g is plotted over the distance r from the protein 

surface. Here we define a second function n(r) of the number of water molecules as a function 

of r and combine both to a function g(n), where the relative density at distance r is plotted as a 

function of the number of water molecules inside the shell with thickness r. The function g(n) 

indicates in a simple way, how many water molecules are needed to fill up the first, second 

and third water layers. The histogram was transformed to the mass density by normalizing 

them by the respective shell volumes, which were obtained by utilizing the Voro++ software 

library
44

, and multiplying with the molar mass of water. 

2.5 Ensemble analysis and convergence 

A comprehensive analysis of the ensembles generated by each method is achieved by the 

dihedral principal component analysis (dPCA)
41

 with two collective variables spanning the 

free energy landscapes. The dPCA analysis was carried out by an in-house code. A 

multidimensional space is spanned up, with the amount of dimensions being equal to the 

proteins torsional degrees of freedom,  and ψ. By rearranging the data with respect to the 

principal axes, the dimensions are reduced to the most significant. It turned out that the two 

major principal components, which cover around 25% of the internal motions for peptides in 

this study, were sufficient to distinguish between different conformational states for the 
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analysis described here. Each peptide conformation is unambiguously labeled by its values of 

these two principal components v1 and v2 only, and a distribution N of base line states is 

obtained on a grid of v1 and v2 with a resolution of 50 x 50 histogram bins (25 x 25 for 

difference plots). Assuming a BOLTZMANN distribution, the values of N are converted into 

relative Gibbs free energies ΔG, yielding the folding free energy landscape. 

                      (3) 

We applied the principal axes derived from the respective explicit solvent TIGER2A method 

to the ensembles created by different sampling methods, making the state distributions of two 

trajectories directly comparable. By comparing such landscapes from different methods, the 

agreement between their results and the completeness of the sampling are apparent. These 

landscapes are averages over trajectories and do not reveal a time history of convergence. 

Hence, also the probabilities of major secondary structure motifs were analyzed by the 

CPPTRAJ program
45

 from the AmberTools 16 software
27

. The results serve as a metric for the 

influence of the sampling methods on the state distributions. Additionally we applied the 

cumulative fraction of the natural secondary structure motifs of the peptides studied here, to 

appreciate the convergence of the sampling. While the ensembles are continuously traversed 

during the ongoing simulation, the evolution of this measure approaches a constant value, 

with increasing number of states. Additionally, with comparable conditions, two simulations 

should approach the same end value, which also allows to compare the accuracy between 

methods. 
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Figure 3: (top) Time averaged SRF interaction energies between model peptides and solvent 

molecules as a function of the total number of water molecules in the solvation shell, taken 

from the respective explicit solvent TIGER2A calculations. Both energy contributions (Eele, 

EVDW) first decrease strongly with an increasing number of water molecules close to the 

protein and are finally strongly negative. For both peptides, also density profiles for water 

molecules from modified radial distribution functions (Shell-RDF) are displayed. The maxima 

around 10, 40 and 250 correspond to the first three water shells around the peptide. Obviously 

the decrease in energy is only very significant when filling up the first two water shells (up to 

150 molecules for these peptides). The vertical lines denote the shell sizes that have been 

tested with TIGER2hs. (bottom) The average electrostatic interaction energy Eele of the 

peptide states with the closest 330 water molecules from the same explicit solvent TIGER2A 
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ensembles is displayed as a function of the respective dPCA phase spaces. Similar colors 

correspond to values, which are about a factor of two lower for the β-sheet HP7 than for the 

α-helix (AAQAA)3. A strong dependence of Eele on the peptide state is obvious. For the peak 

labels HA-HZ and SA-SZ we refer to Figure Fehler! Verweisquelle konnte nicht gefunden 

werden. and Figure Fehler! Verweisquelle konnte nicht gefunden werden. for (AAQAA)3 

and HP7, respectively. 

3. Results and Discussion 

3.1 Size of the water shell 

Explicit solvent TIGER2A simulations for both peptides according to Table 1 serve as 

standard for the hybrid solvent methods. The conformational ensembles resulting from 

TIGER2A were subjected to the SRF protocol to determine the number of explicit water 

molecules for the following hybrid simulations (s. Figure 3, top). Along with water density 

profiles from radial distribution functions (Shell-RDF), the coherence of water structure and 

protein-solvent interactions is accessible. Obviously, both VDW and electrostatic inter-

molecular interactions asymptotically approach to constant negative values for both peptides, 

surrounded with increasing amounts of water. The VDW contributions do not depend 

significantly on the peptide sequence. The value is positive for small amounts of water 

molecules but then decreases to significant value. As may be expected, the absolute values of 

electrostatic contributions are about a factor of ten higher than those of the VDW part. Most 

importantly, the values for α-helical and β-sheet peptides differ by about a factor of two. This 

indicates that the shell reaction field may have a significant influence on the balance between 

different secondary structure motifs in a simulation. Consequently, a specific treatment of the 

reaction field by the orientation polarization of discrete solvent molecules may help to 

improve the precision of the calculations. As this contribution is additionally strongly 
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divergent for different conformations (s. Figure 3, bottom), it may modify the free energy 

landscape of peptide conformations, as obtained by the hybrid solvent exchange scheme. 

For REMDhs and both implicit models, we selected 330 water molecules as the shell size, 

which corresponds to the major three water layers in the RDF. This caused a two fold increase 

in the required number of replicas as compared to REMDh. For TIGER2hs, the amount of 

water must be carefully balanced, for treating the solvation effects without scrambling the 

state distribution by thermal noise, arising from a large amount of water. Here, determining a 

feasible shell size is attempted on the basis of two different criteria (s. Table 1): 

(I) The Shell-RDF (s. Figure 2, top) indicates the first three shells by maxima, and the amount 

of water is chosen to include either the first, second or third shells. Hence, simulations with 

the GB based hybrid model of (AAQAA)3 had 10, 100, 150 and 330 water molecules and for 

HP7 shell sizes 14, 100, 150 and 330 molecules. 

(II) Another criterion is to adjust the relation of the numbers of degrees of freedom (DoF) for 

water motion to that of the peptide vibrations, which yields a simple rule of thumb for the 

shell size selection, scaling with the protein size. (AAQAA)3 and HP7 have 183 and 206 atoms 

each. In principle we have 3N-1 internal degrees of freedom, but one stretching vibration of 

each hydrogen atom to the bonded heavy atom is fixed and we obtain 444 and 512 DoF. Each 

water molecule in solution has six external degrees of freedom, whereas the internal ones are 

fixed. We ran TIGER2hs with the GB based hybrid model considering 74 or 86 water 

molecules for the hybrid exchange step. In a further simulation the water DoF matched half 

the solute DoF, 37 and 43 water molecules for (AAQAA)3 and HP7, respectively. 

A reduced set of TIGER2hs simulations was done for the PB based hybrid scheme (s. 

Table 1). 
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Figure 4: (left) (AAQAA)3 dPCA free energy landscapes for full explicit solvent TIGER2A 

and for GB based hybrid solvent TIGER2 (see labels). The colors denote the free energy in 

[kJ/mol] as obtained from eq. 3. Bins without conformations were set to the highest free 

energy of 18 kJ/mol (yellow). Representative peptide states HA-HZ are marked with dashed 

circles in the dPCA maps. The respective side views (inserts) indicate systematic over- and 

underestimation of regions along the principal components, which is strongly seen for 

TIGER2h without explicit water shells. (right) Illustration of representative protein states. 

(bottom right) The time averaged α-helix probability is shown (left) as overall fraction over 

time, demonstrating convergence and (right) over the amino acid sequence. 
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3.2 The helical peptide (AAQAA)3 

By explicit solvent TIGER2A, we sampled a large conformational space (s. Figure 4, left). 

The dPCA plot shows a kite shaped area with distinct peaks corresponding to free energy 

minimum structures. The sampling started from an unfolded state similar to HZ. Along the 

states HD to HA, the αhelical content grows from the N-terminal end, and along HG to HA 

from the C-terminal end. The states in between, such as HH, represent mixed structures 

containing breaks in the helix. HZ denotes a large area of disordered and extended states, 

connected by low energy barriers as seen from the PC1 side view. The overall α-helix fraction 

(s. Figure 4, bottom right, left graph) shows sufficient convergence after about 300 ns (s. 

Table S1) and the probability by amino acid indicates a maximum helicity of 35%. This is not 

consistent with NMR results for 274 K of 55%
10

, but simulated results may strongly depend 

on the force field
46–48

, and we rather use explicit solvent TIGER2A data as a reference. The 

native state HA consists of a full α-helix and is surrounded by large energy barriers of at least 

6 kJ/mol. 

Here, we analyze the resulting ensembles for the hybrid methods and compare them to the 

explicit solvent TIGER2A approach, which we consider to be the best converged 

approximation to the BOLTZMANN weighted ensemble in our study. Results of explicit 

solvent REMD for (AAQAA)3 are shown on Figure S1 (Appendix A), being in good 

agreement. 

Typical for methods including implicit solvents, as seen for TIGER2h and the PC1 side view, 

the probability of less ordered states is underestimated. This is also obvious from the 

secondary structure content which show much higher probabilities than the explicit solvent  

TIGER2A. This effect was even more pronounced when using implicit solvent for the 
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sampling aswell
7
. By stepwise introducing the Eele and Evdw energy contributions as seen from 

the SRF energy (s. Figure 3), this effect should decrease. For the case of ten water molecules 

with TIGER2hs GB (s. Figure S2, Appendix A), the dPCA plot looks very similar to that of 

TIGER2h, just as the α-helix probability. However, with at least 37 water molecules (s. Figure 

S2, Appendix A), the picture starts to change and the dPCA and secondary structure results 

approach the full explicit solvent TIGER2A sampling. The state probability changes from the 

typical decay towards HZ for no and 10 water molecules, to a flat plane between 37 and 150 

water molecules similar to TIGER2A. With increasing shell size, the typical trend of under 

sampling the extended states for (AAQAA)3 disappears and the results for TIGER2hs GB 

within a bracket of 37 to 150 water molecules match the TIGER2A data with remarkable 

agreement (s. Figure S2, Appendix A). Therefore, an amount of water molecules 

corresponding to the full first and second water layers (s. Figure 3) eliminates most of the 

influence taken by the hybrid solvent exchange step for this peptide. Only after increasing the 

shell size to 330 water molecules, exceeding the first two ordered water layers, the free energy 

landscape gets smeared out and a broad immersion around HZ is seen (s. Figure S2, 

Appendix A). The dPCA plot shows that the state ensemble is now dominated by thermal 

noise of the explicit water molecules, as earlier for the original TIGER2 approach without 

averaging
7
. The PB approach needs more computer time than GB but does not yield 

significantly better agreement with TIGER2A (s. Figure S3, Appendix A). Without explicit 

water shells, the contribution of native like states was even more overestimated in TIGER2h 

PB, compared to GB. Only with TIGER2hs, conformational ensembles obtained with PB are 

very similar to those obtained by GB. 
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Figure 5: (left) HP7 dPCA free energy landscapes for full explicit solvent TIGER2A and for 

GB based hybrid solvent TIGER2 (see labels) as Figure Fehler! Verweisquelle konnte nicht 

gefunden werden.. Representative peptide states SA-SZ are marked with dashed circles in 

the dPCA maps. (right) Illustration of representative protein states. (bottom right) The time 

averaged antiparallel β-sheet probability is shown (left) as overall fraction over time, 

demonstrating convergence and (right) over the amino acid sequence. 
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3.3 The β-hairpin peptide HP7 

The TIGER2A simulation of HP7 resulted in a diamond shaped free energy landscape, with a 

clear minimum at the native β-sheet structure SA (s. Figure 5, left), which is surrounded by 

an energy barrier of about 5 kJ/mol. The secondary structure probability (s. Figure 5, bottom) 

shows the formation of an anti-parallel sheet with a turn on the sequence PATG. SZ on the 

other side of the “diamond” is a random coil, and the intermediates SU/SV represent 

misfolded sheets with a shifted turn. With about 1 µs of baseline sampling time (s. Table S2), 

almost three times the sampling cycles were required to achieve sufficient convergence, as 

compared to (AAQAA)3. This is consistent with earlier observations that sheet structures 

require extensively more time for convergent sampling
3
. We did not attain a sufficiently 

convergent full explicit solvent REMD simulation for HP7 with our computational resources. 

As seen before for (AAQAA)3, the native state is largely overestimated in TIGER2h 

simulations without explicit solvation shells (s. Figure 5, left). The secondary structure 

probability for anti-parallel sheets is about twice as high compared to TIGER2A and states 

around SW and SZ are rarely found. We showed previously that under pure implicit solvent 

conditions these β-hairpin structures would not form at all. This example indicates that the 

description of ensembles with β-sheets as in HP7 depends more sensitively on a realistic 

solvent representation than that of the helix. 

Consistently, small water shells in TIGER2hs GB for HP7 did not immediately result in better 

accuracy (s. Figure S6, Appendix A). Only after fully filling up the first and second water 

layers (s. Figure 3) with 150 water molecules, the resulting state ensemble was close to that 

of TIGER2A (s. Figure 5, left). We therefore assume that the range of suitable shell sizes is 

narrower for HP7 than for the helical peptide. Interestingly, no sampling setup with the PB 

continuum model reproduced the results from explicit solvent TIGER2A (s. Figure S7, 
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Appendix A). 

 

Figure 6: Differences of dPCA free energy landscapes to the full explicit solvent TIGER2A 

illustrates the accuracy gain achieved, by adding explicit water shells in TIGER2hs. The same 

principal components (explicit solvent TIGER2A) are used to analyze the state ensemble of 

each method, increasing ΔG with respect to the most probable conformation and subtracting 

the resulting free energy landscapes from each other. If states are overestimated with respect 

to TIGER2A, a scaling from red to white appears. In cases of underestimated states, the areas 

scale from blue to black. A perfect agreement results in zero difference and is displayed green. 

The assignment of representative structure peaks correspond to Figure 2/4. While a typical 

underestimation of unfolded states around HZ/SZ is visible for TIGER2h, the agreement 

between explicit solvent TIGER2A is best for TIGER2hs GB and 150 water molecules. 
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TIGER2hs allows to sample at an accuracy level close to TIGER2A with strongly reduced 

computational resource usage. 

3.4 Overall improved accuracy 

We compare the accuracy of TIGER2hs and TIGER2h to TIGER2A by subtracting the 

conformational dPCA landscapes of full explicit solvent from the respective hybrid solvent 

simulations for both peptides (s. Figure 6). Previously, regions away from the native state 

were poorly scanned during the TIGER2h simulation and appear dark blue in the plots. Now 

the agreement is much better for both peptides. Obviously, the solvent effect is described to a 

sufficient extent in the hybrid exchange scheme by adding explicit solvation shells around the 

peptides. As mentioned above, we assume that several effects are described better by an 

explicit solvent model than by an optimized implicit approach. The over-stabilization of salt-

bridges or unnatural geometries should be cured by the first water layer, already providing 

H2O molecules which are integrated into the solute structure. As shown above, the solvent 

polarization will generally contribute high and conformation dependent energies. A 

sufficiently precise description of this effect affords a comparatively high number of water 

molecules in multiple layers. Consequently, consistent and accurate sampling was only 

achieved for both peptides, when the explicit shell completely included the first and second 

water layers around the protein, as obtained by RDF data rather than by balancing solute and 

solvent DoF. Molecular dynamics studies of water on interfaces have shown that theses layers 

are rather ordered and rigid, and that their properties differ significantly from bulk water 

further away from the solute
49–51

. 

For a wider application of the advanced hybrid solvent exchange scheme with explicit water 

shells, it will not be possible to determine the optimum number of solvent molecules from 

thorough thermodynamics calculations as done here (s. Figure 3), especially if the final state 
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is completely unknown. We suggest to estimate the shell size before the proper TIGER2hs 

simulation by a short MD simulation under the same baseline conditions and to take RDF 

profiles from this trajectory. This simulation will start from either unfolded or homology 

modeled conformations and will not capture a large conformational space. Selecting the shell 

size from such MD simulations can thus potentially lead to a large error in yielded shell sizes. 

We have performed additional RDF analysis, where we have split the respective TIGER2A 

ensembles along the first principal component, to assess if different conformations raise 

significantly different shell size suggestions for TIGER2hs, by the described procedure (s. 

Figure S4/S8, Appendix A). The amount of explicit water molecules is to be selected by the 

center of the RDF dip between the 2
nd

 and 3
rd

 water layers. Thereby, native states for both 

peptides would yield around 150, the average structure around 170 and an extended state 

around 200 water molecules, respectively. This procedure is presented in detail in Appendix B 

and also basic computational tools are contained (e.g. for the RDF analysis) in Appendix C. 

After some initial sampling with TIGER2hs, the initial shell size may be tuned by analyzing 

the RDF of the preliminary state ensemble. This initial phase would simply be discarded for 

later analysis, which may anyway reveal as reasonable in a typical replica exchange sampling 

simulations. The SRF evaluation can be applied on the final ensemble to check if the solvation 

effects were sufficiently captured by the chosen shell size (s. Appendix B/C). 

4. Conclusion 

The sampling method TIGER2h was presented in a previous study as a significant 

acceleration with respect to TIGER2A in explicit solvent. TIGER2h is a hybrid method, where 

sampling molecular dynamics simulations are performed under accurate explicit solvent 

conditions and only the replica exchanges are driven by continuum solvent energies. As the 

number of replicas is freely chosen in TIGER2h and due to the global and multi-exchange 
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pattern, TIGER2h sampling is very efficient and converges fast. However, the hybrid 

solvation scheme left a footprint on the resulting state distribution and this issue is addressed 

in the present study. A significant strongly negative electrostatic energy contribution arises 

from the interaction of the protein with its hydration shell, and this is not represented by 

common implicit solvation models. We assign these energy contributions mainly to 

orientation polarization of the explicit water molecules around the protein, which shields off 

its surface charge. As may be expected, this SRF energy is smaller for the compact native fold 

than for extended conformations. In implicit solvent, this energy contribution is omitted and 

certain states and areas of the conformational landscape with low polarization energies are 

artificially overrepresented in the state ensemble. On the other hand, in areas with strongly 

negative contributions, equivalent peptide configurations yield much higher energies in 

implicit than in explicit solvent and this means that the contributions of these configurations 

to the dPCA pattern are underestimated in the implicit solvent energy evaluation of TIGER2h. 

Not only does this blur the relative probabilities of certain protein states, it may also prohibit 

the exploration of the actual native fold for more complex sequences than the short peptides 

studied here. 

In TIGER2hs, we addressed this issue by characterizing distinct solvation shells by radial 

distribution functions around the protein and included the most significant part of the protein-

water interface into the hybrid solvent approach. Consequently, the accuracy of TIGER2hs is 

improved significantly with respect to TIGER2h at an even improved computational 

efficiency with a lower, i.e. better, benchmark factor (s. Table S1/S2, Appendix A). 

Similar hybrid approaches were derived earlier from REMD, but it was not analyzed so far for 

a consistent setup of test systems what the actual effects of explicit water shells and different 

continuum models are. We have established a comprehensive methodology and obtained 
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unsatisfying results from REMDhs (s. Appendix A), since we found no setup of the hybrid 

solvent that gave accurate results for any of both peptides. In all cases, there was still a large 

influence of using an implicit solvent model for driving the exchanges of replicas and we 

attribute this to a missing adaption of the applied continuum models to temperature variations. 

In our previous study
7
, the hybrid solvent approach in TIGER2h without water shells gave 

better results than REMDh as replicas were compared by the MSC at the same, rather than at 

different temperatures. By adding explicit water layers in REMDhs, the method better 

converges to REMD, but the temperature problem of the implicit solvent persists and seems to 

prevent the hybrid method from fully converging to REMD or TIGER2A results. We suggest 

testing a temperature aware continuum model such as 3DRISM 
52

. 

While REMDhs is intrinsically immune to thermal noise of the explicit solvent shells, 

TIGER2hs is sensitive to the number of water molecules, and a consistent approach for 

selecting a suitable shell size is of crucial importance.  By considering the first and second 

major water layers around both peptides studied, TIGER2hs reproduced accurately the 

thermodynamic ensemble of full explicit solvent TIGER2A sampling, and did not suffer from 

solvent noise. Only after filling up the third water layer with a mobility presumably 

approaching to that of bulk water, the conformational sampling was dominated by thermal 

noise of the energy fluctuations in the solvent. The required RDF analysis is described in a 

respective tutorial and tools are supplied in the supporting information, together with the 

implementation of TIGER2hs and example setups for (AAQAA)3  (s. Appendix B/C). 

It is not clear, why GB and PB based continuum models responded very differently to explicit 

water molecules around the solute. GB is the preferred choice, as PB is much slower than GB, 

but thermodynamic ensembles were not better reproduced. Our results may also indicate 

advantage of polarizable continuum models, which are currently not considered for non-
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polarizable force fields. A production ready implementation of TIGER2hs is presented, that 

yields remarkable accuracy gains over the former TIGER2h. We think TIGER2hs is a 

favorable sampling algorithm that enables accurate ab-initio folding simulations and enhanced 

sampling for larger systems, previously inaccessible to REMD. Conformational sampling of 

proteins and protein modules up to ~100 residues is reasonable to us. Beyond this limitation, 

it is not clear if the same assumptions regarding the solvation shell size still hold. This is 

because the hybrid solvent approach assumes a representative selection of the shell size for all 

conformations of one peptide and this may be difficult for larger proteins that have a higher 

variability in solvent excluded surface areas between states. On the other hand sampling the 

entire phase space of such a large system may anyway be unreasonable as spontaneous self-

folding is not expectable within reasonable simulation time. 

Up to now TIGER2hs represents a next generation sampling algorithm, suitable and scalable 

to run on large computing facilities, or even on conventional GPGPU enabled personal 

computers (general purpose computing on graphics processing unit). 

Outlook 

TIGER2hs as a general enhanced sampling method has many applications in fields where 

REMD simulations are too expensive, and less accurate replica exchange algorithms like 

implicit solvent REMD were applied. These fields include problems like sampling of 

intrinsically disordered peptides, protein conformational transitions, protein structure 

refinement, configurations of peptides adsorbing to surfaces, induced fit molecular docking 

and enhanced sampling in multidimensional methods such as umbrella sampling or free 

energy perturbation (FEP). We plan to look into the application of TIGER2hs on more 

peptides and investigate a benefit of using more replicas on convergence.  An automated or 

adaptive selection and tuning of the explicit solvation shell size may also simplify and extend 
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the application of TIGER2hs in the future. 

Acknowledgment 

We gratefully acknowledge computing time on the Brain cluster (University of Greifswald; 

Computing Center) and the North-German Supercomputing Alliance (HLRN): research grants 

mvc00007 and mvc00008. Parts of the HLRN calculations were done in corporation with the 

HMI group (University of Bremen): research grant hbc00028. 

Supporting Information 

Appendix A 

Technical details on implementations of sampling algorithms. Details on covered simulation 

time for all sampling simulations. Additional results for (AAQAA)3 and HP7 from hybrid 

solvent REMD and TIGER2 sampling (including PB based hybrid solvent). Explicit solvent 

REMD for (AAQAA)3. Dependence of RDF water layers on solute conformation. Coherence 

of SRF energies to dipole moment and surface area of peptide states. 

Appendix B 

Details on the general concept of multi-copy algorithms in NAMD and tutorial for the 

practical application of TIGER2hs on new solutes, including SRF procedure. 

Appendix C 

ZIP archive containing example systems for all sampling algorithms for (AAQAA)3 including 

TIGER2hs implementation and tools, SRF implementation and analysis. 

References 

(1)  Case, D. A.; Darden, T.; Cheatham III, T. E.; Simmerling, C.; Brook, S.; Roitberg, A.; 



Publications   

 

                                                                          236                                                                        

 

Wang, J.; Southwestern, U. T.; Duke, R. E.; Hill, U.; et al. Amber 14; University of California: 

San Francisco, 2014. 

(2)  Okur, A.; Wickstrom, L.; Layten, M.; Geney, R.; Song, K.; Hornak, V.; Simmerling, C. 

Improved Efficiency of Replica Exchange Simulations through Use of a Hybrid 

Explicit/Implicit Solvation Model. J. Chem. Theory Comput. 2006, 2 (2), 420–433. 

(3)  Okur, A.; Roe, D. R.; Cui, G.; Hornak, V.; Simmerling, C. Improving Convergence of 

Replica-Exchange Simulations through Coupling to a High-Temperature Structure Reservoir. 

J. Chem. Theory Comput. 2007, 3 (2), 557–568. 

(4)  Meli, M.; Colombo, G. A Hamiltonian Replica Exchange Molecular Dynamics (MD) 

Method for the Study of Folding, Based on the Analysis of the Stabilization Determinants of 

Proteins. Int. J. Mol. Sci. 2013, 14 (6), 12157–12169. 

(5)  Li, X.; Snyder, J. A.; Stuart, S. J.; Latour, R. A. TIGER2 with Solvent Energy 

Averaging (TIGER2A): An Accelerated Sampling Method for Large Molecular Systems with 

Explicit Representation of Solvent. J. Chem. Phys. 2015, 143 (14), 144105. 

(6)  Li, X.; Latour, R. A.; Stuart, S. J. TIGER2: An Improved Algorithm for Temperature 

Intervals with Global Exchange of Replicas. J. Chem. Phys. 2009, 130 (17), 174106. 

(7)  Kulke, M.; Geist, N.; Möller, D.; Langel, W. Replica-Based Protein Structure 

Sampling Methods: Compromising between Explicit and Implicit Solvents. J. Phys. Chem. B 

2018, 122 (29), 7295–7307. 

(8)  Wang, L.; Friesner, R. A.; Berne, B. J. Replica Exchange with Solute Scaling: A More 

Efficient Version of Replica Exchange with Solute Tempering (REST2). J. Phys. Chem. B 

2011, 115 (30), 9431–9438. 



  Publications 

 

                                                                          237                                                                         

 

(9)  Sugita, Y.; Okamoto, Y. Replica-Exchange Molecular Dynamics Method for Protein 

Folding. Chem. Phys. Lett. 1999, 314 (1–2), 141–151. 

(10)  Shalongo, W.; Dugad, L.; Stellwagen, E. Distribution of Helicity within the Model 

Peptide Acetyl(AAQAA)3amide. J. Am. Chem. Soc. 1994, 116 (18), 8288–8293. 

(11)  Andersen, N. H.; Olsen, K. A.; Fesinmeyer, R. M.; Tan, X.; Hudson, F. M.; 

Eidenschink, L. A.; Farazi, S. R. Minimization and Optimization of Designed Beta-Hairpin 

Folds. J. Am. Chem. Soc. 2006, 128 (18), 6101–6110. 

(12)  Kokubo, H.; Okamoto, Y. Self-Assembly of Transmembrane Helices of 

Bacteriorhodopsin by a Replica-Exchange Monte Carlo Simulation. Chem. Phys. Lett. 2004, 

392 (1–3), 168–175. 

(13)  Andrec, M.; Felts, A. K.; Gallicchio, E.; Levy, R. M. Protein Folding Pathways from 

Replica Exchange Simulations and a Kinetic Network Model. Proc. Natl. Acad. Sci. 2005, 

102 (19), 6801–6806. 

(14)  Zhou, R. Trp-Cage: Folding Free Energy Landscape in Explicit Water. Proc. Natl. 

Acad. Sci. 2003, 100 (23), 13280–13285. 

(15)  Rhee, Y. M.; Pande, V. S. Multiplexed-Replica Exchange Molecular Dynamics 

Method for Protein Folding Simulation. Biophys. J. 2003, 84 (2), 775–786. 

(16)  Zhou, R. Replica Exchange Molecular Dynamics Method for Protein Folding 

Simulation. In Protein Folding Protocols; Humana Press: New Jersey, 2006; pp 205–224. 

(17)  Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller, E. 

Equation of State Calculations by Fast Computing Machines. J. Chem. Phys. 1953, 21 (6), 



Publications   

 

                                                                          238                                                                        

 

1087–1092. 

(18)  Li, H.; Li, G.; Berg, B. A.; Yang, W. Finite Reservoir Replica Exchange to Enhance 

Canonical Sampling in Rugged Energy Surfaces. J. Chem. Phys. 2006, 125 (14), 144902. 

(19)  Henriksen, N. M.; Roe, D. R.; Cheatham, T. E. Reliable Oligonucleotide 

Conformational Ensemble Generation in Explicit Solvent for Force Field Assessment Using 

Reservoir Replica Exchange Molecular Dynamics Simulations. J. Phys. Chem. B 2013, 117 

(15), 4014–4027. 

(20)  Mu, Y.; Yang, Y.; Xu, W. Hybrid Hamiltonian Replica Exchange Molecular Dynamics 

Simulation Method Employing the Poisson–Boltzmann Model. J. Chem. Phys. 2007, 127 (8), 

084119. 

(21)  Mackerell, A. D.; Feig, M.; Brooks, C. L. Extending the Treatment of Backbone 

Energetics in Protein Force Fields: Limitations of Gas-Phase Quantum Mechanics in 

Reproducing Protein Conformational Distributions in Molecular Dynamics Simulations. J. 

Comput. Chem. 2004, 25 (11), 1400–1415. 

(22)  Henriksen, N. M.; Roe, D. R.; Cheatham, T. E. Reliable Oligonucleotide 

Conformational Ensemble Generation in Explicit Solvent for Force Field Assessment Using 

Reservoir Replica Exchange Molecular Dynamics Simulations. J. Phys. Chem. B 2013, 117 

(15), 4014–4027. 

(23)  Onufriev, A.; Bashford, D.; Case, D. A. Exploring Protein Native States and Large-

Scale Conformational Changes with a Modified Generalized Born Model. Proteins Struct. 

Funct. Bioinforma. 2004, 55 (2), 383–394. 

(24)  Chaudhury, S.; Olson, M. A.; Tawa, G.; Wallqvist, A.; Lee, M. S. Efficient 



  Publications 

 

                                                                          239                                                                         

 

Conformational Sampling in Explicit Solvent Using a Hybrid Replica Exchange Molecular 

Dynamics Method. J. Chem. Theory Comput. 2012, 8 (2), 677–687. 

(25)  Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L. 

Comparison of Simple Potential Functions for Simulating Liquid Water. J. Chem. Phys. 1983, 

79 (2), 926–935. 

(26)  Onsager, L. Electric Moments of Molecules in Liquids. J. Am. Chem. Soc. 1936, 58 

(8), 1486–1493. 

(27)  Case, D. A.; Betz, R. .; Botello-Smith, W.; Cerutti, D. S.; Cheatham, T. E.; Darden, T. 

A.; Duke, R. E.; TGiese, T. J.; Gohlke, H.; Goetz, A. W.; et al. AMBER 2016. University of 

California, San Francisco. 2016. 

(28)  Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; 

Skeel, R. D.; Kalé, L.; Schulten, K. Scalable Molecular Dynamics with NAMD. J. Comput. 

Chem. 2005, 26 (16), 1781–1802. 

(29)  Ewald, P. P. Die Berechnung Optischer Und Elektrostatischer Gitterpotentiale. Ann. 

Phys. 1921, 369 (3), 253–287. 

(30)  Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, L. G. A 

Smooth Particle Mesh Ewald Method. J. Chem. Phys. 1995, 103 (19), 8577–8593. 

(31)  Hopkins, C. W.; Le Grand, S.; Walker, R. C.; Roitberg, A. E. Long-Time-Step 

Molecular Dynamics through Hydrogen Mass Repartitioning. J. Chem. Theory Comput. 2015, 

11 (4), 1864–1874. 

(32)  Andersen, H. C. Rattle: A “Velocity” Version of the Shake Algorithm for Molecular 



Publications   

 

                                                                          240                                                                        

 

Dynamics Calculations. J. Comput. Phys. 1983, 52 (1), 24–34. 

(33)  Grest, G. S.; Kremer, K. Molecular Dynamics Simulation for Polymers in the Presence 

of a Heat Bath. Phys. Rev. A 1986, 33 (5), 3628–3631. 

(34)  Feller, S. E.; Zhang, Y.; Pastor, R. W.; Brooks, B. R. Constant Pressure Molecular 

Dynamics Simulation: The Langevin Piston Method. J. Chem. Phys. 1995, 103 (11), 4613–

4621. 

(35)  Antoine, C. Tensions Des Vapeurs: Nouvelle Relation Entre Les Tensions et Les 

Températures; C. R. Acad. Sci.: Paris, 1888. 

(36)  Warwicker, J.; Watson, H. C. Calculation of the Electric Potential in the Active Site 

Cleft Due to α-Helix Dipoles. J. Mol. Biol. 1982, 157 (4), 671–679. 

(37)  Klapper, I.; Hagstrom, R.; Fine, R.; Sharp, K.; Honig, B. Focusing of Electric Fields in 

the Active Site of Cu-Zn Superoxide Dismutase: Effects of Ionic Strength and Amino-Acid 

Modification. Proteins Struct. Funct. Genet. 1986, 1 (1), 47–59. 

(38)  Tanner, D. E.; Phillips, J. C.; Schulten, K. GPU/CPU Algorithm for Generalized 

Born/Solvent-Accessible Surface Area Implicit Solvent Calculations. J. Chem. Theory 

Comput. 2012, 8 (7), 2521–2530. 

(39)  Tanner, D. E.; Chan, K.-Y.; Phillips, J. C.; Schulten, K. Parallel Generalized Born 

Implicit Solvent Calculations with NAMD. J. Chem. Theory Comput. 2011, 7 (11), 3635–

3642. 

(40)  Weiser, J.; Shenkin, P. S.; Still, W. C. Approximate Atomic Surfaces from Linear 

Combinations of Pairwise Overlaps (LCPO). J. Comput. Chem. 1999, 20 (2), 217–230. 

(41)  Altis, A.; Nguyen, P. H.; Hegger, R.; Stock, G. Dihedral Angle Principal Component 



  Publications 

 

                                                                          241                                                                         

 

Analysis of Molecular Dynamics Simulations. J. Chem. Phys. 2007, 126 (24), 1–10. 

(42)  Humphrey, W.; Dalke, A.; Schulten, K. VMD ‐ Visual Molecular Dynamics. J. Mol. 

Graph. 1996, 14 (1), 33–38. 

(43)  Frishman, D.; Argos, P. Knowledge-Based Secondary Structure Assignment. Proteins 

Struct. Funct. Genet. 1995, 23 (4), 566–579. 

(44)  Rycroft, C. H. VORO++: A Three-Dimensional Voronoi Cell Library in C++. Chaos 

An Interdiscip. J. Nonlinear Sci. 2009, 19 (4), 041111. 

(45)  Roe, D. R.; Cheatham, T. E. PTRAJ and CPPTRAJ: Software for Processing and 

Analysis of Molecular Dynamics Trajectory Data. J. Chem. Theory Comput. 2013, 9 (7), 

3084–3095. 

(46)  Cino, E. A.; Choy, W.-Y.; Karttunen, M. Comparison of Secondary Structure 

Formation Using 10 Different Force Fields in Microsecond Molecular Dynamics Simulations. 

J. Chem. Theory Comput. 2012, 8 (8), 2725–2740. 

(47)  Yoda, T.; Sugita, Y.; Okamoto, Y. Secondary-Structure Preferences of Force Fields for 

Proteins Evaluated by Generalized-Ensemble Simulations. Chem. Phys. 2004, 307 (2–3), 

269–283. 

(48)  Lopes, P. E. M.; Guvench, O.; MacKerell, A. D. Current Status of Protein Force Fields 

for Molecular Dynamics Simulations. In Molecular Modeling of Proteins: Second Edition; 

2015; pp 47–71. 

(49)  Galamba, N. Water’s Structure around Hydrophobic Solutes and the Iceberg Model. J. 

Phys. Chem. B 2013, 117 (7), 2153–2159. 



Publications   

 

                                                                          242                                                                        

 

(50)  Duboué-Dijon, E.; Laage, D. Characterization of the Local Structure in Liquid Water 

by Various Order Parameters. J. Phys. Chem. B 2015, 119 (26), 8406–8418. 

(51)  Henao, A.; Busch, S.; Guàrdia, E.; Tamarit, J. L.; Pardo, L. C. The Structure of Liquid 

Water beyond the First Hydration Shell. Phys. Chem. Chem. Phys. 2016, 18 (28), 19420–

19425. 

(52)  Kovalenko, A. Three-Dimensional Rism Theory for Molecular Liquids and Solid-

Liquid Interfaces. In Molecular Theory of Solvation; Kluwer Academic Publishers: Dordrecht, 

2006; pp 169–275. 

  



  Publications 

 

                                                                          243                                                                         

 

7.5 Molecular Dynamics Simulations to the Bidirectional Adhesion Signaling 

Pathway of Integrin αVβ3 

(submitted draft: Prot Struct Funct Bioinf. 2019.) 

running title: Bidirectional Signaling of Integrin 

Martin Kulke
1
, Walter Langel

1
 

1
Institut für Biochemie, Universität Greifswald, Felix-Hausdorff-Straße 4, 17487 Greifswald, 

Germany. 

 

 

Corresponding author: langel@uni-greifswald.de. 

 

Proteins: Structure, Function and Bioinformatics 

 

 

Acknowledgments 

We thank the high computing clusters HLRN and BRAIN for providing computational 

resources. 

Keywords 

membrane protein, talin, extracellular matrix, steered molecular dynamics, dihedral principal 

component analysis 

mailto:langel@uni-greifswald.de


Publications   

 

                                                                          244                                                                        

 

Abstract 

The bidirectional force transmission process of integrin through the cell membrane is still not 

well understood. Several possible mechanisms have been discussed in literature on the basis 

of experimental data, and in this study, we investigate these mechanisms by free and steered 

molecular dynamics simulations. For the first time constant velocity pulling on the complete 

integrin molecule inside a DPPC membrane is conducted. From the results the most likely 

mechanism for inside-out and outside-in signaling is the switchblade model with further 

separation of the transmembrane helices. 

1. Introduction 

Integrin is a membrane protein of crucial importance in the adhesion complex of cells and 

transmits forces bidirectionally through the membrane. The two monomers integrin αV and β3 

of the heterodimer consist of three main regions each - the extracellular domain outside the 

cell, the transmembrane part, which perforates the cell membrane, and the cytoplastic tails 

inside the cell. Integrins with several possible combinations of α- and β-chains are known
1
, 

and we focus here on αVβ3. Generally, the transport of adhesion signals by integrin from 

outside the cell to the inside and vice versa is not well understood. Therefore in this study the 

conformational changes and signal transmission for the outside-in activation resulting from an 

external force stimulus are investigated. By molecular mechanics, the response of only the 

extracellular domain to external forces has been traced
2
. Here, we develop a model for the full 

integrin structure and observed the change of the tertiary structure resulting from an applied 

force to the extracellular domain. The inside-out activation is studied by binding talin to 

closely connected and separated cytoplastic tail conformations and analyzing if the 

presumably active and inactive transmembrane domain conformations give rise to 

switchblade movements in the extracellular domain. 
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Figure 1. Schematic drawing of integrin structures according to different activation 

mechanisms (model 1-6) investigated in this study. The extracellular (red), transmembrane 

(green) and (blue) cytoplastic domains are indicated. Talin molecules are represented as 

orange circles. 

Outside-in activation mechanism 

Outside-in activation is either mediated by binding of adhesion activators or by applying an 

external force to the cell. In the extracellular matrix, integrin molecules bind to fibronectin, 

collagen and more generally to the whole structural extracellular network, and an external 

force probably does not act directly on a specific single integrin molecule
3
, but is transmitted 
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simultaneously to several ones through these other external proteins. We mimic this by 

applying a weaker external force directly to the integrin head, to which the structural proteins 

are bound. Three possible activation pathways were discussed in literature for the outside-in 

activation so far: 

(Model 1) The simplest mechanism does not provide any substantial atomic displacements in 

the extracellular domain
4–7

 (Figure 1, Model 1). The forces only trigger slight shifts of some 

atomic groups being sufficient for enhancing the binding affinity of talin to the cytoplastic 

tail. 

(Model 2) The switchblade mechanism is more widely accepted, where the integrin extends 

by unbending of the knees near the head domain
8, 9

 (Figure 1, Model 2). 

(Model 3) The third mechanism presumes a hinge like motion as described in (Model 2) as a 

first step. In a second step talin binds to only one of the two cytoplastic tails and the 

transmembrane helices are separated by a force resulting from the motion of the actin-

cytoskeleton which is connected to talin
10–12

 (Figure 1, Model 3). 

Inside-out activation mechanism 

The adhesion of integrin to other proteins in the extracellular matrix can also be triggered 

from inside the cell by binding of talin to the cytoplastic tails. For this inside-out activation 

four models have been postulated that are related to the outside-in activation models: 

(Model 1b) The deadbolt model assumes that the β-tail domain acts as a lock for the adhesion 

site in the βA domain. Interactions of talin with the cytoplastic tails can then induce slight 

shifts in the β-tail domain that make the adhesion site accessible
7, 13, 14

. 

(Model 4) In the fourth model, talin binds to one or both cytoplastic tails and initiates the 
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activation by pulling them together until they interact with each other or disrupting them
15, 16

. 

This leads to a rearrangement of atomic groups in the transmembrane and the integrin 

extracellular domains and ultimately integrin opens in a switchblade-like motion (Figure 1, 

Model 4). 

(Model 5) The fifth possible mechanism is that talin binds specifically to the cytoplastic tail of 

the β-chain only. Then, the actin cytoskeleton connects to talin and pulls the transmembrane 

helical domains apart, which initiates the opening of integrin
17

 (Figure 1, Model 5). 

(Model 6) The sixed model is a combination of (Model 4) and (Model 5). In a first step 

integrin is unbent as in (Model 4) and in a second step the transmembrane helices are 

separated as in (Model 5)
11, 12, 18

 (Figure 1, Model 6). 

Dihedral angle principle component analysis (dPCA) of simulated conformations 

Protein conformational states are commonly characterized by reaction coordinates such as 

radius of gyration, number of hydrogen bonds, principle component analysis, end-to-end 

distance, solvent accessible surface area and root mean square displacements (RMSD), and 

often two coordinates have to be combined for specifically denoting conformations. In this 

study dPCA
19

 is used to identify the conformation, describing the protein with internal 

backbone dihedrals φi and ψi, instead of using atomic coordinates as in standard PCA. This 

transformation greatly reduces the degrees of freedom and is not affected by translational or 

rotational overall motions of the protein. 

2. Methods 

2.1 The integrin model 

A complete model of the integrin αVβ3 was assembled for the first time combining various 
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experimental results on its components. The large extracellular domain structure outside the 

cell was taken from the X-ray studies (PDB-code: 4G1E)
20

. This domain forms a knee and has 

two parts, one with predominant α-helix and one with β-sheet structures. The αV and β3 

subunits with five and eight extracellular domains, respectively, are bent at knees between the 

integrin headpiece and lower legs. The headpiece has a closed low-affinity conformation with 

predominant α-helix structures. The remaining extracellular domains form β-sheet barrel-like 

structures. The transmembrane domain was modeled in homology to integrin αIIbβ3 

transmembrane domain (PDB-code 2K9J) using the SWISS-server
21, 22

, but their αIIb is 

replaced by our αV. After homology modeling, αV was aligned to the αIIb chain in the αIIbβ3 

template and the resulting 3D-structure of the αVβ3 unit was finally connected to the 

extracellular domain. Further amino acid sequences, for which no secondary structures exist, 

were added as random coils. Since the template of the transmembrane domain for the αV 

chain, αIIb, is shorter, the remaining part of αV on the cytoplastic tail, 1027-1048, is also 

modeled as coil. 

Glycosylations and phosphorylations were applied according to UniProt (P06756 and P05106, 

cf. Figure S1)
23

. The partially glycosylated protein was solvated in explicit water and the 

negative charge of the biomolecule was compensated by 44 sodium counter ions. Six calcium 

ions were added: Five ions are located in the Tigh and β-Propeller domains (1 and 4, 

respectively) providing structural stability
24

. The sixth Ca
2+

 binds to the metal-ion-dependent-

adhesion side (MIDAS) in the βA-domain. Experiments have shown that this calcium does 

not activate integrin, especially if the two ion sites, which are adjacent to MIDAS (AMIDAS) 

and the synergistic metal ion-binding side (SymBS), are unoccupied
24

. Therefore, integrin is 

not activated by ions and we assume that only responses to the external force are observed. In 

a later  step the integrin was imbedded into a dipalmitoyl-phosphatidyl-choline membrane 
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(DPPC)
25

. 

2.2 Molecular Dynamics Simulation 

Table 1. Simulation details. Columns contain from left to right the cell volume Cs, the 

numbers of membrane building units NM and of water molecules NW, the times of 

equilibration tE and of pulling or morphing, tPu or tM, respectively, and the relaxation time tR 

for each simulation run. The brackets refer to the configurations at the end of each stage as 

plotted in figures 2-5 (s. below). 

Simulation CS [nm
3
] NM NW tE [ns] 

tPu, tM 

[ns] 

tR [ns] 

vertical pulling 

1 16x17x46 1025 365761 2.5 (A1) 8.6 (B1) 80 (C1)+148
ǂ
 (D1) 

2 16x17x46 1025 365761 52.5 (A2) 8.6 (B2) 200 (C2) 

3 16x17x46 1025 365761 102.5 (A3) 9.7 (B3) 280+746
†
 (C3, D3) 

horizontal pulling 67x17x40 4100 1318582 4 (A4) 200 (B4) 105.3 (C4) 

morphing: activation 16x17x46 1025 365761 2.5 (A5) 20 (B5) 1400+1260
†
 (C5) 

morphing: deactivation 16x17x46 1025 365761 2.5 (A6) 20 (B6) 353 (C6) 

talin binding: activation 16x17x14 1025 83449 10.8 - 5x100 

talin binding: inactivation 16x17x15 1025 86292 4 - 5x100 

†
 HMR and a time step of 7 fs was used. 

ǂ
 deactivation by pulling (s. text) 

All simulations were calculated with the software package GROMACS 5.1
26, 27

. Standard 

amino acids of the protein were represented within the AMBER99SB-ildn force field
28, 29

 and 
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the FFPTM force field was applied to phosphothreonine (PTR, 767) and phosphotyrosins 

(TPO, 773 and 785)
30

. The parameters for glycosylated N-linked asparagine as well as the 

carbohydrates (Figure S1) were taken from Glycam
31

, and water was represented by the 

TIP3P model
32

. Periodic boundary conditions were applied with the cell sizes according to 

Table 1. All bond lengths were constrained with the LINCS algorithm
33

. Coulomb 

interactions were treated by the particle mesh Ewald method
34

 (PME) with a grid spacing of 

0.12 nm. A switching function with switching point and cutoff of 0.8 and 1 nm, respectively, 

was used for the van-der-Waals interactions. 

First, each simulation cell was subjected to a minimization with the steepest descent algorithm 

until all forces on the atoms were converged to values below 10 kJ·mol
-1·nm

-1
 (17 pN). 

Calculations were continued by molecular dynamics simulations applying a Verlet integrator 

to the equations of motion with a timestep of 2 fs in NVT and NPT ensembles. During 

equilibration, the temperature was adjusted to 300 K separately for the protein and other cell 

content with a modified v-rescale thermostat
35

, which enhances velocity rescaling by an 

additional stochastic term and ensures a proper canonical ensemble. The cell sizes were 

adjusted by applying two independent Parrinello-Rahman piston barostats
36

 separating the xy-

plane from the z direction, both with coupling time constants of 12 ps. This permitted to 

maintain the membrane with little stress curvature while adjusting the water density 

essentially by the cell height. The equilibration lasted for different times of 2.5, 52.5 and 

102.5 ns and pulling started from three conformations with different preparation histories (s. 

Table 1). 

For the constant velocity pulling a harmonic potential was applied with a force constant of 

50 kJ/mol/nm
2
 (0.08 N/m) between the Ca atoms of the integrin head domain and the 

transmembrane domain with reference distances constantly moving with speeds of 2 or 0.1 
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nm/ns in vertical or horizontal directions, respectively
2
. The very small force constant in 

combination with moderate pulling speeds resulted in a smooth and soft opening of integrin. 

After pulling, the systems relaxed for several 100 ns during NPT runs (Table 1). For 

consecutive relaxation simulations exceeding 1 µs, hydrogen mass repartitioning to 4 a.m.u. 

(HMR)
37

 was applied, and the time step was increased to 7 fs. 

The reverse process, the closing of integrin, was accelerated by pulling the extracellular- and 

transmembrane domains reducing their distance. Again, a force constant of 0.08 N/m and a 

constant pulling velocity speed of 2 nm/ns were applied relative to each other. 

In the horizontal pulling simulations, the high viscosity of the membrane as compared to 

water was accounted for by drastically reducing the pulling speed from 2 to 0.1 nm/ns, 

thereby reducing the viscous friction on the integrin transmembrane domain. In fact, each of 

the two helices in the transmembrane domain is pulled by 0.05 nm/ns away from its starting 

point, increasing their mutual distance by 0.1 nm/ns. This velocity of 5·10
7
 nm/s is still 

magnitudes larger than the speeds of the cytoskeleton motion in the cell of about 130 nm/s
38, 

39
, but such low values are not accessible in current simulation times. All trajectories were 

visualized with VMD 1.9.3. 

2.3 dihedral principle component analysis (dPCA) 

The application of dPCA to peptides has been described in
19

. In 
40

, we showed that the 

conformations of small to medium sized peptides are unambiguously described by the first 

two main components of dPCA. Still the use of a larger number of main components might 

enhance the precision of the assignment of the conformations, but for the sake of clarity, we 

limit the evaluation to the first two. 
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2.4 Probabilities of interactions 

The interaction probabilities were calculated with a home-made program, which counts 

contacts between two amino acid residues on two different molecules in a trajectory and 

normalizes the results with respect to the number of frames. A contact between these residues 

is counted, if one atom on each of these two residues approaches an atom on other one within  

0.225 nm. 

In our analysis, we group all residues of the same type on either protein. The resulting 

probabilities of binding may be greater than one, since each residue in one molecule may 

interact with more than one amino acid on the other one. 
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Figure 2. Outside-in activation with external forces applied in vertical (top rows) and 

horizontal (bottom row) directions. Left column: 2D-pseudocolorplots of the first two main 

components of the dPCA analysis. Areas with low and high free energies are indicated in 

black and yellow, respectively. The principal components in the four dPCA images are not 

identical, and points with the same x,y-coordinates may correspond to different conformations 
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in different figures. Right column: Conformations of the integrin molecule corresponding to 

peaks A1 to C4 as indicated in the dPCA plots. The history for these conformations is given 

in Table 1. 

 

Figure 3. Force–distance curves for three vertical (A-C) and one horizontal (D) pulling 

simulations. The initial and final states of these curves are A1-4 and B1-4, respectively (cf. 

Figure 2 right column). 
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Figure 4. Naming for the integrin regions and domains. The metal-ion-dependent-adhesion 

side is located in the βA domain. The colors correspond to the secondary structure elements 

sheet (yellow), helix (magenta), 3-10-helix (blue), turn (cyan) and disordered (white). 

3. Results and Discussion 

3.1 Outside-in-activation 

Steered molecular dynamics simulations 

In Figure 2 the pulling pathways are visualized. The initial equilibration resulted in 

conformations A, and pulling started there. Structure B marks the final point of this pulling, 

where the stress was released. After relaxation without external stress, the protein attained the 

activated conformation C. In spite of the very different equilibration times before reaching 
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state A, these final states of vertically pulling C differ only slightly in their conformation. 

Even though the main components were chosen independently for each dPCA plot, they are 

very similar. In all cases, vertical pulling at the integrin resulted in the unbent motion being 

the most dominant internal motion, which is well covered by the first main component of 

dPCA. It is more difficult to assign the second main component to a well-defined mode, but it 

could incorporate a breathing motion of the integrin. 

During the vertical pulling of the integrin head (conformation A to B) the force first increases 

continuously but after around 10 nm of pulling pathway a significant barrier of about 400 pN 

is crossed and a drop of the force by about 100 pN is observed (Figure 3). With increasing 

equilibration time, this main peak is shifted to larger pulling distances. 

Two effects contribute to this force during pulling vertically to the membrane: 

(i) The first contribution is the viscous force for pulling the large head through the water. If 

we assume that the Stokes law with the macroscopic viscosity of water also holds down to the 

microscopic dimensions of a peptide with a radius of gyration of the head group of 4.2 nm, we 

obtain a viscous force of about 150 pN at 2 m/s. This estimate is based on the spherical form 

of the head group. During a hinge motion, this group attains an extended structure and the 

friction will increase. We assign the continuously increasing component of the pulling force 

with increasing pulled distance of the virtual group to this effect (Figure 3A-C). 

(ii) The second contribution arises from binding of the integrin βA-, Hybrid and PSI domains 

to the EGF1-4 and β-tail domains (Figure 4) with an energy of about 400-460 kJ/mol. This 

energy is composed of the dipole-dipole interaction of the βA-Hybrid-PSI-domain dipole 

against the EGF1-4-β-Tail-domain dipole (calculated as 220-270 kJ/mol), 2-3 hydrogen-

bridge-bonds (Asn402<->Glu654;Cys400<->Arg659;Pro407<->Thr590; 40-60 kJ/mol) and other 
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contributions like van-der-Waals and quadrupole energies. 

 

Figure 5. The torsion angle (top) between the main axes of the transmembrane helices 

between αV and β3 and the end-to-end (bottom) distance between the cytoplastic tails during 

the three vertical pulling simulations (from left to right: 1 to 3, with relaxation times 2.5, 52.5, 

102.5 ns, respectively) are plotted. The respective conformations are indicated (cf. Figure 2 

right column). The symbols I, II and III denote the drop of the torsion angle between the 

transmembrane helices, the approach of the cytoplastic tails and the increase of the torsion 

angle after long relaxation, respectively. 

Torsion angle 

In the inactive state torsion angles between 25° and 35° are found (Table S1), which is 

consistent with the observation for the similar integrin αIIbβ3
41, 42

. The vertically pulling in 

each of the three simulations resulted in a rapid decrease of the torsion angle between the 

transmembrane domains to less than 20° (Figure 5, top row, symbol I and Table S1). This 

event can occur directly during the pulling (Figure 5, left) or up to several 100 ns later 

(Figure 5, right). 10 to 100 ns after this event, the angle recovers to around 20-24°, and only 

after long relaxation times it further increased to the initial 25-35° (Figure 5, right). We 

assume that this recovery indicates the start of spontaneous deactivation. 
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Tail-to-tail distance 

During the initial relaxation, the two tails did not approach (Figure 5, bottom). Even after the 

long equilibration times of 50 and 100 ns in the second and third run, no contact between the 

two cytoplastic tails of αV and β3was observed, but their separation was about 1.5 nm in the 

inactive state. 

After observing the decrease of the torsion angle between the transmembrane domains to less 

than 20°, the two tails approached within a delay of about 70 ns and reached a stably 

interconnected configuration (Figure 5, bottom, symbol II). This suggests that the closing of 

the cytoplasmic tails outside the cell is not incidental but correlated to the pulling of the 

ectoplasmic domain inside. We assume that unbending is a collective process involving rather 

complex motions beyond the change of the knee torsional angles only, and that the reduction 

of the tail-tail distances and torsional angles is correlated as parts of this motion. The final 

minimal end-to-end distance of 0.2 nm between the tails is determined by one to three 

unspecific hydrogen bonds. The most common case was the interaction of Arg1026 and 

Asn1042 with the phosphorylated amino acids Thr779 and Tyr785, but a short antiparallel 

sheet conformation with Thr777<->Glu1044 and Glu775<->Asn1046 was also observed. 

We assign the close interconnection of the cytoplastic tails to the activation of integrin. The 

time for this activation event of integrin increases with increasing initial equilibration time. 

Presumably, this indicates that the initial X-ray structure is stressed and already in a semi-

activated state. As integrin is a large protein, the relaxation from this initial stress takes 

several 100 ns (Figure 5, bottom row). 

Deactivation as reverse process to activation 

We tried to reverse the activation process and transfer the active state C as attained in the 
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vertical pulling simulations back into the initial inactive conformation A in two different 

ways: 

(i) First the deactivation was enforced by steered molecular dynamics after the vertical pulling 

simulation 1 (Figure 5, top row, left). The head group was pulled downward towards the 

transmembrane helices, but the inactive form could not be regained (Figure 2, top row). 

(ii) To achieve spontaneous deactivation the third vertical pulling simulation was continued by 

free molecular dynamics for about 1 μs. A trend towards the deactivated conformation A was 

revealed by the dPCA analysis (Figure 2, third row). The increase in the torsion angle of the 

transmembrane helices at around 0.9 μs (Figure 5, right, symbol III) could be a further 

indication of the start of deactivation. This indicates that the activated state is extraordinarily 

stable and the reverse process is very slow. We expect that the spontaneous deactivation will 

take a very long time and exceed the 1 μs simulation time by at least an order of magnitude. It 

is feasible from the cell point-of-view that the activation is a rapid response to the stimulus, 

but that the deactivation is much slower keeping the cell responsive for a significant time after 

the end of the stimulation
7
. 

3.2 Inside-out-activation 

Horizontal pulling 

The pathway of inside-out activation was analyzed by a horizontal pulling simulation. Here 

the integrin displaces inside the highly viscous membrane rather than leaving it and reaching 

the water. Pulling in a direction in the membrane plane (“horizontally”) results in a 

completely different force distance curve (Figure 5D), and the contributions to the force are 

probably very different: 
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(i) We assume that at the start the protein has to overcome a high energy barrier, since the 

lipid network is rather rigid and the intermolecular Coulomb and van-der-Waals interactions 

between the two helices in the transmembrane domain are strong. 

(ii) The transmembrane helices then are pulled through regions of medium and high viscosity 

leading to a strong fluctuation in the plot. The average membrane resistance itself is about 180 

pN as seen in the force distance curves after the initial high barrier (Figure 3). This 

corresponds to a lipid viscosity of 0.12 Pa·s for a spherical shape with 1.6 nm radius. 

Experimentally, lipid viscosities are between 0.03 to 1.5 Pa/s (Nojima & Iwata, 2014), which 

is 30 to 1500 times higher than in water and could give rise to a force fluctuation between 45 

and 2300 pN. We ascribe the noisy trace in Figure 5D to this effect. 

The total force is much higher than during vertical pulling (Figures 2D and Figure 3D) and 

acts on a smaller protein fragment. This high stress obviously led to a destruction of the 

secondary structure of the transmembrane domains during the pulling and no upwards motion 

of the extracellular domain was observed. We presume that this is an artifact of the high 

pulling speed in the simulation. 

Inside the living cell the slower velocity of integrin inside the membrane resulting from the 

cytoskeleton motion (cf. Figure 1) may leave the transmembrane domains intact during the 

horizontal pulling (Figure 1, Model 5, 6). 

Talin binding behavior 

In the living organism the forces which were artificially imposed here to the system by steered 

molecular dynamics, may arise from binding of talin inside the cell to the integrin cytoplastic 

tails, initiating the unbending and activation of the extracellular domain. We analyzed the 

binding of the talin domains F2 and F3 to these tails using the starting configurations of 
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inactive (A1) and active (C3) integrin, respectively. In the inactive state both cytoplastic tails 

interact with the F2 and F3 domain of talin (Figure 6B and C), mainly with the 

phosphothreonine, threonine and glutamate and the C-terminal residues (Figure 6A). In the 

active state, integrin shows a weaker, but more specific interaction, and mainly the F2 domain 

of talin binds to the β3-tail of integrin. 

 

Figure 6. (A) Interaction maps between amino acid species on integrin vs. talin for the active 

(left) and inactive (right) cytoplastic tails conformations. Black and yellow colors indicate low 

and high interaction probabilities, respectively. The colors indicate that binding of talin to the 

inactive integrin is by roughly a factor of three more frequent than to the active molecule. (B) 

Interaction probabilities between specified residues on integrin tails αV (residues 1017 to 
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1048) and β3 (residues 742 to 789) to the talin F2 (198 to 308) and F3 (309 to 400) domains. 

The abscissa denotes the integrin (left) and talin residues (right), respectively. Labels indicate 

the residues of the main interaction partners. The dotted vertical lines separate the interactions 

for the different domains. 

This binding pattern suggests the following inside-out mechanism: Binding of talin to both 

tails initiates an unbending by the switchblade motion of the ectodomain. After the activation, 

talin switches to a specific binding to the β3 cytoplastic domain, still being connected to the 

cytoskeleton. Its natural motion displaces talin and forces a separation of the transmembrane 

helices, keeping integrin in the activated state of model 6. 

 

Figure 7. As Figure 2, but for inside-out activation (top) and deactivation (bottom). (left) 

dPCA plots and (right) the corresponding conformations for the peaks A5 to D6. A5 and A6 

are identical to  A1 and C3, respectively, while for the conformations B5 and B6 only the 

cytoplastic tails and transmembrane domains are identical to those of the structures C1 and 
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A3, respectively (cf. Figure 2). The extracellular matrix domain has evolved freely during the 

morphing simulation. 

Reaction of the extracellular domain to activation and deactivation 

For the signal transfer from the cell inside to its outside, it is important that the activation of 

the cytoplastic tails transforms the extracellular domain conformation, probably by initiating a 

switchblade motion. We observed this reaction by morphing the transmembrane and 

cytoplastic domains within several ns either from the respective structures in inactive A5 to 

active C1 or active A6 to inactive A3 (Figure 7). During the simulation time no major 

structural changes or motions were observed within the extracellular domain, but dPCA 

revealed trends for both processes towards the respective state of the extracellular domain 

(Figure 7). After activation of the cytoplastic tail, the extracellular domain only very slowly 

rearranges towards its activated conformation, and vice versa. Extrapolating the effects 

observed here, we assume that the total time may exceed the simulated time of about 1 μs by 

at least two orders of magnitude being out of reach for present atomistic simulations. 

4. Conclusion 

In this study, the question of the mechanism for integrin outside-in and inside-out signaling 

was tackled by molecular dynamics simulations on the full integrin structure. Several 

mechanisms that had been described earlier
4, 5, 14–18, 6–13

 were checked for feasibility 

(Figure 1). The best description of the observations provides a switchblade motion followed 

by a separation of the transmembrane helices (Figure 1, model 6). The same mechanism was 

suggested recently as the most likely one for the similar integrin αIIbβ3
3
. For the outside-in 

signaling we demonstrated that by forcing this switchblade motion in the extracellular 

domain, the torsional angle between the transmembrane helices changes enforcing the contact 
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between the cytoplastic tails that were prior separated (Figure 5). The same mechanism seems 

to apply for the inside-out signaling. Talin binds to both cytoplastic tails of the inactive 

integrin and presumably initiates an unbending of the extracellular domain (Figure 6). This 

then reduces the binding affinity of talin especially to αV and make the protein interact with 

the β3 cytoplastic tail of integrin only (Figure 6B), leading presumably to a separation of the 

transmembrane helices with the above explained mechanism. 
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Abstract 

As a key player in cell adhesion the glycoprotein fibronectin is involved in the complex 

mechanobiology of the extracellular matrix. Although the function of many modules in the 

fibronectin molecule has already been understood the structure and biological relevance of the 

C-terminal cross-linked region (CTXL) still remains unclear. It is known that fibronectin is 

only phosphorylated in the CTXL domain, but no results have been presented to date, which 

indicate a biological function based on this phosphorylation. 

For the first time, we introduce a structural model of the CTXL region in fibronectin, which 

we obtained by exhaustive replica exchange molecular dynamics simulations (TIGER2hs). 

The sampling revealed a conformational landscape of the dimerisation module and the global 

minimum state showed an umbrella-like module body and a conspicuous structural region 

with two feet. We observed that the CTXL foot region exhibits a structural stability in its 

physiological state, which disappears upon changes in the phosphorylation state. Thus, our in 

silico studies enabled us to show that the flexibility of the CTXL region is guided by 

phosphorylation. These results indicate an in vivo function of the CTXL domain in protein 

binding and cell adhesion, which is controlled by phosphorylation. 

Introduction 

In eukaryotic cells, protein stability, activity and binding are governed by phosphorylation as 

a universal regulation mechanism [1]. Eukaryote phosphoryl groups are found at the amino 

acids serine (86%), threonine (12%) or tyrosine (2%) [1,2]. In particular, many terminal 

regions of proteins contain multiple phosphorylation sites [3]. Interestingly, during disorder-

order transitions many (de-)phosphorylation events occur [4-7]. These phosphorylation-driven 

transitions often facilitate binding of terminal regions to other proteins, thus contributing to 
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cell signaling [8]. 

The process of cell adhesion is also driven by complex protein binding events. Cytoskeletal 

proteins are involved in integrin-mediated adhesion to extracellular proteins [9-11]. During 

integrin binding such intracellular proteins, like paxillin, tensin and focal adhesion kinase, 

undergo conformational changes [10,11]. At the same time, tyrosine phosphorylation was 

found to be involved in this process [10,11]. In many extracellular matrix (ECM) proteins, 

serine- and threonine- phosphorylation is more pronounced with the phosphorylated amino 

groups being evenly distributed over the entire molecule [12]. However, fibronectin is the 

only extracellular protein, which is phosphorylated exclusively at the C-terminal region 

(Uniprot ID P02751) [12]. 

Overall, fibronectin consists of two monomeric chains, which are organized in 31 repeating 

modules of type Fn I-III. They are connected at the CTXL domain (amino acids 2337 to 2386) 

via two interchain disulfide bonds at the position Cys-2367 and Cys-2371 (UniProt ID 

P02751) [12]. An important motif, which facilitates cell adhesion via integrin binding, is the 

RGD domain, which is located in Fn repeat III10 [13]. Upon integrin binding cellular forces 

induce fibrillogenesis of fibronectin into a nanofibrous protein network [14,15]. Previously, 

Schwarzbauer and co-workers reported that in vivo fibrillogenesis of fibronectin relies on the 

dimeric structure of the protein [16], in which the C-terminus plays an essential role [17]. In 

particular, they suggested that fibronectin forms a double snail-like conformation with the C-

terminal domain pointing away from the negatively charged cell membrane [18]. To date, no 

structural evidence for this model of the cross-linked region of fibronectin has been provided. 

Moreover, a possible influence of phosphorylation on integrin-mediated cell adhesion has not 

been discussed, yet. Therefore, it is of major importance to introduce a model of this 

dimerisation region in fibronectin to unravel the role of phosphorylation in cell adhesion. 
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The structure of the fibronectin modules Fn I, Fn II and Fn III was already established in 

previous studies [13,18]. Determining the missing structure [19] of the important interchain 

domain near the C-terminal will enable us to understand the biological role of 

phosphorylation in binding of fibronectin to other proteins and the involvement of phosphoryl 

groups in the process of fibronectin fibrillogenesis. To provide further insight into these open 

questions we applied sophisticated enhanced sampling on the basis of molecular dynamics 

(MD) simulations using our recently introduced protein structure sampling method 

TIGER2hs[20]. From sufficiently converged Boltzmann ensembles we obtained a new 

structural model of the CTXL region. For the first time, this new structural model enabled us 

to study the involvement of phosphorylation in the biological functions of fibronectin in 

silico. 

Methods 

In this paper we report how a structural model for the CTXL region of fibronectin was 

developed step by step. Here, an enhanced version of classical replica exchange molecular 

dynamics simulations (REMD) is used, namely TIGER2hs [20]. 

Each monomeric CTXL strand of fibronectin has a length of 50 amino acids (sequence 

number 2337 to 2386, UniProt ID P02751 [12]). Since the CTXL region consists of a 

disulfide-linked double strand, the dimeric structure contains a total of 100 amino acids. In the 

following, we refer to either the monomeric structure or the dimeric one. 

Replica exchange molecular dynamics (TIGER2hs) 

Protein structure prediction is one of the major issues in molecular biochemistry. Especially in 

cases were homology modelling fails, due to missing templates or raised complexity by post-
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translational modification, non-knowledge-based ab-initio approaches are necessary. 

Previously, the gold standard was replica exchange molecular dynamics [21] where multiple 

MD simulations of the same molecular system, namely replicas, run simultaneously at 

different temperatures. Thereby, they exchange their conformations based on the Metropolis 

sampling criterion between short MD cycles. This shall enhance the ability of the simulations 

to cross energy barriers more frequently and allows the sampling of the entire conformational 

space - the Boltzmann ensemble. Ultimately, the native state is obtained as dominant structure 

at the temperature of interest, given sufficient simulation time. The acceptance rate for 

exchanges between replicas must be fine tuned to around 20% to achieve reasonable 

convergence times. This typically requires small temperature steps and results in a large 

number of replicas. For the single interchain module around 200 replicas would be required 

with this routine, prohibiting reasonable REMD simulations for systems as large as CTXL. 

Since such REMD simulations are intensively demanding in computational resource 

consumption our novel TIGER2hs method can be used to reduce these resources significantly 

[20]. This reduction is achieved by introducing an additional quenching (cooling) phase at the 

end of each cycle and a change in the Metropolis criterion. The exchange decisions now take 

place at the same rather than at different temperatures. Moreover, the number of replicas is 

freely selectable. However, since the potential energy fluctuations of bulk water are orders of 

magnitude larger than those of the protein, the bulk water degrees of freedom must be 

eliminated. This is realized by switching from full explicit solvent representation during the 

sampling to a hybrid solvation scheme for the exchange decisions. At the latter step, only the 

protein with a close solvation shell is embedded into a continuum solvent. 

Determining mono- and dimeric structures of CTXL 

In a first step, homology modeling of the sequence taken from UniProt ID P02751 [12] was 
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applied. Here, the Robetta secondary structure prediction server [22] was used. For better 

guidance and verification of the homology search, the neighboring domain Fn I12 of known 

structure (amino acids 2299 to 2336, UniProt ID P02751) was preceded to the interchain 

domain. The best fitting template structure was human beta-microseminoprotein (PDB code: 

2IZ4) [23] with a confidence of 0.3686, on which basis five different model predictions were 

returned. The best model was chosen based on the estimation of the known structure of the I12 

domain. In this and all other predicted models the interchaining cysteine residues Cys-2367 

and Cys-2371 were buried inside the C-terminal region and did therefore not allow to form 

the interchain disulfid bridges as proposed in UniProt ID P02751 [12]. 

Nevertheless, the resulting structural model has been used as an initial structure, to sample the 

thermodynamic ensemble of the monomeric interchain domain by our novel replica exchange 

TIGER2hs method [20,24]. The choice of the starting structure does not influence the 

resulting Boltzmann ensemble, but may reduce the convergence time. In line with the 

sequence information [12], two of the fifty amino acids in close proximity to the C-term are 

present in their phosphorylated form, namely phosphorylated Ser-2384 and Thr-2363. The 

protein was represented by the AMBER14SB force field [25], whereas the PTM force field 

[26] was used for the phosphorylated amino acids. The cell size was 9x9x9 nm
3
 to allow large 

extended conformations without periodic self interactions during the simulation. 

The molecular dynamics simulation package NAMD 2.11 [27] was used. Hydrogen mass 

repartitioning was applied using ParmED 2.4 [28] to allow a 4 fs timestep for the motion 

integration [29], along with constraining bonds to hydrogen atoms with the RATTLE 

algorithm [30]. Van-der-Waals and short range electrostatic interactions were considered with 

Lennard-Jones or Coulomb potentials. A cut-off of 1 nm with a switch distance of 0.9 nm was 
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chosen to circumvent hard cuts. Long range electrostatics were applied with the PME method 

[31-33] and a grid spacing of 0.1 nm with periodic boundary conditions. The pressure was 

controlled in dependence of the replica temperature according to the water vapor pressure 

using a Langevin piston barostat [34] as in Geist et al [20]. The vapor pressure was calculated 

from the Antoine equation. This procedure can be considered as a pseudo-NVT ensemble. The 

temperature was adjusted by a Langevin thermostat [35] to the respective replica temperature. 

Water was represented explicitly by the TIP3P model [36] for the sampling dynamics and by a 

combination of TIP3P and GBSA implicit solvent [37,38] for the hybrid solvent exchange 

scheme underlying TIGER2hs. Here, the potential energies for the replica exchanges were 

calculated with SANDER [28] and the OBC
II
 implicit solvent model [37,38] without periodic 

boundary conditions and infinite cutoffs for van-der-Waals and Coulomb interactions. The 

fictive salt concentration was set to 0.2 mol/l and the surface tension for the solvent-accessible 

surface area (SASA) to 3.47 mN/m. The explicit water shell for the hybrid exchange was 

considered using 50 water molecules, representing the first solvation shell. It is noteworthy 

that, according to our ongoing research, the TIGER2hs routine works most accurately when 

the second solvation shell is included as well. The TIGER2hs simulation for the CTXL 

monomer used 48 replica in a logarithmically scaled temperature range of 300 to 600 K. The 

total simulation time for all replicas covered 14 µs with 230 ns pure baseline sampling time. 

At each cycle, the conformations were sampled at the respective replica temperature for 16 ps 

and quenched to the baseline temperature for 4 ps. The chosen quenching time was sufficient 

to allow an adequate adjustment of the kinetic and potential energy to the baseline 

temperature. About 2.6 states per cycle were accepted for the baseline ensemble. 

The obtained monomeric structure from the first TIGER2hs simulation was then connected by 

two disulfide bridges to form the dimeric starting conformation for the second TIGER2hs 
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simulation. Hence, for the larger protein, the simulation used a larger cell size of 12x12x12 

nm
3
 and 76 replica spanning the same temperature range. Here, the total sampling time was 

10 µs with 90 ns pure baseline sampling time. The quenching time was now increased to 8 ps 

and the sampling time was adjusted to 20 ps. For the dimer 100 water molecules were 

considered in the hybrid solvent exchange and 3.2 states were accepted per cycle. 

Phosphate ion parameters 

 

Figure 1. (A) The phosphorylated amino acids pThr (Tpo) and pSer (Sep) [26] as used in this 

work. The analogous structures of pThr and pSer marked as (Ton) and (Sen) differ in two 

additional hydrogen atoms on the phosphate group resulting in neutralization. (B) In analogy 

to phosphorylated amino acids, hydrogen~ and dihydrogen phosphate ions were used to 

replace the side chains. 

Under physiological conditions, the phosphoryl groups of pThr and pSer are present in their 

dianionic form [1]. Typical dominant modes of interactions between phosphate and other 

groups are either the interaction with the C-terminal main chain nitrogen [39], or hydrogen 

bonds and salt bridges between phosphate oxygen atoms and arginine or lysine side chains 
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[40].  

When considering all possible interactions, adding or removing a dianionic phosphate group 

to the C-terminal region of fibronectin might significantly change its local physicochemical 

properties, which affect protein stability, kinetics, and dynamics [7]. 

Table 1. Protonation state distribution of phosphorylated amino acids and phosphate ions 

within the simulated systems according to Figure 2. charge -2e: Sep, Tpo, HPO4
2-

, charge -1e: 

H2PO4
-
, neutral charge: Ser, Thr, Sen, Ton. 

System pSer-2384 pThr-2363 Charge (e) Number of ions 

 chain 1 chain 2 chain 1 chain 2 CTXL H2PO4
-
 HPO4

2-
 

1 SEP SEP TPO TPO -16 - - 

2 SEP SEP TPO TON -14 - - 

3 SEP SEP TON TON -12 - - 

4 SEP SEN TON TON -10 - - 

5 SEN SEN TON TON -8 - - 

6 SER SER THR THR -8 0 0 

7 SER SER THR THR -8 0 4 

8 SER SER THR THR -8 2 2 

9 SER SER THR THR -8 4 0 

 

Therefore, the phosphorylation state of Ser-2384 and Thr-2363 was varied from its dianionic 

form (residue names Sep and Tpo) with no proton to a two times protonated version (residue 

names SEN and Ton) ending up in neutralization [26] of the functional groups. The overall net 

charge of the physiological CTXL as sequenced in [12] is -16e. Depending on the protonation 

state of the phospho amino acids, this charge can be reduced to -8e. For clarity all simulated 
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systems with different protonation states of pSer and pThr are listed in Table 1 (System 1 to 

5). The phosphorylated amino acids used in this study are illustrated in Figure 1. 

Since the presence of phosphorylated amino acids in CTXL was previously reported to differ 

among different vertebrates [41], also non-phosphorylated models were taken into account in 

the present work. In particular, two different scenarios were considered. On the one hand, a 

system consisting of standard amino acids in aqueous ionic solution under physiological 

conditions in the absence of any phosphate ions was simulated (Table 1, System 6). On the 

other hand, one can hardly find systems in vitro and in vivo without the presence of phosphate 

ions at all. Therefore, systems with standard amino acids and phosphate ions as present under 

physiological conditions were also set up. The variety of simulated ionic systems is listed in 

Table 1 (System 7 to 9) and the phosphoryl ions in their anionic and dianionic form used in 

this study are illustrated in Figure 2. 

Most of the standard biological force fields describe phosphate groups as part of 

macromolecular structures but only very few works have dealt with ionic phosphate in force 

field simulations so far. The models used in other studies are only stable by drastically 

reducing the flexibility due to constraints or restraints [42,43]. Zahn et al. published force 

field parameters for a rigid HPO4
2-

 model where only the torsion of the proton is free [42]. 

Wriggers et al. used restraints of 8400 kJ mol
-1

 nm
-2

 (14 N/m) to keep the O - O distances of 

HPO4
2-

 and H2PO4
-
 in a reasonable range [43]. To the best of our knowledge, no parameter set 

for flexible ionic phosphate has been published so far. Therefore, we parameterized 

hydrogen~ and dihydrogen ions analogously to the standard amber setup. The full 

parameterization is available in the Supporting Information Table 4, 5 and 6. 
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MD simulation setup to study the role of phosphorylation in stabilizing the CTXL region 

The GROMACS code in version 5.1.2 [44] was used for all classical molecular dynamics 

simulations. All systems contained the 100 amino acids long CTXL dimer, about 50000 water 

molecules and a varying number of sodium and chloride ions to neutralize the charge. The cell 

size was 11 x 11 x 11 nm
3
, and the cell was periodically continued in all three spatial 

directions. The short-range cutoff was set to 1.2 nm and all hydrogen atoms in the system 

were constrained via the LINCS algorithm [45]. Since the present work focuses on the 

structural analysis of the interchain domain CTXL, the system was carefully equilibrated in 

several steps. 

(I) First, the equilibration was performed with a fixed protein and only water and ions were 

relaxed. This procedure started with an energy minimization using the steepest descent 

algorithm with a tolerance of 1000 kJ mol
-1 

nm
-1

 (1.7 nN). 

(Ia) After the minimization, NVT dynamics was used for the first equilibration step of 200 ps. 

The modified Berendsen thermostat was employed with a time constant of 0.1 ps. Two 

coupling groups were defined, the protein and the water with the ions. During the first step of 

equilibration, setpoints were 300 K for the water and ion temperature and 100 K for the fixed 

protein.  

(Ib) The NVT ensemble was followed by an NPT dynamics for further 1 ns. Here the 

Parrinello-Rahman barostat with a time constant of 2 ps and isotropic behavior was used. The 

reference pressure was set to 1 bar, with the compressibility being set to 4.5 x 10
-5

 bar
-1

. 

(II) In the next step the procedure (I) was repeated, but this time without capturing the protein. 

Here, the tolerance for the steepest descent algorithm was reduced to 500 kJ mol
-1

 nm
-1

 (0.83 

N/m).  
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NVT ensemble ran for further 1 ns, heating step by step during the first 500 ps and constantly 

simulating at 300 K in the last 500 ps. 

(III) Subsequent production MD runs for each system were performed for at least 100 ns, the 

time step was set to 2 fs and the sampling frequency was 25 ps. The resulting structures were 

visualized with Visual Molecular Dynamics (VMD) [46]. 

 

Figure 2. The schematic view of the modular structure of the homodimeric protein fibronectin 

with zoom into the cross linked region is depicted. In (A) the structure of a whole fibronectin 

molecule is schematically illustrated. The sequence of the C-terminal region from 2337 to 

2386 is highlighted as FASTA sequence and the overlying bar exposes the two beta sheet 

motifs and the foot region. (B) shows the complete C-terminal cross-linked region (CTXL). 

At one chain, the secondary structure motifs are highlighted with the secondary drawing 
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scheme of VMD [46] analogous to the overlying bar in (A). At the other chain, the 

highlighted amino acids, namely the phosphorylated amino acids and their interaction 

partners, are emphasized as stick models and form the foot-stabilizing complex. Furthermore, 

the interchain cysteine groups Cys-2367 and Cys-2371 are labeled as ball and stick models. In 

(C) the schematic view of a monomeric CTXL chain is illustrated. 

Results and Discussion 

Here, we present the first structural model of the C-terminal cross-linked domain in the ECM 

protein fibronectin (Figure 2, A), which we obtained by Replica Exchange simulations [20]. 

We introduce the structural details of this domain and discuss its relevance for the structure-

function correlation of the fibronectin molecule (Figure 2). We evaluated our novel structural 

model on the basis of folding-free-energy landscapes, which are presented in Figure 3. 

Fibronectin CTXL domain model 

FThe free energy surfaces of the monomeric (Figure 3, A) and dimeric CTXL structures 

(Figure 3, B) are built from the resulting distribution of states obtained from TIGER2hs 

sampling, by the dihedral principal component analysis (dPCA) [24,47]. According to the 

normalized eigenvalues, around 23% of the conformational information was covered by the 

first and second principal components, which revealed sufficient to distinguish states on the 

free energy landscape. The initial monomer configuration (C) of Figure 3 is the best-fit 

structure returned from the Robetta secondary structure prediction [22]. The homology model 

served as initial structure for extensive conformational sampling utilizing TIGER2hs and was 

quickly dismissed during the first few ns of the REMD simulation. As shown in Figure 3, the 

resulting free energy landscape (A) revealed a well-defined global minimum at configuration 

(D), which is surrounded by energy barriers larger than 9 kJ mol
-1

 in any direction.  
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Figure 3. Free energy landscapes of the CTXL monomer (A) and dimer (B), sampled by 

TIGER2hs as a function of the major two principal components obtained by dPCA. The 

inserts show the side projections of the individual principal components. High and low free 

energies in kJ/mol are colored ranging from yellow to black, respectively. The conformations 

of the initial homology model (C), the final monomer structure (D), the initial dimer structure 

(E) and the final dimer structure (F top view and G side view) are indicated as green circles in 

the corresponding free energy landscapes. 

 

The monomeric fold consists of a combination of coil, turn and beta sheet structure motifs 

(Figure 3, D). The N- and C-terminus are present as a 6-8 amino acids long coil region. Two 

beta sheet motifs of equal length are connected via a turn sequence. The epidermic near the C-
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terminal region shows a significant foot-like bend enclosing this turn region. The N-terminus, 

the connection to the Fn I12 module of fibronectin, contains a short helix (Figure 3. D). 

Although the TIGER2hs simulation was performed with only one chain, the resulting 

monomer with minimum free energy could be connected to a second one forming a 

conclusive dimer configuration (Figure 3, E). The interchain disulfide bridges could be closed 

by simply reorienting the two monomers properly. 

This cross-linked CTXL domain was subjected to a second TIGER2hs simulation with 

(Figure 3, E) as starting point. The resulting configuration in Figure 3F (top view) and G 

(side view), which corresponds to the global minimum, does not differ significantly from the 

initial one (E). The dimer preserves the two beta sheet motifs in each of the two chains at the 

sequence numbers 2354-2360 and 2364-2370 (Figure 2) in anti parallel orientation, 

connected via a turn region at the position 2361-2363. This structural ensemble of both chains 

forms an umbrella-like conformation (Figure 2B and Figure 3G). In addition, the foot-like 

region observed for the monomeric configuration (Figure 3D) is still found in the dimeric 

fold at the amino acids 2378 to 2386. The short alpha helix formation of the amino acids 2345 

to 2349 (Figure 2B and Figure 3G) shows the same result. 

Generally, the sampled conformational space of the dimeric fold is very restricted 

(Figure 3B), indicating already high stability of the initial structure. In addition to the 

significant energy barrier for the monomeric fold, the hindrance resulting from the interchain 

disulfide bridges reveals that no naturally accessible configuration space remains after 

dimerization. The only degrees of freedom, that seem to distinguish states on the free energy 

landscape (B), are due to the flexible N-terminal ends, where the fibronectin chain would 

actually continue. 
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The unusual conformation of the two feet is stabilized by interactions between phosphorylated 

amino acids and arginines (Figure 2B) as it is also described in the literature [1,40] for pSER 

in eukaryotic proteins. Thereby, the Arg-2360 in the turn structure of the umbrella region 

interacts with the pSer-2384 in the foot region. The two arginines 2385 and 2381 in the foot 

region coordinate to the pThr-2385 in the umbrella part of the CTXL terminal (Figure 2B). 

The continuations of the two fibronectin chains to the Fn I12 module are bound at the top of 

the umbrella and might form a snail-like tertiary conformation as previously proposed by Mao 

et al [18]. 

Role of phosphorylation in stabilizing the CTXL region 

The C-terminal region of CTXL is strongly characterized by its interaction of arginines with 

phosphorylated amino acids. In many proteins these phosphorylations are not randomly 

distributed, but clustered at certain locations. Often, this localization of phosphorylations is 

accompanied with a function as on and off switch for regulatory mechanisms [1]. Although, 

the phosphorylated conformation has a deep energy minimum in the energy landscape of 

Figure 3 indicating a high structural stability, we do not exclude the possibility of such a 

functional switch. Therefore, the influence of the phosphorylation and protonation degrees on 

the structure of the CTXL region were investigated in the next step. For this purpose, 

molecular dynamics simulations were performed over 100 ns, each with various combinations 

of phosphorylations and degrees of protonation according to Table 1. 
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Figure 4. Structures A to D refer to the phosphorylated version of CTXL whereas structures E 

to H show the non-phosphorylated systems with ionic phosphate. In A and E the equilibrated 
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dianionic forms as under physiological conditions are illustrated with a gray secondary 

drawing scheme of VMD [46]. In B and F conformations after 100 ns molecular dynamics 

simulation are illustrated. In the following, the structures of the different protonation states of 

(p)Ser-2384 and (p)Thr-2363  (C/D)  and ionic states (G/H) in analogy to Table 1 are fitted 

against the dianionic reference molecules (A) and (E). The reference system 1 (gray) is 

completely anionic, a stepwise protonation according to Table 1 is represented by the 

different colors: system 2 (rose), system 3 (red), system 4 (violet) and system 5 (blue). 

Consequently, phosphate elements are shown in ball and stick schemes and arginine side 

chains as transparent stick models. 

The results of these simulations are summarized in Figure 4. Figure 4A-D show all systems 

with phosphorylated amino acids of varying protonation. Figure 4E-H show the non-

phosphorylated systems, each with four phosphate ions of different protonation levels. The 

fully dianionic systems provide the complexed reference structures highlighted in Figure 2B. 

All structures were superimposed with their backbone configuration through the reference 

molecule and compared to their structures after molecular dynamics simulations. 

At the beginning of the simulations, the backbones of all structures were on top of each other 

in good coverage regardless of their phosphorylation setup (Figures 4C). After the simulation, 

all phosphorylated systems, apart from the transition sequence to Fn I12 and a slight 

deformation in the foot region, were still superimposed closely in the spinal structure of their 

umbrella region (Figures 4D). In the whole fibronectine molecule, the transition sequence 

will be linked to the modular Fn chain in vivo and in vitro. Therefore, the observed mobility 

can be considered as an artefact. The differences in the foot region are again due to the 

variations in pSER and pTHR and show a dependence on the protonation state. 
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The observed deviations were well reflected in the root mean square deviation (RMSD) 

values, which were calculated against the respective regions listed in Table 2. We have 

displayed the RMSD values separately for the umbrella region (RMSDu) and the foot region 

(RMSDf). While we found stable values around 0.15 nm +/-0.03 for the umbrella region for 

all phosphorylations, the RMSD value of the foot region varied from 0.16 for the charged 

phospho-amino acids (System 1) to 0.29 nm for the completely neutralized phospho-amino 

acids (System 4). The partially charged phospho-amino-acid systems 2 and 3 reveal values in 

between, which disclose a direct correlation between structural flexibility of the foot region 

and the protonation state of the phospho-amino acids. This observation corresponds to the 

statements made in literature, where an increase in the binding properties of other proteins is 

reported due to the enhanced flexibility of the N- and C-terminal regions in the protein strands 

[3,8]. 

Table 2. The average RMSD for the simulated systems according to Table 1 for the umbrella 

RMSDu and foot RMSDf regions  illustrate an influence on the structural stability during 

molecular dynamics simulations. 

P-elements 

form 

System color code 

of figure 4 

RMSDu 

[nm] 

RMSDf 

[nm] 

System RMSDu 

[nm] 

RMSDf 

[nm] 

     6 0.13 0.29 

dianionic 1 gray 0.13 0.15 7 0.16 0.34 

 2 rose 0.11 0.16    

 3 red 0.15 0.25 8 0.23 0.58 

 4 violet 0.17 0.29    

neutral 5 blue 0.18 0.29 9 0.14 0.41 

 

With regard to these observations, a closer look into the foot region becomes necessary. In 

Figure 5 zooms into the complexed foot regions of the structures plotted in Figure 2 are 

illustrated. The reference structure (Figures 5A) represents system 1 of Table 1 as it was 
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evaluated in the replica exchange molecular dynamics (TIGER2hs) simulation. Here, pSer 

and pThr are present in the fully dianionic state. The pSer builds a complex with one Arg-

2360 (Figure 5A). One oxygen atom of the pSer forms a strong hydrogen bridge of 0.18 nm 

to a terminal hydrogen atom of the guanidino group whereas the other two terminal oxygen 

atoms of the phosphate end reveal distances of about 0.4 nm. 

Table 3. Average life times for the H-bond interactions from autocorrelation functions of 

phosphorylated and non-phosphorylated amino acids with other interaction partners [48]. 

Interaction pair Correlation time [ns] 

Sep-2384 <-> Arg-2360 0.4-1.3 

Tpo-2363 <-> Arg-2381 3.5-5.2 

Tpo-2363 <-> Arg-2385 1.1-4.0 

Sen-2384 <-> Glu-2386 0.8-1.4 

 

Over the course of our simulations the contact changed visibly between the oxygen atoms of 

the phosphate residue to the same hydrogen atom in the arginine side chain (Figure 5B). 

Nevertheless, this contact was never lost completely. We observed that this time-dependent 

structural change led to a rotation of the phosphate group. The same behaviour was obtained 

for all systems with deprotonated pSer (Sep). In Table 3 the mean auto correlation time for 

the contact pair Sep - Arg is listed. Each single oxygen (Sep) - hydrogen (Arg) contact stays 

temporally stable for 0.4-1.3 ns until a rotation of the phosphate rest leads to a new contact 

with another oxygen atom of the amino acid Sep. Although a constant change of the binding 

partners could be observed, the contact itself between pSer and Arg-2360 was stable over the 

whole simulated time. 



Publications   

 

                                                                          290                                                                        

 

 

Figure 5. Zoom into the structure of the (A-B) dianionic phosphorylated CTXL, (C-D) 

partially neutralized pSer/pThr (System 4) and (E-F) the non-phosphorylated CTXL with 

dianionic phosphate ions after equilibration (top) and after 100 ns molecular dynamics 

simulation (bottom) are illustrated. Consequently, phosphate elements are shown in ball and 

stick schemes and arginine side chains as stick models. 

The pThr, is firmly caught between two arginine side chains (Figure 5A). Here, an oxygen 

atom of the phosphate group alternately formed a strong hydrogen bridge of 0.18 nm to a 

terminal hydrogen atom of one of the two guanidino groups from Arg-2381 and Arg-2385. 

This contact occurred at the expense of the respective other Arg contact, whose value then 

increased from 0.18 to 0.4 nm. During the entire simulation time, one and the same oxygen 

atom remained involved in the binding (Figure 5B). Table 3 lists the auto correlation times 
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for these two contacts. One can clearly see that the rotation of the serine phosphate residue is 

subject to a faster change than the flip of the pThr residue between the two arginine residues. 

All systems with varying protonation of pSer and pThr undergo deviations of this reference 

structure (Figure 5A/B). Whereas in Figure 5C the complex described in the reference 

system can be recognized still, in Figure 5D it is clearly visible, that after a certain simulation 

time the neutralized phosphate side chains change their orientation as they are no longer fixed 

by arginines. While the side chains of the arginine 2381 and 2385 and the neutralized pThr 

now diffused in their radius, a new contact could be found for the neutralized pSer in all 

systems with Sen. This contact is formed between the hydrogen atom of the phosphate residue 

and the C-terminal carboxylate group of Glu-2386 (Figure 5D). It is temporally as stable as 

the Sep - Arg contact (Table 3) and could be observed over the whole simulation time in all 

present Sen - systems. Nevertheless, this contact is formed between amino acids at the 

positions 2384 and 2386 and has no further relevance in stabilizing the foot region. 

In the case of the non-phosphorylated systems (Table 2, Systems 6-9), independently of the 

addition of further hydrogen or dihydrogen phosphate ions, the change of the RMSDf value 

was even stronger than in the corresponding phosphorylated systems. While the module body 

was found at about 0.15 nm in all systems, the RMSD value for the foot region rose to over 

0.4 nm for the non-phosphorylated systems. Figure 4G indicates that some of the phosphate 

ions already diffused into the solvent environment during equilibration. After a simulation 

time of 100 ns only one hydrogen phosphate out of a total of sixteen ions from four calculated 

systems remained complexed by Arg-2381 and Arg-2185 (Figure 4H). Here, an analogous 

geometry, as it was previously found for pThr in the phosphorylated reference systems, could 

be estimated for the hydrogen phosphate ion (Figure 5F). 



Publications   

 

                                                                          292                                                                        

 

In summary, we observed that the change or absence of four negatively charged phosphate 

residues in the very compact CTXL region leads to the release of six positively charged 

guanidino side chains of the arginines in the overall negatively charged CTXL. According to 

the charges listed in Table 1 eight negative charges get lost due to neutralization or de-

phosphorylation. Under physiological conditions, the arginine side chains are complexed 

within the phospho-amino acid arrangement and further six positive charges become freely 

available when the arginine side chains are not complexed anymore. The release of such a 

large number of positive charges in the exposed foot region can significantly change the 

charge distribution on the module surface of the CTXL domain and can therefore have an 

important influence on the adsorption properties of the whole fibronectin molecule. Hence, 

we assume that the function of the foot area in the interchain domain is to bind strongly to 

hydrophilic surfaces. Moreover, we found out that the foot structure becomes very flexible as 

soon as the phosphorylation state is changed. These characteristics could facilitate adhesion of 

the whole fibronectin molecule to any irregular and rough surface. 

To shed light on the mechanism of fibronectin fibrillogenesis Schwarzbauer et al previously 

introduced a model system for the C-terminal region of fibronectin. In their schematic model 

the C-terminal region pointed away from the cell membrane upon integrin binding to the 

RGD domain of fibronectin [18]. This assumption goes in line the with negative total net 

charge of -16 e for the CTXL module, which is expected to point away from the mainly 

negatively charged cell membrane. Nevertheless, the defined function of phosphorylations 

close to C-terminals [1] as "on and off switch" for binding properties of proteins suggests that 

different processes such as fibrillogenesis can be initiated by the increase of the structural 

flexibility of the CTXL's foot region. 

Up to now, no specific binding activity was awarded to the CTXL module in literature even 
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though it is known that the phosphorylation degree at the C-terminus of fibronectin varies 

significantly among different vertebrates [41]. With our in silico studies we have now 

observed that the flexibility in the foot region of the CTXL region is influenced by its 

phosphorylation state. Since in fibronectin only the C-terminal region offers a total of four 

phosphorylated sites (UniProt ID P02751) [12], this effect is localization to a very specific 

region in the high molecular weight protein. We assume that this effect in the foot region 

might be relevant for cell adhesion. Especially in combination with the observed mechanical 

stability in the umbrella region of the CTXL domain, for instance a support in integrin 

clustering at the cell membrane would be conceivable.  Yet, it remains to elucidate whether 

the provision of four dianionic phosphate side chains or six positively charged arginine side 

chains will lead to changes in the binding activity of fibronectin. Hence, further simulations 

and experimental studies need to be carried out to gain a deeper understanding of the role of 

phosphorylation in fibronectin. 

In summary, our new CTXL model system will be highly relevant to unravel the basic 

principles, which underlie integrin-mediated cell adhesion and fibronectin fibrillogenesis in 

the ECM. Moreover, our findings will form a base for understanding the molecular principles 

of fibronectin fibrillogenesis in cell-free environments, which was previously established in 

various in vitro model systems [49-53]. 

Conclusion 

For the first time, we presented a comprehensive structure model of the C-terminal interchain 

region of the ECM protein fibronectin. Extensive conformational sampling via the novel 

TIGER2hs method enabled accurate ab initio folding of the 100 amino acids long C-terminal 

modules, which was not feasible with previously established REMD methods. The CTXL 
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structure contains two foot regions, which are connected to an upper umbrella region. 

Simulations with different phosphorylation states in the foot region indicate that the tertiary 

structure of the umbrella region in the interchain domain does not depend on the presence of 

the amino acids pSer-2384 and pThr-2863 but increases the structural flexiblitiy of the foot 

region. Here, the C-terminal regions start to move like tentacles as soon as the dianionic 

phosphate complexes are disrupted. 

Moreover, our simulations revealed that stable complexes of phosphorylated amino acids 

could not be replaced by the presence of dissolved phosphate ions in the surrounding aqueous 

environment. This result indicates that the flexibility of the CTXL foot region is significantly 

influenced by its phosphorylation state. This finding could be important for future 

applications, which involve fibrillogenesis of fibronectin in vitro, for instance in tissue 

engineering. 

Based on the key findings from our in silico studies we hypothesize that varying 

phosphorylation degrees in the CTXL region of fibronectin play a crucial role in integrin-

mediated cell adhesion. Therefore, it will be highly relevant to consider the role of CTXL 

phosphorylation in future in vivo studies to reveal further mechanobiological mechanisms in 

cell adhesion and ECM assembly. 
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