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CHAPTER I 

 

INTRODUCTION 

 
1.1. Motivation  

 

Membrane fusion is involved in many biological processes such as synaptic 

neurotransmission and infection by enveloped viruses.(1),(2) Recently, it has become 

apparent, the peptide T-20 as a potent inhibitor of HIV infection, that fusion process is 

a good target for viral inhibition. T-20 corresponds to the C-terminal helix of HIV Env 

and inhibits the HIV infection by preventing six-helix bundle formation. Current 

experimental studies even for early fusion events have thus far been unable to resolve. 

Therefore, inhibition mechanistic details of the fusion process are still unknown. Thus, 

understanding of the interaction between fusion peptides and lipid bilayers at atomic 

details is needed. This becomes an ultimate goal of this present work. Here, molecular 

dynamics (MD) simulations were performed for the N-terminal gp41 fusion peptide 

(FP) embedded in the lipid bilayer. Characterizations of the simulated systems were 

analyzed and monitored in terms of position, orientation, structure, and dynamics of 

the FP in the lipid bilayer as well as its effects on surrounding lipids. Such information 

can be a primary source of data in drug development and lead to the design of new and 

more effective drugs to combat viral infection. 

 

1.2. Introduction 

 

1.2.1. Acquired Immune Deficiency Syndrome (AIDS) 

 

 In mid-1981, five cases of a rare of pneumonia (Pneumocystis carinii) and 

severe viral infections in previously healthy young adults were rather quietly reported 

in Los Angeles.(3)  Soon, an increased occurrence of unusual cases of pneumonia and 

Kaposi’s cancer together with other opportunistic infections, was observed among 

previously healthy homosexual men and intravenous drug abusers in the USA.(4) The 

disease was accompanied by a depressed immune system and a susceptibility to 
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opportunistic infections.  This syndrome became known as Acquired Immune 

Deficiency Syndrome (AIDS).(5) 

 In 1983 the causative agent of AIDS was identified as a human retrovirus, 

first isolated in France from a patient with multiple lymphadenopathies,(6) a condition 

linked to AIDS, and subsequently in 1984, from AIDS patient.(7) Initially, three 

different names were given to the virus isolated from AIDS patients; human T 

lymphotropic virus III (HTLV-III),(6) lymphadenopathy-associated virus (LAV),(8) and 

AIDS-associated retrovirus (ARV).  Eventually the AIDS-causing virus was in 1986 

given an alternative name, human immunodeficiency virus (HIV).(9) 

 By the end of 2001, approximately 42 million people were living with 

(HIV)(10) and more than 20 million people worldwide had lost their lives to AIDS.(11) 

As the number of people infected with HIV continues to mount, efforts to provide care 

for those affected are just as critical as strategies for prevention, and have become an 

integral part of the response to control the HIV/AIDS pandemic. 

 

1.2.2. Human Immunodeficiency Virus  

 

 HIV-1 and HIV-2 are RNA viruses and belong to the family of 

retroviruses, Retroviridae (retro, backwards).  The genome of retroviruses consists of 

duplicate copies of positive single-stranded RNA.  Once a cell has become infected 

with a retro-virus the viral genetic information will be transformed from RNA to 

DNA, catalyzed by viral enzyme reverse transcriptase.  The name retrovirus is derived 

from this unique event, which is completely opposite to the normal process where 

RNA is transcribed from DNA.  Retroviruses are divided into seven genera, where the 

genus Lentivirus (lenti, slow), is characterized by the slow development of disease 

after infection.  HIV is a typical lentivirus, since it usually has a disease latency of 

several years.(12) 

 A schematic drawing of the mature HIV virion is shown in Figure 1.1.  The 

virion is almost spherical and is about one ten-thousandth of a millimeter across (ca. 

100 nm).(13)  The virus is surrounded by a lipid bilayer derived from the host cell and 

contains several cellular membrane proteins.(14)  The outer portion of this envelope is 

spotted with surface glycoprotein gp120 (named for its approximate molecular weight) 

adhered to transmembrane protein gp41 (see Figure 1.1).  These surface proteins play a 
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crucial role when HIV binds to and enters the host cells.  A shell of the matrix protein 

(p17) in Figure 1.1 lines the inner surface of the viral membrane, and a conical capsid 

core particle constructed out of the capsid protein (p24) is located in the center of the 

virus.  The capsid particle encapsulates two copies of the viral genome, stabilized by 

the nucleocapsid protein (p7), and also contains three essential virally encoded 

enzymes: protease (PR), reverse transcriptase (RT), and integrase (IN).(15)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. A Schematic drawing of the mature HIV-virion.(13) 

 

 

1.2.3. Replication of HIV 

 

A schematic representation of the replication cycle of HIV appears in 

Figure 1.2. A myriad of cellular machinery is used to augment HIV's special 

tools.(16),(17) With over 175,000 articles indexed for HIV and/or AIDS on Medline,(18) it 

is certainly one of the most thoroughly studied systems today. As such, many details of 

the biology of HIV will be omitted for the sake of brevity. 

 
Virus entry. The entry of HIV into a host cell may be divided into 3 distinct steps: 

attachment, coreceptor interaction and fusion. Attachment of HIV-1 to the host cell 

surface is mediated through gp120 on the virion surface binding to a CD4 antigen on 
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the host cell.(19) Endogenous CD4 is present on the surface of many lymphocytes, 

which make up a critical part of the body's immune system. This gp120-CD4 complex 

interacts with a coreceptor on the cell surface, typically chemokine CXCR4 or 

CCR5.(20) Transmembrane glycoprotein gp41 mediates membrane fusion to complete 

virus entry into the host cell. 

 

Uncoating the capsid core. Following fusion, the p24 encased capsid core is disrupted 

to dump the contents into the cytoplasm of the host cell. It seems that this is 

accomplished with the help of a cytoplasmic peptidyl-prolyl cis-trans isomerase called 

cyclophilin A (hCyp-18) which had been incorporated into the virion.(21),(22) 

 

Reverse transcription. Successful entry of the contents of the viral capsid core is 

followed by the reverse transcription of complementary DNA strand from the viral 

RNA template by the viral enzyme reverse transcriptase (RT) in a complex with other 

viral proteins.(23) RT then degrades the RNA and produces the double-stranded viral 

DNA. RT is highly error-prone since it is unable to catalyze the proof-reading which a 

normal DNA polymerase performs.(24) 

 

Nuclear import. The newly synthesized viral DNA is then imported into the nucleus of 

the host cell. A short triple-helical region, made from a flap of about 99 bases, 

synthesized during an interruption of reverse transcription seems to be necessary for 

this event.(25),(26) Other viral proteins, such as Vpr,(27) are also thought to be involved 

but the system is complex. 

 

Integration. The properly placed viral DNA is processed and transferred to the host 

genome by the viral enzyme integrase as the central agent.(23),(28),(29) Once the viral 

DNA has been inserted, infection in that cell is for all intents and purposes permanent 

since finding a way to selectively remove that little patch of DNA from the host 

genome would seem to be a monumental task. 

 

Transcription and translation. Once the viral DNA has been inserted into the host 

cell's genome, HIV may persist in a latent, proviral state for many years in 

unstimulated T cells.(30),(31) Activation of the host cells results in transcription of the  
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Figure 1.2. A schematic representation of the replication cycle of HIV. 

 

 

viral DNA by the host cell machinery into messenger RNA (mRNA). Early genes to be 

activated express auxiliary proteins Tat, Nef, Rev and a few others. Tat acts as a strong 

promoter of viral transcription,(32),(33) Nef acts as a weak negative regulator(34) and Rev 

promotes switching to the expression of the structural proteins and enzymes.(35) 

Regulation of viral expression involves a variety of interactions with the cellular 

proteins.(36),(37) The auxiliary proteins have also been implicated in other roles such as 

the down-regulation and degradation of cell-surface CD4 in infected cells by Vpu and 

Nef, respectively, to promote the release of new virions.(38),(39),(40) 

The second phase of transcription produces the unspliced mRNA for the 

precursor proteins Gag (Pr55gag) and Gag-Pol (Pr180gag), which is the result of a 

translational frame shifting event, in an approximately 20:1 ratio.(41) The unspliced 

RNA is also intended to be used as the genome of the next generation of the virus. Gag 

and Gag-Pol are transported out of the cell nucleus by a poorly understood 
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mechanism(42) and anchor to the wall through linkage with myristate at their N-

termini.(43),(44) 

The precursor for the envelope glycoproteins gp120 and gp41 are treated 

like cellular membrane proteins: synthesized, processed (glycosylated and cleaved) 

and transported to the cell surface in the endoplasmic reticulum and the golgi 

apparatus(45),(46),(47) though some interaction with the Gag precursor has been 

implicated.(48)  

 

Production of a new virion. Assembly of a new virus particle begins at the cell surface 

with the clustering of roughly 2000 Gag proteins, 200 Gag-Pol proteins, processed 

envelope proteins gp120 and gp41, two copies of the viral genomic RNA, some viral 

tRNA and some other components like cyclophilin A which will be used after 

infection of the next cell.(49),(50) It appears that the Gag protein mediates the budding 

process.(42) Some of the details involving cellular and viral components have recently 

been elucidated.(51) Release is assisted by viral protein Vpu in an incompletely 

understood process.(39) 

 

Virion maturation. The immature virion is a not-quite spherical blob with an outer 

membrane derived from the host cell but including the viral coat proteins gp120 and 

gp41. The inside has roughly radial alignment of the Gag protein surrounding the 

RNA(50),(52) though older work points to a more ordered structure.(53) HIV protease 

(PR) is required at this stage to cleave the Gag and Gag-Pol polyproteins into their 

constituent structural (p17, p24, p7, p6, p2, p1) and functional (PR, RT, IN) 

proteins.(54),(55) 

 

External factors. The roles of outside factors has not been outlined here but they 

certainly should not be discounted. For example, some narcotics have been shown to 

act at least as cofactors in AIDS.(56) On the other hand, coinfection with hepatitis G 

virus (GBV-C) may actually improve chances for survival of AIDS.(57) 

 

1.3. HIV-1 Fusion Process 

 

HIV Env is synthesized as a single-chain precursor and cleaved during 

biosynthesis to yield gp120 and gp41. Native (metastable) HIV Env is a trimer of the 
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heterodimers of gp120 (the receptor binding subunit) and gp41 (the fusion subunit). 

Env is activated for fusion (at neutral pH) after sequential binding to CD4 and a 

coreceptor (a chemokine receptor). Binding of Env to CD4 causes conformational 

changes in Env that permit binding to the coreceptor. After coreceptor binding, 

additional conformational changes occur in Env that lead to fusion.(58) 

Crystal structures exist for the core of the gp120 subunit(59) as well as for the 

postfusion (Figure 1.3, Step 6) form of gp41.(2),(60) However, there is not yet a crystal 

structure of the native (metastable) Env trimer. Therefore, a detailed picture of HIV 

Env activation via receptor interaction is not available. The first steps of Env 

activation are separation of the globular head domains, expulsion of the fusion peptide, 

and extension of gp41 into a prehairpin intermediate (Figure 1.3, Step 1). Several lines 

of evidence indicate the existence of the prehairpin intermediate. For example, peptide 

analogs of the C-terminal helix (Figure 1.3, green) strongly inhibit HIV fusion and 

infection.(61),(62) Also, a synthetic peptide corresponding to the C-terminal helix 

coimmunoprecipitates with HIV Env after engagement of receptors.(63),(64) The C-

terminal helix then packs, in an antiparallel fashion, into the groove of the N-terminal 

coiled-coil (Figure 1.3, Step 5). Because the C-terminal helices of gp41 extend along 

the entire length of the N-terminal coiled-coil, this packing would bring the fusion 

peptide and transmembrane domain very close together. The transition to the six-helix 

bundle drives membrane merger.(65) Moreover, complete six-helix bundles are needed 

to form “robust” fusion pores.(66) 

HIV studies, primarily using epitope accessibility assays, have indicated that 

engagement of HIV receptors induces conformational changes in gp120 and 

gp41.(58),(67) A remaining issue for all receptor-activated viral fusion proteins is how 

information is transmitted (after receptor binding) through the receptor binding subunit 

to the fusion subunit. Such transmission is essential to allow rearrangements in the 

fusion subunit (e.g., six-helix bundle formation) that drive fusion. For HIV, part of the 

mechanism may involve reduction of one or more disulfide bonds in 

gp120.(68),(69),(70),(71) In murine retroviral Envs, a proline-rich hinge region appears to 

relay receptor binding information from the N-terminal to the C-terminal region of the 

receptor binding subunits (SU).(72),(73) Because the proline-rich region of SU is linked 

to TM by a disulfide bond(74), this may provide a relay system to trigger 

conformational changes in the fusion subunit. Clearly, the molecular pathways by  
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Figure 1.3. Model of HIV fusion. Env exists as a trimer in the surface of the native 

viral membrane, with fusion peptides (red) presumably buried within the trimer 

interface. SU domains (pictured as gray globular domains at the top of the trimer) 

provide the receptor-binding function. For clarity, SU domains are omitted after Step 

1. Target cell receptors are not pictured in this model. On exposure to receptor and 

coreceptor at T ≥ 22oC and neutral pH, Env undergoes conformational changes that 

result in exposure of the fusion peptides (Step 1), which then insert into the target 

membrane (Step 2). Multiple Envs may cluster (Step 3) to form a fusion site. 

Additional conformational changes (Steps 4 and 5) lead to the formation of a six-helix 

bundle, resulting in hemifusion (Step 5) (defined as mixing of the outer leaflets of the 

viral and cellular membranes). Eventually a fusion pore forms (Step 6) and enlarges 

(not shown) 

 

 

which receptor-activated fusion proteins change from their metastable to their 

activated forms need to be defined. 

 Figure 1.3 shows a working model for HIV Env-mediated fusion. It is 

derived in part from studies with influenza HA, and it is similar to other HIV fusion 

models.(58) The hypothesis is that all class I fusion proteins will employ similar 

mechanisms. Note that even in the case of influenza HA, alternate models are still 

entertained. Furthermore, others have suggested that different class I fusion proteins 

may use fundamentally different mechanisms.(75) 
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The features will be common to the fusion mechanisms of all class I fusion 

proteins (Figure 1.3) include: (1) conversion from a metastable state to an activated 

state, (2) exposure and repositioning of the fusion peptide for binding to the target 

bilayer, (3) recruitment of several activated fusion proteins to a fusion site(76),(77),(78),(79) 

and (4) subsequent conformational changes that result in close apposition of the fusion 

peptide and the transmembrane domain. 

 

1.4. HIV Env 

 

1.4.1. Biosynthesis of HIV Env 

 

The SU and TM components of the envelope glycoprotein complex are 

synthesized, as a single, co-translationally glycosylated, polyprotein precursor 

(gp160), on ribosomes associated with the endoplasmic reticulum (ER). Individual 

precursor molecules, shown schematically in Figure 1.4, initiate folding, presumably 

in the presence of ER-associated chaperonins, and assemble to form an oligomeric 

structure. Whether this is a trimeric or tetrameric molecule remains unresolved, 

although recent data suggest that a trimer is the biologically relevant form of the 

oligomer and this would be consistent with the findings for other retroviruses. 

Mutagenic studies in both HIV and Rous sarcoma virus suggest that it is regions 

within the TM domain that direct and stabilize the oligomerization process.(80),(81),(82) 

It is likely that this region is structurally conserved between HIV and SIV, 

since mixed Env oligomers have been described.(83) Surprisingly, the membrane-

spanning domain is not required for oligomers to form, although it and regions within 

the cytoplasmic domain may provide stability to the structure.(80),(84) Formation of an 

Env oligomer appears to be required for efficient transport out of the ER. 

Shortly after the stable oligomer is formed, it is transported from the ER to 

the Golgi complex where the bulk of the mannose-rich oligosaccharide side chains are 

processed to hybrid/terminally glycosylated forms. In a late Golgi compartment, most 

likely the trans-Golgi network, the precursor is cleaved to gp120 and gp41 by a 

cellular proteinase. Furin and PC7 appear to be the most likely candidates for this 

action.(85),(86) These enzymes, members of the subtilysin family of proteinases, 

recognize and cleave at a highly conserved basic sequence (RXXR) that links the C-

terminus of gp120 to the N-terminus of gp41. Cleavage is important since it frees the 
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fusion peptide at the amino-terminus of gp41 from the C-terminus of gp120, which is 

critical for its future role in fusion. It is also probably accompanied by conformational 

changes in the oligomeric complex since uncleaved gp160 is inefficiently incorporated 

into virions.(87),(88) A post-cleavage conformational change is consistent with studies on 

influenza virus, where, in the crystal structure of the cleaved hemagglutinin, the C-

terminus of HA1(SU) and the N-terminus of HA2(TM) are separated by 21 Å.(1) In the 

case of HIV Env, gp120 and gp41 are non-covalently associated following cleavage of 

the precursor. It can be concluded from an analysis of mutant glycoproteins that 

residues within conserved regions (C1 and C5) at the N-terminus and at the C-terminus 

of gp120 play a key role in this association.(89) In gp41, a region (residues 528–562) 

immediately carboxy-terminal to the fusion peptide is important for this association, 

although mutations outside this region can also be disruptive.(90) 

It is important to emphasize that the stable oligomeric structure, which 

forms in the ER, is folded from uncleaved polyprotein precursors. This clearly allows 

the folding of regions of both SU and TM into domains that are structurally 

constrained in a manner that would be impossible if they were assembled from the 

mature proteins, gp120 and gp41. If one considers the folding of this constrained 

structure as the setting of a spring-loaded trap, cleavage of the precursor might then be 

analogous to the removal of the safety catch. 
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1.4.2. Structure of gp41 

 

The gp41 molecule is a transmembrane protein with several important 

features within its ectodomain (Figure 1.5). First, the amino terminus of gp41 contains 

a  hydrophobic, glycine-rich “fusion” peptide that is essential for membrane fusion. 

Second, there are two regions a 4,3 hydrophobic (heptad) repeat, a sequence motif 

characteristic of coiled coils. Synthetic peptides derived from these two regions are 

termed N (amino-terminal) and C (carboxy-terminal) peptides. Between these two 

heptad repeat regions is a loop region containing two cysteines.  

A large number of studies support the notion that the envelope complex 

exists in at least two major conformations.(2) The native, or nonfusogenic, 

conformation exists on the surface of free virions after budding from infected cells. 

Upon binding of gp120 to target cell receptors, gp41 undergoes a conformational 

change to a fusion-active state. The details of this conformational change are only 

beginning to be understood, but at least include exposure of the “fusion” peptide at the 

amino terminus of gp41. By analogy with the spring-loaded model of influenza virus 
101, this fusion-peptide region is thought to insert into the target membrane at an early 

step of the fusion process. The observation that the HIV envelope complex readily 

undergoes receptor-activated conformational change suggests that its native state is 

metastable, again similar to the pH-activated envelope protein of influenza virus.(91) 

That is, the labile native state of the HIV envelope complex is transformed by receptor 

binding to an energetically more stable, fusion-active conformation. 

Protein dissection studies demonstrated that the two 4,3 hydrophobic 

repeat regions within gp41 form a helical trimer of antiparallel dimers. Crystallo-

graphic analysis confirmed that this gp41 core is a six-helix bundle in which the N and 

C helices are arranged into three hairpins (Figures 1.5).(2),(60) The N peptides form 

three central helices arranged in a trimeric coiled coil. The C peptides form three outer 

helices that pack in an antiparallel manner into highly conserved, hydrophobic grooves 

on the surface of this coiled coil (Figure 1.5). This structure likely represents the 

fusion-active conformation of gp41(2), and resembles the proposed fusion-active 

conformations of the transmembrane envelope proteins from influenza virus and 

Moloney murine leukemia virus. 
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Figure 1.5. Coiled-coil bundle formed by the N-terminal and C-terminal helical 

domains of gp41. Panel A shows proposed packing of helices in protease-resistant core 

from bacterially expressed gp41. The 33 amino-acid connecting loop with cysteine-

bonded loop that is missing from the structure determined by Lu et al., (1996) is 

included schematically in this figure. Panel B shows a ribbon diagram of the coiled 

coil bundle formed by N36(555–590) and C34(637–670) peptides from gp41. Panel C 

shows a side-view of the space-filling model of the same structure (from the 

coordinates of Chan et al., 1997). White spheres are water molecules 

 
 

1.5. Role of gp41 in Membrane Fusion 
 
Conformational changes on receptor binding. Several enveloped viruses including 

influenza virus, vesicular stomatitis virus, and the alphaviruses require the acidic 

environment of the endosome to activate the fusogenic potential of their envelope 

glycoprotein complexes. Thus after binding a receptor molecule on the cell surface, 

they are taken up into coated pits, undergo endocytosis and then release their 

replicative machinery into the cell following fusion with the endosomal membrane. In 

contrast the entry of HIV is not dependent on exposure to an acidic 

environment.(92),(93),(94) 

It is known, for the hemagglutinin of influenza virus and the glycoprotein 

complex of Semliki Forest virus, that the acid environment of the endosomal 

compartment induces a conformational change in the proteins that is necessary for 

activation of the fusion process.(95),(96) In the case of HIV, and SIV analogous 

conformational changes have been observed following binding of receptor 
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molecules(97),(98), and recent experiments suggest that these receptor-induced 

conformation changes may parallel in molecular terms those induced by acid pH in the 

influenza virus HA. 

Initially, experiments aimed at defining the mechanism by which a soluble 

form of the HIV receptor (sCD4) neutralized the infectivity of HIV demonstrated that 

treatment of laboratory strains of this virus with sCD4 could induce rapid shedding of 

gp120 and loss of the characteristic surface spikes seen in EMs of virions.(99) 

Dissociation was temperature dependent and no significant dissociation of gp120 was 

observed between 4± C and 16± C.(100),(101),(102),(97) 

In the case of influenza virus HA, brief treatment of the virus with low pH, 

which activates fusion, results in the exposure of antigenic epitopes and protease 

cleavage sites that are normally sequestered within the HA molecule.(103),(104),(95) 

Similarly, dissociation of gp120 by CD4 is accompanied by exposure of epitopes on 

gp41 that are not reactive in the native molecule.108,117 Epitope exposure is not 

dependent upon loss of gp120 since similar results were obtained following CD4 

binding at 4± C.(100),(97) A majority of studies have employed sCD4 treatment of HIV 

virions or infected cells, but Sattentau and Moore(105) have demonstrated a similar 

exposure of gp41 epitopes at the interface of fusing cells. Thus membrane anchored 

CD4, like sCD4, can induce gp41 epitope exposure following gp120 binding. 

The exposure of epitopes in both TM and SU, coupled with the dissociation of 

gp120 that has been observed with laboratory adapted isolates of HIV-1, appears to 

represent the most dramatic effect of sCD4 on Env conformation and may reflect the 

relative instability of the glycoprotein complexes of these isolates. The susceptibility 

of primary isolates of HIV-1 to sCD4 neutralization is significantly lower than that of 

cell-line adapted isolates(106) and sCD4 is very inefficient at inducing gp120 

dissociation in the non-adapted strains(101), perhaps reflecting the lower affinity for 

CD4 exhibited by the oligomeric form of Env from natural isolates.(101) 

 

Molecular rearrangements following receptor binding - formation of coiled-coils. 

Both crystallographic and peptide studies with influenza virus have shown that the low 

pH-mediated conformational changes that occur in HA involve the structural transition 

of a region within the HA2 (TM) protein. Thus residues C-terminal to the fusion 

peptide, that are constrained as an extended polypeptide chain within the inactive HA, 

form an elongated helical structure following low pH activation.(107),(108) The newly 
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formed helices of the HA trimer form a triple-helix, coiled-coil structure that is 

postulated to position the fusion peptide, located at the N-terminus of HA2, for 

insertion into the target cell membrane. A heptad repeat (leucine-zipper-like) region 

capable of forming a similar coiled-coil structure is found within the N-terminal 100 

amino acids of theTMprotein of a majority of retroviruses. Peptides corresponding to 

this domain form stable coiledcoil structures121 and fusion of the heptad repeat to the 

C-terminus of a monomeric form of bacterial protein-A or maltose-binding protein 

results in assembly of oligomeric chimeric proteins.(109),(110) Thus this region has the 

capability to both oligomerize and mediate oligomerization of protein molecules. The 

heptad repeat domain is highly conserved among HIV-1 isolates and was originally 

postulated to play a role in the assembly oligomerization of the glycoprotein complex 

that occurs in the ER.(111),(112) 

Mutational analyses of the region have argued against a direct role in oligomer 

assembly in the ER but showed that even minor amino acid substitutions had dramatic 

effects on the biological activity of the HIV-1 glycoprotein, by blocking cell-cell 

fusion and virus infectivity.(113),(114),(115) Peptides corresponding to this region are 

potent inhibitors of HIV-1 induced cell fusion as well as virus infection, and this 

property correlates directly with the ability of the peptides to form stable coiled-coil 

structures; the same mutations which block the biological function of Env also reduce 

the melting temperature of the peptide’s coiled-coil structure as well as abrogate their 

inhibitory potential.(116) Therefore that binding of CD4 to gp120 might induce 

equivalent conformational changes to that seen during low pH treatment of the 

influenza virus HA, with the resulting formation of an extended coiled-coil that can 

present the N-terminal fusion peptide to the target cell membrane.(109),(117) Such a 

mechanism would explain why mutations which prevent cleavage of the Env precursor 

effectively block fusion, since in the absence of a free amino-terminus, the fusion 

peptide would be unable to undergo such a dramatic displacement. 

 

Insertion of the fusion peptide. While the formation of a coiled-coil structure might 

present the fusion peptide to the target cell membrane, the mechanism of action of the 

fusion peptide itself remains obscure. How, for example, does the amino-terminal 

fusion peptide of gp41 interact with the membrane and what molecular interactions 

must occur following insertion? Mutational analyses of the fusion peptides of HIV-1, 

HIV-2 and SIV, which show sequence homology to the fusion peptides of the 
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paramyxoviruses-(118), have demonstrated the importance of hydrophobic residues 

within this region; substitution of hydrophobic with hydrophilic residues reduces 

syncytium formation and virus infectivity, whereas enhancement of hydrophobicity 

increases both.(119),(120),(121),(122) Recent NMR analyses of the gp41 fusion domain 

indicated that a peptide corresponding to this region inserts into lipid micelles 

primarily as a helix (59%), with substantial beta-structure (26.7%). Fluorescence 

experiments with a tryptophan analogue of the peptide pointed to deep penetration of 

the peptide into the apolar hydrocarbon core. The region C-terminal to an alanine-

15/glycine-16 flexible hinge interacts in a substantial way with the micelle, suggesting 

that it lies on the surface of the bilayer.135 Despite this data, it is still not clear if, in 

order to function during virus entry, the fusion peptide interacts only with lipid or 

whether it also interacts with membrane-associated proteins in a manner analogous to 

the signal peptides of secreted and membrane-spanning proteins. 

 

gp41/fusion as an anti-viral target. It is clear from the work of several groups that 

peptides corresponding to the N-terminal heptad repeat (DP107) and the C-terminal 

helical domain (DP178, C34) represent potent inhibitors of HIV-1 entry and 

replication.(123),(124),(125),(116) The possible mechanism of action of these peptides is 

discussed above and suggests that the conformational changes in gp41 are a novel 

target for anti-HIV therapeutics. A particularly important development of this concept, 

therefore, has been the initial clinical trial of the C-terminal (DP178) peptide in HIV-1 

infected patients. In this study, 5 of 5 patients, receiving 100mg of the peptide twice 

daily for a period of 17 days, showed greater than 100-fold reductions in viral load(126) 

- an anti-viral effect greater than several RT inhibitors. Thus it appears that the 

fusion/entry process is a viable in vivo therapeutic target. The presence of the highly 

conserved, deep cavities on the N-terminal coiled-coil trimer with which conserved C-

terminal residues interact, raises the possibility that novel small molecule or 

peptidomimetic inhibitors of HIV infection might be developed.(2),(60) 

 

Requirement for a membrane anchor.The membrane-spanning anchor region of the 

TM protein is an important structural domain, as might be expected if the initial result 

of fusion peptide insertion is an oligomeric structure that acts as a bridge between the 

viral and cell membranes. The region of gp41 that spans the membrane to yield a 

fusion-active form of the HIV-1 Env remains ill-defined, but C-terminal truncations 
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indicate residues 692–716 can function as a membrane anchor.(115),(127),(128) Point 

mutations and small deletion mutations within this region can abrogate fusion without 

affecting the membrane-anchor function.(127),(129) Nevertheless, because the membrane-

spanning and cytoplasmic domains of the HIV-1 glycoprotein can be replaced by those 

of CD4 or CD28 without loss of fusogenicity(130),(131), there appears to be no 

requirement for a specific amino acid sequence within the transmembrane domain for 

Env to mediate the fusion reaction. In contrast, substitution of a 

glycosylphosphatidylinositol (GPI) anchor for the HIV-1 protein anchor abrogates 

fusion and infectivity, even though this GPI-linked protein is efficiently transported to 

the plasma membrane and incorporated into virions.(132),(133) A similar result has been 

reported for a GPI-linked form of the influenza virus HA protein, although in this case 

lipid mixing of the outer leaflet of the bilayer (hemi-fusion) was seen in the absence of 

complete fusion and mixing of cell contents.(134) Thus a protein component that spans 

both leaflets of the lipid bilayer appears to be critical for complete mixing of the viral 

and target membranes. Weissenhorn and coworkers(60) have suggested that the rod-

shaped gp41 coiled-coil bundles might cluster at their hydrophobic tips (which 

includes the membrane-spanning domain), thereby forming asters with centers that 

could be the points of initial membrane fusion. 

 

1.6. Membrane Dynamics during Fusion 

 

Thus the conditions that elicit viral fusion reactions and the conformational 

changes in viral fusion proteins necessary for fusion are focused. However, it is the 

viral and cellular bilayer membranes that merge during fusion. Lipid bilayers are stable 

structures that do not fuse spontaneously. Fusion proteins have evolved to catalyze the 

necessary lipid rearrangements. A lipid rearrangement model and the roles of different 

regions of viral fusion proteins in choreographing the structural changes that the 

membranes undergo throughout the fusion cascade will be reviewed (Figure 1.3).  

The favored model for the lipid transition state during membrane fusion is the 

stalk model. In this model, two opposing membranes bend toward each other, creating 

“dimples” (when viewed from the trans surface) or “nipples” (when viewed from the 

cis surface) (Figure 1.3, Step 4). Nipples continue to bend until they meet. The two cis 

leaflets then merge, creating a lipid stalk(135) that proceeds to a state of local 
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hemifusion (Figure 1.3, Step 5). In a second step, transient fusion pores form, which 

give rise to stable pores (Figure 1.3, Step 6). 

The first direct visualization of a lipid stalk intermediate was achieved by 

electron diffraction studies of the effect of sequential dehydration on lipid bilayers 

composed of a lipid that has negative spontaneous curvature.(136) The stalk 

intermediate was stable at intermediate relative humidities. The results suggested that 

both the formation of a lipid stalk and its transition to a conformation that can be 

equated with pore formation require external forces. 

Cellular membranes do not have spontaneous negative curvature and are highly 

hydrated. Membrane curvature can be promoted by introducing defects into the 

contacting bilayers. Thus roles for the fusion protein include pulling the fusing bilayers 

toward one another (dimpling), dehydrating the membranes, and creating membrane 

defects that lower the energy barrier for stalk and pore formation. Two intermediates 

in HIV fusion have been trapped: one in which the two membranes are joined by 

activated Envs, but are not yet fused(65), and one in which small, “labile” pores have 

formed that can either expand into stable, “robust” pores or return to the prefusion 

state.(66) These observations suggest a role for the fusion protein in formation and 

stabilization of both the fusion stalk and the fusion pore. 

The mechanism by which a small pore enlarges is not known. However, 

several possibilities have been proposed. One is that the initial fusion pore is formed 

by a small number of activated fusion proteins. Additional activated fusion proteins 

then move into the fusion site to buttress and stabilize the pore, thereby allowing it to 

expand.(137) Another possibility is that multiple small fusion pores coalesce to form 

larger ones. This was supported by EM visualization of HA-mediated fusion, in which 

multiple dimples/nipples were arranged circularly and lipid fragments were seen at the 

center of a fusion ring.(138) 

1.7. Membrane-Interacting Regions of Viral Fusion Proteins 

 
As discussed above, roles for the fusion protein in the fusion cascade (Figure 

1.3) include pulling the fusing bilayers toward one another (dimpling) and creating 

membrane defects that lower the energy barriers for stalk formation and fusion pore 

opening/enlargement. The fusion peptide and the transmembrane domain must remain 

stably associated with the target and viral membranes, respectively, for fusion to occur. 
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Once the fusion peptide is stably associated with the target bilayer (Figure 3, Step 2), 

rearrangements in the fusion protein ectodomain that bring the fusion peptide and 

transmembrane domains close together (Figure 1.3, Step 4) result in dimpling of 

membranes toward one another. In addition to serving as critical membrane anchors, 

the fusion peptide and the transmembrane domain likely create membrane defects that 

facilitate the next stages of fusion. Here, information about the structure and function 

of the fusion peptide and the transmembrane domain during fusion was reviewed. The 

evidence that juxtamembrane sequences, on both sides of the transmembrane domain, 

participate in fusion was also reviewed. 

 

1.7.1. The Fusion Peptide 
 

Fusion peptides are relatively apolar sequences that interact with 

membranes and are central to viral fusion reactions.(139),(140),(141),(142) They have been 

classified as N-terminal or internal depending on their location within the fusion 

subunit. Although fusion peptides are highly conserved within each virus family, there 

is little sequence similarity between fusion peptides of different families (Figure 1.6). 

Generally, however, fusion peptides contain a high percentage of glycines and/or 

alanines, as well as several critical bulky hydrophobic residues.(139),(140),(141),(143),(144) 

 

1.7.1.1.  Structure of N-terminal Fusion Peptides 

 
A significant body of work has emerged on the structure and function of 

synthetic fusion peptides. Synthetic fusion peptides are disordered in solution but 

ordered (a-helix and/or b-sheet) when they associate with membranes. The N-terminal 

fusion peptides that have been studied insert into membranes at oblique angles and do 

not penetrate the inner leaflet of the membrane. In general, mutations that abrogate 

fusion reduce the ability of synthetic fusion peptides to insert at oblique angles and to 

disrupt membranes. Contradictory conclusions on the precise structure of synthetic 

fusion peptides in membranes likely stem from the general low solubility of the 

peptides in aqueous solution and the different experimental methods employed. 
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Figure 1.6. Characteristics of viral fusion peptides. A Selected viral fusion peptide 

sequences. N-terminal and internalfusion peptide sequences are aligned according to 

their first noncharged residue.  

 

 

To circumvent solubility problems, a polar sequence was added to the 

C-terminal end of the influenza HA fusion peptide, rendering it soluble in both 

aqueous and hydrophobic environments. At pH 5, the HA fusion peptide consists of an 

N-terminal helix, a kink, and a short C-terminal helix. Both the N- and C-terminal 

helices penetrate the outer leaflet of the target bilayer. The kink remains at the 

phospholipid surface; the interior (lipid-facing surface) of the kink is lined with 

hydrophobic residues. The conserved glycines form a ridge along the outer face of the 

N-terminal helix. Three charged residues are also found on the outer face. An HA in 

which the conserved glycine at the beginning of the fusion peptide (Gly1) has been 

changed to valine cannot mediate fusion. If Gly1 is changed to serine, HA mediates 

only hemifusion or only forms small nonexpanding fusion pores. Interestingly, these 

mutant fusion peptides have membrane-associated structures and orientations 

significantly different from those of the wild-type fusion peptide. Simulations 

suggested similar membrane penetrating orientations for the HIV fusion peptide and 

two fusion-defective mutants. 
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1.7.1.2.  Roles of Fusion Peptides 

 
At the N-terminus of gp41, there is a stretch of about 15 hydrophobic 

residues (initially identified by its similarity to the N-termini of other viral fusion 

proteins(118) named the “fusion peptide,” which is believed to insert into the target cell 

membrane upon interaction of gp120 with CD4 and the co-receptor. The role of fusion 

peptides in membrane fusion has been extensively analyzed using a protein dissection 

strategy that involves the study of short synthetic peptides and their interaction with 

model membranes, such as large unilamellar liposomes.(145) This strategy has revealed 

that fusion peptides insertion into lipidic membranes can result in their destabilization 

and fusion. Specifically, it has been postulated that most fusion peptides have a 

hydrophobicity gradient along the axis of an ideal helical peptide that results in the 

insertion of the peptide into the membrane in an oblique orientation. This insertion 

preferentially expands the acyl chain region, thus promoting the negative curvature of 

the membrane. Both theoretical and experimental studies have indicated that the 

membrane fusion proceeds through a series of intermediate steps. The first one is a 

highly negatively curved structure named “stalk,” in which only the outer contacting 

monolayers have fused. Indeed, addition to the outer monolayer of compounds that 

disfavor negative curvature blocks fusion. In the second stage, rupture of the inner 

monolayers leads to a fusion pore that then expands, allowing the transfer of the viral 

contents into the cytoplasm of the infected cell. Fusion peptides are believed to 

stabilize these intermediates, thus facilitating fusion. In the case of HIV-1, a 16-residue 

peptide corresponding to the gp41 N-terminal fusion peptide was shown to induce 

lipid mixing of PC/PE/Cho (1:1:1) large unilamellar vesicles. Furthermore, a 33-

residue peptide that included the fusion peptide as well as the following 17, mostly 

polar, residues had a significantly enhanced fusogenic activity, suggesting that the 

consecutive polar region might assist the destabilizing activity of the fusion peptide. 

As many other fusion peptides, the N-terminal 16-residue peptide decreased the 

bilayers to hexagonal phase transition temperature of dipalitoleoylphosphatidylethano-

lamine (TH), suggesting its ability to obliquely insert into the membrane and promote 

negative curvature. The 17 consecutive residues presumably lie near the surface of the 

membrane, contributing to the correct oligomerization of the peptide, further 

enhancing its fusogenic activity. Supporting the role of gp41 N-terminal region in 

oligomerization, it has been reported that the wild-type 33-residue peptide mentioned 
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above inhibits gp41-induced cell–cell fusion.(146) Furthermore, a V2E mutant was 

shown to inhibit both gp41-mediated cell–cell fusion and the liposome fusion induced 

by the wild-type 33-residue peptide, again suggesting that oligomerization of gp41 N-

terminus is needed for proper functioning. Interestingly, it has been shown that a 

synthetic D-enantiomer of the HIV-1 gp41- derived wild-type 33-residue peptide can 

potently inhibit HIV-1 gp41-mediated cell–cell fusion (but not HIV-2. The ability of 

the D-peptide to interact with its natural L-enantiomer in the membrane suggests that 

chirality plays a complex, yet unexplained role in protein–protein interactions within 

the hydrophobic membrane milie. 

The NHR region, which follows the fusion peptide and the consecutive 

polar segment, was also shown to be involved in the process of membrane fusion. 

Indeed, elongation of the mentioned 33-residue peptide (that comprised the fusion 

peptide and the consecutive polar region) to include the full NHR region resulted in a 

70-residue segment with dramatically increased fusogenic activity. Interestingly, this 

70-residue construct mimics the N-terminal half of gp41 during the pre-hairpin 

intermediate stage, in which the fusion peptide is inserted into the membrane and the 

consecutive coiled coil is exposed. Furthermore, a I62D mutation in the C-terminal 

region of the heptad repeat, far away from the N-terminal fusion peptide and known to 

render the virus noninfectious,(147) resulted in a significant reduction of the 

fusogenicity of the 70-residue peptide. This mutation is believed to block the ability of 

the heptad repeat to form a stable trimeric coiled coil, suggesting that the correct 

structure and/or oligomeric state of the full-length peptide is necessary for its proper 

activity. 

Fusion peptides appear to act at several steps along the fusion pathway. 

As demonstrated by mutants in which apolar fusion peptide residues were changed to 

charged residues,(120),(148),(149) fusion peptides clearly play an important role in 

anchoring the fusion protein to the target membrane (Figure 1.3, Step 2). The energy 

provided by inserting the fusion peptides of a single HA trimer into a membrane would 

be sufficient to initiate stalk formation.(150) The fusion peptide may also assist in 

creating the stalk by displacing water from the lipid-water interface, thus decreasing 

the repulsive force between the two fusing membranes.(143) Fusion peptides may also 

function in fusion pore opening. In support of this possibility is the observation that an 

HA mutant in which Gly1 was changed to serine mediates extensive lipid, but not 

content mixing. Furthermore, defects in syncytium formation and infectivity were 
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observed for HIV Env harboring the mutation V2E in its fusion peptide. Biophysical 

studies comparing a synthetic fusion peptide harboring this mutation with the wild-

type peptide suggested a requirement for fusion peptide aggregation in the creation of 

the HIV fusion pore. 

 

1.8. HIV Entry Inhibitors 

 

The entry of HIV into susceptible cells is a multistep process that offers many 

targets for the development of putative inhibitors. Indeed, some inhibitors played 

crucial roles in our understanding of the HIV entry mechanism. They can be grouped 

in three main categories, those that prevent CD4 binding, those that prevent co-

receptor binding, and those that block gp41 conformational changes. 

 

1.8.1. CD4-Binding Inhibitors 

 

Soon after the isolation of HIV, it was discovered that soluble forms of the 

extracellular region of CD4 (sCD4) were able to block the infection of T-lymphocytic 

and myelomonocytic cell lines by diverse strains of HIV-1, HIV-2, and SIV. 

Moreover, it is known that sCD4 mechanism of inhibition involves binding to gp120, 

an interaction that, for several HIV-1 strains, results in an initial conformational 

change in the gp120/gp41 complex that exposes the trimeric N-terminal coiled coil of 

gp41 (allowing the binding of CHR-derived peptides). The gp120–CD4 interaction can 

also be blocked by competition with anti-CD4 antibodies (such as Leu3A), as well as 

by anti-idiotypic antibodies that mimic the CD4 epitope and therefore bind to 

gp120.(151) 

 

1.8.2. Co-Receptor-Binding Inhibitors 

 

The common HIV co-receptors are members of the seven TM domain 

family of integral membrane proteins and, as such, they usually function as receptors 

of endogenous molecules.(152) Therefore, it is not surprising that binding of gp120 to 

the co-receptors can be blocked by the natural co-receptor agonists (such as SDF-1 for 

CXCR4 or RANTES and MIP-1α/β for CCR5.(153) Furthermore, both peptidic and 

nonpeptidic small molecule CXCR4 and CCR5 antagonists able to block HIV cell 
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entry have been reported. T22 ([Tyr5,12,Lys7]-polyphemusin II) is an 18-residue 

synthetic peptide analog of polyphemusin II (a peptide isolated from the American 

horseshoe crabs, Limulus polyphemus) that has been reported to inhibit the cell–cell 

fusion ability of CXCR4-dependent HIV-1 by specific binding to CXCR4. 

Furthermore, the bicyclam AMD3100 and the nonapeptide (D-Arg)9 or 

ALX40-4C are also small-molecule inhibitors that act by selectively antagonizing 

CXCR4 binding. Similarly, TAK-779, a nonpeptide compound with a small molecular 

weight (Mw 531.13) was shown to bind to CCR5 and inhibit HIV-1 entry. Indeed, 

CCR5 antagonists are promising candidates for the development of effective anti-HIV 

drugs, as blocking of CCR5, contrary to CXCR4, seems to have no serious 

consequences for the normal functioning of the immune system. 

 

1.8.3. Improving the Activity of Inhibitors that Block Conformational 

Changes 

 

The inhibitory potency of the C-peptide inhibitors (some of which are 

promising anti- HIV candidates in clinical trials) has been initially correlated with their 

helical content. Indeed, Jin and coworkers(153) observed that the addition of short helix-

capping sequences to both the N- and C-termini of a short peptide, corresponding to 

the 19 N-terminal residues of C34 or replacing some of its residues by amino acids 

with stronger helical propensity, significantly enhanced their ability to inhibit HIV-1 

gp120/gp41- induced cell–cell fusion. Similarly, it has been reported that replacement 

of external amino acids in C34 analogs by charged residues that would form matching 

ion pairs in a helical conformation, resulted in C34 analogs with higher helical content 

and stronger inhibitory abilities. Similarly, stabilization of the helical structure of a 14-

residue peptide that partially overlaps the N-terminus of C34, by chemical cross-

linking and substitutions with unnatural helix-favoring amino acids has been shown to 

augment the peptide’s inhibitory potency. Furthermore, Judice and coworkers141 found 

a correlation between the helicity of short constrained T20 analogs designed to adopt 

α-helical structures and their inhibitory potencies. These studies strongly indicate that 

helical structure is crucial for the inhibitory activity of the CHR-derived peptides and 

that the NHR regions (their target of inhibition) are indeed forming an exposed 

trimeric coiled coil in the pre-hairpin intermediate.  
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Rational design also has been used to improve the activity of NHR-derived 

inhibitory peptides. Specifically, Clore and coworkers designed a 36-residue peptide, 

N36(Mut(e,g)) based on the parent NHR-derived N36 peptide. N36(Mut(e,g)) 

contained nine substitutions planned to disrupt interactions with the CHR region of 

gp41, while preserving the interactions required for the formation of the trimeric N-

terminal coiled-coil. They observed that N36(Mut(e,g)) folds into a monodisperse, 

helical trimer (contrary to the tendency of the parent wild-type N36 to form higher 

order oligomers in aqueous solution) and was about 50-fold more active that the N36. 

Based on these results, the authors postulated that N36(Mut(e,g)) acts by disrupting the 

homotrimeric coiled coil of N-terminal helices in the pre-hairpin intermediate to form 

heterotrimers and, therefore, represents a new class of anti-HIV peptide inhibitors.  

The design of inhibitors targeted against the CHR regions, which are 

presumably exposed in the pre-hairpin intermediate state  has been based on constructs 

that present a trimeric N-terminal coiled coil with exposed surfaces for the interaction 

of the CHR segments. Clore and coworkers have designed a chimeric protein, termed 

N(CCG)-gp41, derived from the ectodomain of HIV-1 gp41. N(CCG)- gp41 comprises 

an exposed trimeric coiled coil formed by three NHR helices. The structure is 

stabilized in two ways: (a) by fusion to a minimal thermostable ectodomain of gp41 

and (b) by engineered intersubunit disulfide bonds. N(CCG)-gp41 was shown to 

inhibit gp41- mediated cell–cell fusion at nanomolar concentrations. A different 

strategy to sequester an exposed CHR region has been used by Kim and his coworkers. 

They designed a small protein taking advantage of the binding properties of the N-

terminal coiled coil while minimizing the tendency of the NHR-derived peptides to 

aggregate when exposed. The protein, termed 5-Helix, is composed of five of the six 

helices that make up gp41’s trimeric helical hairpin, which are now connected with 

short peptide linkers. The 5-Helix protein lacks the third CHR helix, and this vacancy 

created a high-affinity binding site for a CHR segment. The 5-Helix protein was 

shown to inhibit several HIV-1 variants at nanomolar concentrations. 
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1.9. Research Goals 

 

This research aimed at the understanding the detailed of HIV-1 fusion process 

in atomic detailed, with the study of structural and dynamical properties of peptide-

membrane complexes.  The specific objectives of this study are: 

 

i) To elucidate a detailed picture of the membrane fusion structure of HIV gp41 

N-terminal peptide in terms of structural and dynamical behavior. 

 

ii) To investigate the mode of binding of fusion peptide in the presence of 

membrane. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



CHAPTER II 

 

LITERATURE REVIEWS:  

EXPERIMENTS AND SIMULATION 

 
Fusion between the membranes of enveloped viruses such as human 

immunodeficiency virus type 1 (HIV-1) and influenza and the membranes of their 

target host cells is an essential step in infection.(1),(2) For the HIV-1 virus, this process 

is mediated by the integral membrane viral envelope gp41 protein that contains an N-

terminal; 20-residue apolar fusion peptide (FP) domain. This domain is believed to 

interact with the target cell membrane and to catalyze membrane fusion. The free 

fusion peptide has also been shown to be a useful model to understand fusion, at least 

to the lipid mixing stage. For example, the free HIV-1 peptide causes fusion of 

liposomes and erythrocytes, and numerous mutational studies have shown strong 

correlations between fusion peptide-induced liposome fusion and viral/host cell fusion. 

Recent studies suggest that envelope protein regions other than the fusion peptide also 

interact with membranes and play a role in fusion. 

A variety of experimental methods have shown that the HIV-1 fusion peptide 

can assume helical or nonhelical structures in its membrane-associated forms.102,151-155 

Models for the helical structure have been developed based on NMR, electron spin 

resonance (ESR), infrared, and circular dichroism (CD) data, as well as computer 

simulations. 

 

2.1. Experimental Data 

 

A few experiment studies provided some useful structural information on the 

FP/membrane systems. Chang and coworkers(166) using NMR, CD and electron 

paramagnetic resonance (EPR) experiments to study the gp41 fusion peptide. The 

results indicated that peptide inserted into the micelle primarily as a helix (59%), with 

substantial b-structure (26.7%). The NMR and CD data indicate that α-helix 

predominated in the SDS micelle solution, apparently at variance with the result for the 

peptide in POPG vesicular solution in which the β-conformation was observed by IR 
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experiments. Deep penetration of the peptide into the apolar hydrocarbon core was 

supported by the results of fluorescence experiments in which the tryptophan analog 

exhibited a blue shift of about 30 nm in the presence of a sodium dodecyl sulfate 

micelle, in 1,2-dimyristoyl-rac-glycero-3-phosphocholine, and in 1,2- dipalmitoyl-sn-

glycero-3-phospho-L-serine vesicular solutions. The results of spin label-attenuated 1H 

resonance experiments show that the region C-terminal to G16, which contains a turn 

structure, exhibited substantial interaction with the micelle, suggesting that it lies on 

the surface of micelle. Moreover, from CD and the spin-label-attenuated 1H 

experiments, it was found that gp41-FP inserts into the SDS micelle primarily as a 

helix with A15 to G16 at the micelle-bulk solution interface. The insertion mode and 

helical structure have also been found for the peptide in the phospholipid solution. The 

residues following the flexible G16 are likely to adopt a distorted helical form and 

have substantial interaction with the micelle. 

In addition, circular dichroism (CD) and Fourier transform infrared (FTIR) 

spectroscopy have been used to investigate the structure of synthetic N-terminal 

peptides. These experiments indicated that N-terminal gp41 peptides exhibit variable 

proportions of secondary conformations (e.g., α-helix, β-sheet, β-turn, random) when 

in aqueous, membrane-mimics, and membrane lipids, depending on peptide length and 

concentration, solvent polarity, lipid charge, and cation concentrations.167-168 

Moreover, oriented FTIR spectra of the N-terminal gp41 peptide indicated an oblique 

insertion of the α-helix region into lipid bilayers,(165) consistent with recent theoretical 

predictions based on molecular dynamics simulations indicating penetration of the FP 

α-helix into the hydrophobic membrane interior.(168)-(170) Nevertheless, a significant 

limitation of earlier CD and conventional FTIR spectral work is that these are global 

methodologies that cannot assign conformations or orientations to individual amino 

acid residues within the peptide. Two-dimensional nuclear magnetic resonance (2D-

NMR) and solid-state, 13C-enhanced nuclear magnetic resonance (13C-NMR) studies 

each offer the potential of defining the “residue-specific” conformations of the N-

terminal gp41 peptide in aqueous, membrane-mimic, and/or lipid environments. Using 

CD and 2D-NMR spectroscopy for FP in an acidic aqueous medium at 5°C, residues 

Phe-8 to Phe-11 exhibited a type-1 β-turn.(166) In a 2D-NMR, CD and molecular 

modeling study of FP suspended in the membrane-mimics trifluoroethanol (TFE) 

solvent or sodium dodecyl sulfate (SDS) detergent, however, Chang and coworkers 
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noted high levels of α-helix. Specifically, FP in 50% aqueous TFE assumed an α-helix 

conformation for residues Ile-4 to Ala-15, whereas the corresponding α-helix included 

Gly-5 to Gly-16 for FP bound to SDS micelles. With a subsequent 2D-NMR 

investigation of a FP analog in SDS, the hydrophobic core (residues Gly-5 to Gly-16) 

was similarly reported to fold in an α-helical conformation.(171) Contrarily, a recent 
13C-NMR analysis of FP bound to mixed liposomes at −50°C indicated that residues 

Ala-1 to Ala-15 are extended β-strands.(167) Although the sharply divergent 

conformations reported in these NMR studies for FP in membrane mimics (TFE, SDS 

micelles)(168) or mixed lipid bilayers(166) may simply reflect the intrinsic polymorphism 

of this peptide, questions may be raised about extrapolating FP structures elucidated 

with either 2D-NMR or 13C-NMR spectroscopy to those in biological membranes. On 

the one hand, the local FP conformations determined in 2D-NMR studies of 

membrane-mimics may not faithfully reflect the corresponding structure in biological 

membranes, while on the other it is unclear whether the peptide structure assessed by 
13CNMR of FP in liposomes at −50°C will be maintained at physiologic temperatures. 

Accordingly, it is worthwhile to assess the residue-specific conformations of FP in 

various membrane-mimics and, if possible, biological membranes with alternative 

experimental methodologies. One such approach employs 13C enhanced FTIR 

spectroscopy, which has previously identified specific random, β-strand and β-turn 

structural domains in a soluble peptide(172), α-helical structures in the transmembrane 

domain of phospholamban173, and discrete antiparallel β-sheet regions in amyloid 

peptides. In a recent 13C-FTIR structural study, a suite of 13C-labeled peptides was 

used to determine the residue-specific conformations of FP in the membrane-mimic 

hexafluoroisopro-panol (HFIP), the lipid 1-palmitoyl-2-oleoyl phosphatidylglycerol 

(POPG), and erythrocyte ghosts and ghost lipid extracts. Combining these 13C-

enhanced FTIR results with molecular simulations indicated the following model for 

FP in HFIP: α-helix (residues 3–16) and random and β-structures (residues 1–2 and 

residues 17–23). Additional 13C-FTIR analysis indicated a similar conformation for FP 

in POPG at low peptide loading, except that the β-helix extends over residues 1–16 

(Gordon et al. 2002). It is of considerable interest that the α helical conformation 

(residues 5–15) detected for FP in SDS with 2D-NMR is also found in 13C-FTIR 

spectra of membrane lipids and erythrocyte ghosts at low peptide loading. Similarly, 

the β-structure (residues 5–15) originally observed for FP in mixed liposomes with 
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13C-NMR is also reported with 13C-FTIR spectra of FPG5-A15 added to erythrocyte 

ghosts or lipids at high peptide/lipid (P/L) ratios. Given its ability to complement and 

extend the conformational results on HIV-1 FP acquired with NMR techniques, 13C-

FTIR spectroscopy is applied in this study to assess the residue-specific structures of 

FP in detergent and aqueous environments. As noted above, one important unresolved 

question is how closely the structure of FP in detergent micelles reproduces that of FP 

in membrane bilayers. 

 

2.2. Simulations Data 

 

To date, only a few modeling/simulation studies on the interaction of viral 

fusion peptides with membrane. Hydrophobic moments and hydrophobic index have 

been used to estimate the interaction of the HIV and other FPs with membrane. 

Efremov and coworkers(174) used Monte Carlo simulation to study the orientation of 

the influenza hemagglutinin HA2 (1–20) FP in a lipid bilayer represented by a two-

phase slab model. Bechor and Ben-Tal(175) used molecular dynamics (MD) in an 

implicit solvent model to study the orientation of the HA2 FP with respect to the 

membrane and found that the free energy of the system is lower for the parallel 

(between the peptide helical axis and the membrane-water interface) orientation than 

the oblique orientation suggested from experimental results.(176) These authors 

attributed the discrepancy to the neglect of the head group-peptide interactions and 

peptide-induced membrane deformation in the implicit solvent model. Simulations 

using explicit bilayer models do include these effects and should render a more 

realistic and accurate picture of the interactions. In this work, they report the results of 

an MD study of the HIV-1 wild-type FP (FP-wt), its V2E (FP-V2E) and L9R (FP-

L9R) mutants, and a shortened peptide consisting of the 5 to 16 segment [FP-(5–16)] 

in an explicit palmitoyloleoyl-phosphatidylethanolamine (POPE) lipid bilayer. The 

V2E and L9R mutants were selected because these point mutations have been shown 

to suppress gp41 fusion activities and lipid mixing and hemolysis activities of the 

corresponding synthetic peptides in model liposomes. The shortened (5–16) peptide 

was chosen for this study because previous work showed that transfection of CD4+ 

HeLa cells with the shortened FP lacking the 1 to 4 N-terminal segment was found to 

eliminate syncytia formation.(179)  Kamath and Wong(168) showed that the FP can only 

cause fusion of large unilamellar vesicles when phosphatidylethanolamine (PE) is 
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present and the orientation of the FP with respect to the bilayer surface depends on the 

presence of PE. They have thus used the zwitterionic POPE bilayer to investigate the 

interaction of the fusion peptides with the lipid bilayer. It was found that membrane 

structure of the wild-type FP is remarkably similar to that of the influenza HA2 FP as 

determined by nuclear magnetic resonance and electron spin resistance power 

saturation. The secondary structures of the wild-type FP and the two inactive mutants 

are quite similar, indicating that the secondary structure of this fusion domain plays 

little or no role in affecting the fusogenic activity of the fusion peptide. 

In addition, molecular simulation based on data from NMR experiments by 

Chang and coworkers(165) revealed a flexible hinge at residues 15 and 16 (alanine and 

glycine, respectively) from the N terminus of the peptide located at the micelle-

solution interface. The highly conserved A15-G16 dipeptide may play a role in the 

function of fusion domain of HIV-1 envelope glycoprotein.  

 

 

 



CHAPTER III 

 

THEORY 

 

3.1. Molecular Dynamics Simulation 

 
The earliest computer simulations of liquids were deliberated already for 

about 50 years ago. It was to investigate structural properties of a system laid on the 

‘Monte Carlo’ (MC) simulation, in which the role of the random numbers play. 

Nevertheless, a different technique required for providing the dynamics properties of 

well-defined systems of particles, so-called Molecular Dynamics (MD)(181),(182) 

simulation, has been introduced. This method lies on the solution of classical equations 

of motion. Newton, Hamilton, or Lagrange equations are normally used, depending on 

the characteristics of the system and the computer code optimization. In particular, the 

MD technique was first proficiently developed by Alder and Wainwright(183),(184) in the 

late 1950’s. In these papers, the system was simulated using hard sphere molecules. 

Then in 1964, Rahman(185) has made a successful attempt to solve the equations of 

motion for Lennard-Jones particle systems. Since then, the feasible Lennard-Jones 

model’s properties have been thoroughly investigated. Subsequently, the computer 

simulations become more feasible. 

MD is virtually used for any atomic or molecular system. A set of N classical 

particles characterized by coordinates, velocities, and masses is selected. The forces 

acting on the particles are evaluated from the derivatives of the potentials, usually 

interacting through the sum of suitable pairs in most investigations. The equations of 

motion are solved numerically by standard methods. The statistical averages of interest 

are figured out by the positions and the velocities of the particles as time averages over 

the trajectories of the system in its phase space. 

 

3.1.1 Equation of Motion 
 

MD simulation is one of the most powerful tools for studying the biological 

system as it is now widely and routinely used to investigate the structural, dynamical 

and thermodynamical behaviors of biological molecules and their complexes.  
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The starting point of MD simulation is an initial set of coordinates 

(obtained form X-ray or NMR experimental data). This structure is normally geometry 

minimized prior to the MD simulation in order to remove bad contacts and initial 

strain, which might disturb the subsequent MD. Once assigning velocities iv , typically 

representing a low-temperature Maxwell distribution, the simulation is started by 

calculating the acceleration ia for each atom i according to Newton’s law. 
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At present, there are several high-quality MD programs with bio-molecular focus such 

as CHARMM(186), AMBER(187), NAMD(188) and Gromacs.(189) 

 

3.1.2 The Description of Molecules 
 
In MD simulation all atoms in the system under consideration are treated 

classically. Interactions between atoms are divided in nonbonded interactions, usually 

between any pair of atoms that are within a given cutoff radius, and bonded 

interactions between atoms connected by chemical bonds. For the non-bonded 

interactions (electrostatic and van der Waals), a partial charge and parameters for 

repulsion and attraction are assigned to each atom. The bonded interactions consist of 

bond, angle and dihedral terms. Bonds and angles are usually described as harmonic 

oscillators and dihedral angles are usually described by a suitable cosine expansion. A 

typical potential function has the form 
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Here rij is the distance between atoms (or pseudo-atoms when CHn groups are treated 

as one atom) i and j, qi is the partial charge on atom i, Aij and Bij are Lennard-Jones 

parameters, kb, kθ and kφ are force constants for bonds, angles and dihedrals, n is the 

dihedral multiplicity and b0, θ 0, φ 0 are equilibrium values for the bond lengths, angles 

and dihedral angles.  

The precise form of this potential function is a choice for which there are 

many options. In particular, different forms for the van der Waals interactions and the 

dihedrals are in common use and the bonds are often constrained in simulations. 

However, the form given here is reasonably general, and shows the most important 

assumptions that are made: only pair-additive interactions are taken into account (non-

bonded interactions involving three or more atoms are neglected), atoms are 

represented as point charges (electronic polarizability is neglected) and simple 

quadratic forms are used for computational efficiency. 

Using this potential function, the equations of motion for all atoms in the 

system can be solve, by calculating the forces on all atoms and integrating in time. In 

principle, it is possible to calculate the complete dynamics of any system that can be 

described in terms of a simple interaction potential. The main result of such a 

calculation is a trajectory of all atoms in time: the coordinates and velocities of all 

atoms at any of the integration steps. Potentially, this makes MD a powerful technique 

to study the motions of atoms in a detailed manner. 

3.1.3 Basic Algorithms 

The integration algorithms approximated by a Taylor series expansion 

(Equation 3.4) was introduced to solve the equation numerically as for the complicated 

system (function of atomic position) that dose not have analytical solution. 
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where x is the position, v is the velocity (the first derivative with respect to time), a is 

the acceleration (the second derivative with respect to time). 

In molecular dynamics, the most commonly used time integration 

algorithm is probably the so-called Verlet algorithm.190 The basic ideal is to two third-

order Taylor explanations for the position x(t), one forward x(t+δt) and one backward 

x(t-δt) in time. The relation can be written as, 
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Summing these two equations, one obtains 

2)()()(2)( ttattxtxttx δδδ +−−=+               (3.6) 

This is the basic form of the Verlet algorithm. Because Newton’s equation 

is being integrated, acceleration, a(t), is just the force divided by the mass. As one can 

see the truncation error of the algorithm when evolving the system by δt is of the order 

of four, event if third derivatives do not appear explicitly. This algorithm is at the same 

time simple to implement, accurate and stable, explaining its large popularity among 

molecular dynamics simulations. 

The advantages of the Verlet algorithm are, i) it is straightforward, and ii) 

the storage requirements are modest. The disadvantage is that the algorithm is of 

moderate precision. A problem with this version of the Verlet algorithm is that 

velocities are not directly generated. While they are not need for the time evolution, 

their knowledge is sometimes necessary. Moreover, they are required to compute the 

kinetic energy K, whose estimate is necessary to test the conservation of the total 

energy E=K+V. This is one of the most importance tests to verify that a MD 
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simulation is proceeding correctly. One could compute the velocities from the position 

using 

t
ttxttxtv

δ
δδ

2
)()()( −−+

=                           (3.7) 

To overcome this difficulty, some variants of the Verlet algorithm have 

been developed. They give rise to exactly the same trajectory, and the stored variables 

are different in memory and at what times. The leap frog algorithm(191) (Equation 3.8) 

is one of such variants where velocities are handled somewhat well. In this algorithm, 

the velocities are first calculated from tt δ
2

1
+  and then used to calculate the position 

x at time tt δ+ . The velocities at time t can then be approximated by Equation 3.8. 
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The advantage of this algorithm is that the velocities are explicitly 

calculated, however, the disadvantage is that they are not calculated at the same time 

as the positions. The velocities at time t can be approximated by the relationship: 
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An improved integrating, which was also used in simulations, is the 

Velocity Verlet algorithm which is designed to further improve on the velocity 

evaluations. The positions, velocities and accelerations at time t+δt are obtained from 

the same quantities at time t in the following way: 
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The advantage is the best evaluation of velocities but there is also the 

disadvantage which is computationally more expansive than other integration 

algorithm (Verlet and Leap-Frog). 
 

 

3.1.4 Periodic Boundary Condition 

 

One advantage of the simulation is that macroscopic properties are 

achievable by using a small numbers of particles, utilizing by the treatment of 

boundaries. Boundary condition(192) is a mimic of the presence of an infinite bulk 

surrounding of the N-particle system in order to avoid surface effects, whilst explicitly 

treating the simulation cell, replicated through space to produce an infinite periodic 

system. In Figure 3.4, the volume containing the marked N particles, which enables to 

interact with all others in this infinite periodic system, is treated as the primitive box of  

 

 

 

Figure 3.1 Periodic boundary conditions. As a particle moves out of the simulation 

box, an image particle moves in to replace it. In calculating particle interactions within 

the cutoff range, both real and image neighbors are included.  
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infinite identical cells. The utility of this mimic is to perform a simulation condition in 

such a way that the particles experience forces like they were in bulk fluid. 

Additionally, the number of particles in the central box, thus, remains constant. This 

ideal is represented in Figure 3.1. The original box contains a solute and solvent 

molecules which is surrounded with identical images of itself. The positions and 

velocities of corresponding particles in all of the boxes are identical. The common 

approach is to use a cubic or rectangular parallelepiped box, but other shapes are also 

possible, e.g., truncated octahedron. By this approach, what is in effect an infinite 

sized system is obtained. 

 

3.1.5 The Basic Steps in MD Simulation 

The MD method is deterministic in which the state of the system at any 

time are predictable once positions and velocities of each atom are known. MD 

simulations are sometime time consuming and computational expensive. Nevertheless, 

the faster and cheaper of the computer today bring up the calculation to the 

nanosecond time scale. 

The basic step in MD simulation was shown in Figure 3.2 The initial 

system, in which the coordinated can be normally obtained from x-ray or NMR data or 

built up using molecular modeling method, is minimized in order to get rid of bad 

atomic contacts due to the addition of some newly atoms and residues, i.e., hydrogen 

atoms, amino acid residues as well as water molecules. The initial velocities of the 

system were assigned to the system. Prior to the production dynamics, the heating and 

equilibration dynamics were performed with the aim to decreases the probability that 

localized fluctuations in the energy such as hot spots in which will persist throughout 

the simulation. Following the initial thermalization/equilibration, some more period of 

time for equilibrations were applied until the system is reached the equilibrium by 

adjusting the temperature and rescaling the velocities. The trajectory of the systems is 

calculated and used for analysis.  
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Figure 3.2 General flow chart for classical MD simulations.  

 

3.2. Energy Minimization  

An important method for exploring the potential energy surface is to find 

configurations that are stable points on the surface. This means finding a point in the 

configuration space where the net force on each atom vanishes, i.e., the derivative or 

gradient 0)( =∇ RV . By adjusting the atomic coordinates and unit cell parameters 

(for periodic models, if requested) so as to reduce the model potential energy, stable 

conformations can be identified. Perhaps more important, the addition of external 

forces to the model in the form of restraints allows for the development of a wide 

range of modeling strategies using minimization strategies as the foundation for 

answering specific questions. For example, the question "How much energy is required 
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for one molecule to adopt the shape of another?" can be answered by forcing specific 

atoms to overlap atoms of a template structure during an energy minimization. 

Derivatives provide information that can be very useful in minimization 

procedure. There can be more than one minimum for a large molecule. The minima are 

called local minima. The ideal solution of geometry minimization is the global 

minimum. Due to numerical limitations, however, it is impossible to exactly reach the 

global minimum or even the local minimum. In practice, local minimum refers to a 

point on the potential energy surface where the applied minimization procedure cannot 

further reduce the function value. Mostly, the magnitude of the first derivative is a 

rigorous way to characterize convergence. The minimum has converged when the 

derivatives are close to zero. The typical tolerance, for example, in AMBER program 

is in the range of   10-5 to 10-6 kcal/mol.Å. To reach the minimum the structure must be 

successively updated by changing the coordinates (take a step) and checking for 

convergence. Each complete cycle of differentiation and stepping is known as 

minimization iteration. The efficiency of minimization can be judge by both the 

number of iterations required to converge and number of function evaluation needed 

per iteration. Normally, thousands of iterations are required for macromolecules to 

reach the convergence.  

Two first-order minimization methods, which are frequently used in 

molecular modeling, are steepest descents and conjugate gradient methods. Both 

techniques use the first derivative of the potential function.    

3.2.1. Steepest Descent Method 

In this method, the energy was minimized by repeating minimization 

along the direction of the force. The first derivative of the potential energy surface was 

used with respect to the Cartesian coordinates. The method moves in the parallel 

direction to the net force by considering moving down the steepest slope of the 

interatomic forces on the potential energy surfaces. By adding an increment to the 

negative gradient of the potential energy ( )R(V∇− ) or forces, the descent is 

accomplished (see Figure 3.3).  

The method is commonly used in the initial step for relaxing the poorly 

refined structure either resolved from the crystallography or model building since it 
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reasonably converges at the initial step and requires minimal computing time. 

However, the progress becomes slow when approaching the minimum. This leads to 

another minimization method known as conjugate gradient to be used. 

 

 

Figure 3.3 The method of steepest descents. 

 

3.2.2.   Conjugate Gradient Method  

The conjugate gradient method also uses the first derivatives of the 

potential energy. But instead of local gradient for downhill as in the steepest descent 

method, the conjugate gradient technique define the new gradient direction for each 

iteration by using information from previous gradient directions to determine the 

optimum direction for the line search. It is considered to select a successive search 

direction in order to eliminate repeated minimization along the same direction. This 

made the method more efficient and gives smaller number of iterations to reach the 

convergence, comparing to the steepest descent method. The conjugate gradient 

method is displayed in Figure 3.4. 

Generally, this method converges in approximately M steps for a 

quadratic function, where M is the number of degrees of freedom of the function. Note 
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that several terms in the potential energy are quadratic. Nevertheless, the disadvantage 

is that the line minimizations need to be performed accurately in order to ensure that 

the conjugate direction is set up correctly and thus time consuming. In addition, the 

method can be unstable if conformation is so far away from a local minimum. 

 

 

Figure 3.4 The method of conjugate gradient. 

 

3.3. Molecular Dynamics Simulation of Lipid Systems 

 

What can one expect from molecular dynamics simulations of lipid systems, 

given the general possibilities and limitations of molecular dynamics described in the 

previous section? Obviously, it is important to know at which time and length scale the 

processes occur. A brief overview is given here, and a more elaborate account can be 

found in. Apart from the fundamental considerations of time and length scale that have 

to be taken into account when planning a simulation, there are a number of technical 

choices to be made. The most important technical choices are treated briefly below. 
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3.3.1. Time and Length Scales 
 

The fastest motions are bond and angle vibrations and librational 

motions, small fluctuations of dihedral angles around a bond within the same 

molecular conformation. These types of motions occur on a time scale up to a few 

picoseconds. This is also the time scale for the diffusion and orientational correlation 

of water and other small molecules. Trans-gauche isomerizations of the dihedrals in 

the lipid tails are slower and occur on a time scale of tens of picoseconds. Trans-

gauche isomerizations become slower closer towards the headgroup of a lipid, up to a 

few hundred picoseconds. The dynamics of some of the dihedrals in the headgroups is 

slower because of the strong interactions within and between headgroups. 

If one turn to whole lipids the time scales become even longer. In a few nanoseconds, 

phospholipids might rotate around their long axis. For lateral diffusion, or two lipids 

switching place within one bilayer leaflet, tens of nanoseconds are needed. Even 

slower motions such as the cooperative motion in phase transitions, the insertion of 

large molecules like proteins, or the rare event of a lipid flipping over to the opposite 

membrane leaflet are well out of reach of MD simulations. The same would be true for 

the slow process of permeation of small molecules through bilayers, but sometimes 

there are ways to get around such limitations. 

There are at least two conclusions. The first is that straightforward MD is an 

excellent method to study the dynamics of tails and individual lipids. This is an 

important application because MD can give detailed atomic pictures that can be used 

for the interpretation of e.g. NMR studies on relaxation and diffraction studies on the 

rather disordered lipid membranes. It is also possible to study the behavior of solvent 

molecules in and near bilayers, as well as the differences in behaviour of different 

types of lipids in terms of structure and solvent dynamics. 

The second conclusion is that any simulation of a lipid bilayer at the current 

state of the art will stay relatively close to the initial configuration, since the rotational 

and translational motion of lipids is too slow to sample accurately in a few 

nanoseconds. This is an important consideration in the simulation of the interactions of 

phospholipids with cholesterol or the interaction between proteins and lipids, to name 

but two applications. 
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In practise, the size of a model bilayer in a simulation is currently limited to 

~100-200 lipid molecules; 50-100 lipids is the most popular size. Usually, periodic 

boundary conditions are used to avoid strong artefacts from the presence of boundary 

planes, so that effectively a stack of bilayers with infinite dimensions is simulated. In 

the literature the length of simulations is limited to a few nanoseconds; most 

simulations are less than a nanosecond. Although many interesting phenomena occur 

on the nanosecond time scale, processes like phase transitions, phase separation in 

lipid mixtures, membrane fusion, protein folding or protein insertion into membranes 

are well out of reach of straightforward molecular dynamics. 

 

3.3.2. Technical Issues 

 

3.3.2.1.   Position Restraints 

These are used to restrain particles to fixed reference positions Ri. 

They can be used during equilibration in order to avoid too drastic rearrangements of 

critical parts (e.g. to restrain motion in a protein that is subjected to large solvent 

forces when the solvent is not yet equilibrated). Another application is the restraining 

of particles in a shell around a region that is simulated in detail, while the shell is only 

approximated because it lacks proper interaction from missing particles outside the 

shell. Restraining will then maintain the integrity of the inner part. For spherical shells 

it is a wise procedure to make the force constant depends on the radius, increasing 

from zero at the inner boundary to a large value at the outer boundary. This feature has 

not, however, been implemented in GROMACS.  

The following form is used: 

2

2
1)( iipripr RrkrV −=             (3.11) 

The potential is plotted in Fig. 4.12. 

The potential form can be rewritten without loss of generality as: 
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Now the forces are: 
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Using three different force constants the position restraints can be turned on or off in 

each spatial dimension; this means that atoms can be harmonically restrained to a 

plane or a line. Position restraints are applied to a special fixed list of atoms.  

 

              

Figure 3.5 Position restraint potential 

 

3.3.2.2.  Temperature Coupling 
 

For several reasons (drift during equilibration, drift as a result of 

force truncation and integration errors, heating due to external or frictional forces), it is 

necessary to control the temperature of the system.  

The Berendsen algorithm(195) mimics weak coupling with first-

order kinetics to an external heat bath with given temperature T0. The effect of this 

algorithm is that a deviation of the system temperature from T0 is slowly corrected 

according to 
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τ
TT

dt
dT −

= 0               (3.16) 

which means that a temperature deviation decays exponentially with a time constant .τ  

This method of coupling has the advantage that the strength of the coupling can be 

varied and adapted to the user requirement: for equilibration purposes the coupling 

time can be taken quite short (e.g. 0.01 ps), but for reliable equilibrium runs it can be 

taken much longer (e.g. 0.5 ps) in which case it hardly influences the conservative 

dynamics. 

The heat flow into or out of the system is effected by scaling the 

velocities of each particle every step with a time-dependent factor λ , given by 
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The parameter Tτ   is close to, but not exactly equal to the time constant  of the 

temperature coupling (equation. 3.16): 

 

kNC dfTv /2 ττ =               (3.18) 

 

where vC  is the total heat capacity of the system, k is Boltzmann’s constant, and Ndf is 

the total number of degrees of freedom. The reason that Tττ ≠  is that the kinetic 

energy change caused by scaling the velocities is partly redistributed between kinetic 

and potential energy and hence the change in temperature is less than the scaling 

energy. In practice, the ratio Tττ ranges from 1 (gas) to 2 (harmonic solid) to 3 

(water). Note that in practice the scaling factor _ is limited to the range of 0.8 <= λ<= 

1.25, to avoid scaling by very large numbers which may crash the simulation. In 

normal use, λ will always be much closer to 1.0. 

Strictly, for computing the scaling factor the temperature T is 

needed at time t, but this is not available in the algorithm. In practice, the temperature 

at the previous time step is used (as indicated in equation 3.17), which is perfectly all 

right since the coupling time constant is much longer than one time step. The 
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Berendsen algorithm is stable up to .tT Δ≈τ  [A simple steepest-descent minimizer can 

be implemented by setting T = 0 and .tT δτ << ] 

 

3.3.2.3.  Pressure Coupling 

 

In the same spirit as the temperature coupling, the system can also 

be coupled to a ’pressure bath’.  

The Berendsen algorithm rescales the coordinates and box vectors 

every step with a matrix μ, which has the effect of a first-order kinetic relaxation of the 

pressure towards a given reference pressure P0: 

 

pdt
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= 0               (3.19) 

The scaling matrix μ is given by 
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Here β is the isothermal compressibility of the system. In most cases this will be a 

diagonal matrix, with equal elements on the diagonal, the value of which is generally 

not known. It suffices to take a rough estimate because the value of β only influences 

the non-critical time constant of the pressure relaxation without affecting the average 

pressure itself. The actual scaling matrix μ′  is: 
 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
+
++

=′

zz

zyyzyy

zxxzyxxyxx

μ
μμμ
μμμμμ

μ
00

0             (3.21) 

 

The velocities are neither scaled nor rotated. 

In GROMACS, the Berendsen scaling can also be done 

isotropically, which means that instead of P a diagonal matrix with elements of size 

trace(P)/3 is used. For systems with interfaces, semi-isotropic scaling can be useful. In 

this case the x/y-directions are scaled isotropically and the z direction is scaled 

independently. The compressibility in the x/y or z-direction can be set to zero, to scale 

only in the other direction(s). 
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3.3.2.4.  Treatment of Cutoffs 

Calculations of the non-bonded energies or forces are the most 

time consuming step in the simulation. To solve this dilemma, one of the most 

common and smart ways is to employ a non-bonded cut-off and to apply the minimum 

image convention. The further apart than cut-off values of all pair interactions are set 

to be zero. However, the cut-off radius ought to be not so large that the particles see 

their own mimics when periodic condition applied. 

 

3.3.2.5.  Electrostatic Interactions and Cutoffs 

Presently simulations of bimolecular systems include a very large 

numbers of atoms ten to hundred of thousands atoms. They are involved over 

timescales of many nanoseconds. The accurate computation of electrostatic and van 

der Waals interactions is the most difficult task in computer modeling. The most time 

consuming part of any molecular dynamics simulation is the calculation of the 

electrostatic interactions. There interactions fall off as 1/r, where r is the reparation 

between charges, and have consequently to be considered as long-range.    

The need for efficiency treatment of long-range electrostatic 

interactions in the molecular size has been clearly well-known in the last decade. 

Eelectrostatic represents a sum over N(N-1)/2 pairs; i.e., it is an O(N2) calculation 

necessary to evaluate all non-bonded pair in macromolecular systems. The treatment 

long-range forces were ignored in the macromolecular simulations, being with the use 

of ‘truncation’ or ‘cutoff’, roff. These methods were developed to limit the 

computational effort needed by the evaluation of the long-range forces. However, there 

is problem to select the truncation technique. One can use a straight truncation method, 

which the electrostatic interactions are zero at roff. The truncation simulations can 

perform in the old version of AMBER package. Another truncation method, the 

shifting function S(r), scales the interaction potential to zero at the specific distance 
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 One can see that the short-range interactions are disturbed. The 

distortion and overestimation of the short-range interactions are the drawbacks of the 

shifting function scheme. The switching function is other smoothing scheme, which 

brings the potential to zero between a switcheson and switchesoff distance. With a 

suitable switcheson the short-range interactions are not distorted, giving continuous 

force or potential energy. Although the truncation methods can significantly reduce the 

amount of computational time for evaluating the electrostatic interactions, these 

methods are inaccurate because of finite cutoff distance which restricts severely the 

infinite character of the system. This may result an unstable geometry for a long 

simulation. 

In order to improve the treatment of the long-range electrostatic 

interaction, the Particle Mesh Ewald (PME) method was used to calculate the full 

electrostatic energy of a periodic box in a macroscopic lattice of repeating images. The 

method is based on the Ewald summation method and particle mesh method, which 

gives the exact result for the electrostatic energy of a periodic system containing an 

infinite replicated neutral box of charged particles. The method is usually used for the 

complex molecular system with periodic boundary condition. 

Consider the Coulomb’s law: 

ij

ji
r r

qq
V

ij

04πε
=                                                    (3.23) 

where 04πεε = , the Ewald method split the Coulomb potential which is slowly 

converged into three exponentially converged contributions as described in Equation 

(3.23) 

srft VVVV ++=                                                  (3.24) 

where tV , fV , rV and Vs are potential for total, Fourier Space part, Real Space part and 

Self interaction, respectively. Each contributor is given as follows: 
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Application of the PME method allows fast Fourier transform 

(FFT) to be applied, thus, the method is better. The advantages of the PME are the 

method for the treatment of long-range forces in macromolecular systems. The high 

accuracy can be obtained with relatively little increase in computational cost and 

efficiently implemented into usual MD algorithm.   

 

 

 

 

 

 



CHAPTER IV 

 

MOLECULAR DYNAMICS SIMULATION OF  

N-TERMINAL PEPTIDE-MEMBRANE COMPLEXES 

 
4.1. Introduction 

 

To infect a cell, enveloped viruses such as human immunodeficiency virus 

type 1 (HIV-1) and influenza virus require fusion between the viral envelope and the 

plasma membrane of the target cell.(120) To accomplish this task, they need a specific 

interaction of the envelope glycoproteins or fusion proteins with cellular receptors. 

Viral envelope glycoproteins are typically comprised as homotrimers and each 

monomer is proteolytically cleaved to generate two subunits: one is a receptor-binding 

subunit whereas the other is responsible for the membrane fusion process. The 

hemagglutinin (HA) glycoprotein of the influenza virus consists of HA1 and HA2, 

which correspond to a receptor-binding and fusion subunit, respectively.(131) For HIV-

1, these correspond to gp120 and gp41. Usually, the fusion process is mediated by the 

attachment of such proteins on the cell membrane surface via the conservative domain, 

so-called “fusion peptide”, leading to the insertion into the host membrane and 

providing close contact between viral and cell membrane. As a result, viral contents 

are released into the host cell and subsequent infection. 

The initial step in the fusion of HIV-1 is the binding of gp120 with the CD4 

receptor and coreceptors on the surface of cell membranes, resulting in the triggering 

gp41 to undergo conformational changes and expose toward the cell membrane of the 

FP of gp41.(125) These events are crucial for the activation of HIV-1 fusion process. FP 

corresponding to the fusion domain, referred to ~20 N-terminal fragment of gp41, is 

mostly hydrophobic, and the fusion peptide is highly homologous with corresponding 

domains of other enveloped viruses. 

There have been many efforts to determine the structure of the fusion peptide 

both from experimental and theoretical points of view. However, the mechanism by 

which N-terminal fusion peptides promote fusion is not clear, although the literature 

offers several suggestions. Several articles have suggested that some peptide secondary 
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structures are fusogenic and some are not. Others have suggested that fusion peptides 

perturb the bilayer surface.(131)-(134) To understand the precise role of the fusion peptide 

in membrane fusion, it is also necessary to consider the effects of the embedded 

peptide on the structure of lipid bilayer. For example, the peptide may affect the 

topology and dynamics of lipids surrounding the peptide. Indeed, a change of the 

orderparameter of lipid acyl chains has been reported in the presence of the fusion 

peptide. It remains a challenge for experimental approaches to provide structural 

information of the peptide-surrounding lipids. As a complementary approach to 

experiments, molecular dynamics (MD) simulation can provide such information. 

In this study, MD simulations were carried out for the fusion peptide of the 

gp41 N-terminal fusion peptide in a dimyristoyl phosphatidylcholine (DMPC) bilayer. 

The 16-residue and 23-residue FPs in two different states of the N- and C-terminus and 

three different orientations with respect to the bilayer surface; l (0o), m (45o)  and p 

(90o) (as in Figure 4.1), were examined. The sequences of the peptides and their 

designations are given in Table 4.1. The explicit MD simulations were able to 

determine the membrane structures of these fusion peptides that are consistent with 

experimental determinations to date and to provide insight into the secondary structure 

of the fusion peptides and the bilayer perturbation upon binding of the active fusion 

peptides to the bilayer. 

 

4.2. Computational Methods 

 

Twelve simulations were performed to model of FPs interacting with a 

hydrated DMPC bilayer; 16 and 23 amino acid FPs in two different states of the N- 

and C-terminus (1A, 1B, 2A and 2B in Table 4.1) and three different orientations with 

respect to the bilayer surface; l (0o), m (45o)  and p (90o). The initial conformation of 

the N-terminal gp41 FP was obtained from the Protein Data Bank (PDB accession 

code: 2ARI; http://www.rcsb.org), based on NMR spectroscopic analysis.(189) The 

sequences of the peptides and their designations are given in Table 4.1. Another 

additional simulation of a hydrated pure DMPC bilayer was also carried out and 

named “control” simulation. 
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Table 4.1. Amino Acid Sequences of the Peptides. 

 

 

4.2.1. Initial Structures 

 

The initial structures of the peptide-bilayer were constructed using 

CHARMM program.(186) To built up the system, the procedure which developed by 

Woolf and Roux was applied. The 128 DMPC molecules were selected randomly from 

the 2000 pre-equilibrated DMPC structures taken from the data of Roux. The FP was 

placed in the upper leaflet of the bilayer keeping the helical axis 0o, 45o and 90o with 

respect to the bilayer surface as seen in Figure 4.1. From the earlier 13C-FTIR analysis 

of FP in lipid bilayers demonstrated that residues 1–16 in lipid-detergent sodium 

dodecyl sulfate (SDS) bound with membrane.(165) In the present study in the system 

that keeping the helical axis 45o and 90o (Figure 4.1b and 4.1c), the initial position of 

FP was inserted the N-terminal (residues 1-15) to the hydrophobic core membrane 

whereas residue 16 lies onto the bilayer surface, to mimic the conformation from 

previous studies. The initial size of the simulation box was determined by the cross 

section area of the FP, the number of DMPC molecules, and the number of water 

molecules of the bilayer. To equalize the area of the top and bottom leaflets, the 61 and  

60 DMPC molecules were placed in the top leaflet of the system of 16 and 23 amino 

acid FPs, respectively. The system was then fully hydrated by overlaying a pre-

equilibrated water box of the appropriate dimensions in the x and y directions. 

 

 
No. Peptide 

Designation 
 

Sequence 

1A X1=H2, X2=O   X1-HN- A V G I G A L F L G F L G A A G –CO-X2 

1B X1=H, X2=OH X1-HN- A V G I G A L F L G F L G A A G –CO-X2 

2A X1=H2, X2=O X1-HN- A V G I G A L F L G F L G A A G S T M G A A S –CO-X2 

2B X1=H, X2=OH X1-HN- A V G I G A L F L G F L G A A G S T M G A A S –CO-X2 



 

 

66

 
 

 

Figure 4.1. The initial FP-membrane structure in three different configurations of FP 

with respect to the bilayer surface; (a) l ; 0o, (b) m; 45o and p; 90o system. The FP is 

shown in ribbon structure. The lipids are drawn as blue lines. Water molecules are 

indicated as red spheres. 

 

 

4.2.2. Energy Minimization and Position Restrained Simulations 

 

The minimization was first carried out with CHARMM program using the 

all-atom force field and TIP3 water model. To this end, united-atom force fields were 

used to speed up the simulations using GROMACS program package.(188) The forced 

fields for lipids were taken from Tieleman and for peptide were GROMACS force 

field.(189) The SPC model was used for water molecules.(191) The systems were coupled 

to a heat bath of 303 K. Position restrained simulations of peptide were performed for 

2 ns to equilibrate membrane structure. Position constraints were used at the beginning 

of the ensuing equilibration period to ensure a smooth relaxation of the system toward 

an equilibrated configuration.  

 

4.2.3. Simulations 

 

All simulations were performed using GROMACS program package. 

Starting configurations were obtained by the position restrained simulation at 2 ns. The 

LINCS algorithm(192) was used to constrain all bond lengths of the lipid molecule 

whereas the SETTLE algorithm(193) was used for water molecules. Periodic boundary 

a) b) c) 
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conditions were applied in all three dimensions. The time step in all simulations was 

set to 2 fs. The energies and trajectories were stored every 1 and 10 ps, respectively. 

The temperature was kept at 303 K. The pressure coupling was scaled to 1 bar with a 

time constant of 0.5 ps and applied semiisotropically; xy-coordinate and z-coordinate 

directions were allowed to vary independently. All simulations were performed for 20 

ns. 

 

4.2.4. Control Simulations 

 

For the control simulation, the 128 DMPC molecules were examined where 

each leaflet contains 64 DMPC molecules.  The same steps as described above were 

applied. Total trajectories of 20 ns were performed, which was used for the subsequent 

analysis. 
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4.3. Results and Discussion 
 

4.3.1. Fusion Peptide Properties 
 

4.3.1.1.   Depth of Insertion 
 

To monitor how deep the peptides insert into the bilayer, location of 

each residue of the FPs was measured in terms of the distance of each residue with 

respect to the bilayer normal. Figure 4.2 shows the depth of insertion of a given 

residue correspond to the average distance between its Cα atom and center of the 

water-lipid interface defined as a mean z coordinate of phosphorus atom. The 

distribution plots for the 16-residue FPs were shown in Figures 4.2a – 4.2c whereas 

those of 23-residue FPs were given in Figures 4.2d – 4.2e. The interface between water 

and lipid of each system in Figure 4.2 is indicated by the horizontal line at y=0. The 

initial helical axis of FPs was oriented 0o (l; top), 45o (m; middle) and 90o (p; bottom) 

with respect to bilayer surface.  

Figures 4.2a and 4.2d show the insertion depth of FPs in the l system, 

which keeping the initial helical axis of 0o. Note here, for simplification, that FPs of 

both 16-residue and 23-residue systems penetrated their hydrophobic residues into the 

upper leaflet of the bilayer. However, the only exception is provided for the peptide 

1Bl which located in the headgroup area. In Figure 4.2a, it can be seen that peptide 1Al 

deeply inserts into the bilayer, peptide 1Al  (Phe-8) locates at ~10 Å below the water-

lipid interface. This is also true for the peptide 2Al and 2Bl, the hydrophobic residues 

penetrated into the bilayer within the range of 10 Å (Figure 4.2d). So that the effect of 

N- and C-terminus does not provide the difference of peptide insertion of 23-residue 

FPs (Figure 4.2d). 

The insertion depth of m and p systems, that the 16th residue lies at the 

membrane-water interface from the initial configuration, were shown in Figures 4.2b-

4.2c and Figures 4.2e-4.2f, respectively.  Note that residue 1–16 of all systems were 

initialized placed into the bilayer (see calculation details, section 4.2.1.) For the 16-

residue system, residues 1–15 were found to penetrate deeper to the bilayer compared 

to the initial structure which the 16th residue still lies at the water-membrane interface 

(Figures 4.2b and 4.2c). This is different for the other 23-residue FP in which not only 

residues 1–15 but 16–19 were also observed to lie under the membrane–water interface 
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(Figures 4.2e and 4.2f). This indicated that the length of FPs plays role in determining 

peptide insertion. 

The helical axis significantly tilted during the simulation in each case, 

the angle of insertion of the helix changes by ~10o – 25o (0o  ~10o, 45o  ~30o and 

90o  ~75o) from the initial angle. (It should be noted that the angle of insertion 

indicates the angle between the helix axis of the FP and the membrane surface.  

Taking into account all the data given above, the FPs were found to 

penetrate their hydrophobic residues into the upper leaflet of the bilayer whereas the 

C-terminal segment lies at the membrane–water interface.  

 

Figure 4.2. Depth of insertion of the residues of the peptide into the membranes. The 

distance between Cα atoms of FP and the center of the water-lipid interface (as 

indicated at the horizontal line y=0) which calculated as a mean z coordinate of 

phosphorus atoms. The insertion depth of each residue of 16-residue FPs is shown in 

Figure 4.2a) – 4.2c) whereas of 23-residue FPs is shown in Figure 4.2d) – 4.2e). 

a) 

b) 

c) 

d) 

e) 

f) 
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4.3.1.2.   Secondary Structure 

 

Experimental studies have shown that helical structures are typical for 

membrane-bound fusion peptides.(165) To examine the secondary structure of FPs, the 

DSSP program(190) using the do_dssp utility command from the GROMACS package 

were employed. The time evolutions of the secondary structure of membrane-bound 

16-residue and 23-residue FPs are presented in Figures 4.3 and 4.4, respectively. 

The secondary structure map of the FPs computed as a function of 

simulation time showed that FPs exhibit various conformations. However, almost the 

whole chain of FPs still maintains their α-helical conformation (blue color in Figure 

4.3 and 4.4) during the simulation. The structures of the N- and C-terminal tails are 

more or less unstructured (coiled structure; indicated in white color) and very flexible. 

This finding agrees well with the experimental studies.(166)  

For peptide 1Al (Figure 4.3a), the residues 4-12 form stable α-helix 

structure for t > ~2 ns. This is not true for 1Bl where the α-helix was formed between 2 

ns and 14 ns and the β-turn was found afterward. Residues 6–12 for peptides 1Am and 

1Bm (Figures 4.3c and 4.3d) form stable α-helix during the whole simulation time. 

This structure was also detected for the p system of 16-residue peptide from residues 

3–14 throughout the simulation (Figures 4.3e and 4.3f). Interest is focused to the m 

system FPs where their α-helical structures were mostly lost. For the 23-residue 

systems, characteristics of the secondary structure are almost similar to those of the 

16-residue FPs (Figures 4.4) 

The stability or time invariance of various conformations can be 

inferred from the time evolutions of the secondary structure. However, there are 

several regions with fluctuate between two or more secondary structures. This result 

supports the hypothesis that the variation in the secondary structure in the fusion 

domain plays little or no role in their fusogenic activities. Thus, the secondary 

structure of the FPs cannot be a primary parameter in determining their fusogenic 

activities. 
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Figure 4.3. The time evolution of secondary structure of 16-residue FPs; a) 1Al, b) 

1Bl, c) 1Am, d) 1Bm, e) 1Ap and f) 1Bp systems. 

a) 

b) 

c) 

d) 

e) 

f) 
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Figure 4.4. The time evolution of secondary structure of 23-residue FPs; a) 2Al, b) 

2Bl, c) 2Am, d) 2Bm, e) 2Ap and f) 2Bp systems. 

a) 

b) 

c) 

d) 

e) 

f) 
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In addition to the time evolution of the secondary structure of FPs in 

time, the fusion peptide can be inferred from the helical content (i.e., the number of 

residues in helical form). Figure 4.5 shows the plot of %structure of all FPs which 

indicated that more than 50% of the α-helix structure was found for all systems of both 

16-residue and 23-residue FPs. This value is in agreement with experiment data where 

the helical content of the fusion peptide of ~59% was reported.(165) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Secondary structure of the N-terminal gp41 FPs. Relative occurrence of 

the residues of the peptide in different elements of secondary structure. The results 

obtained during the entire simulation of peptide in the presence of DMPC.  
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4.3.1.3.   Fluctuations in structures 
 

In addition to the secondary structure of FP, flexibility of the peptide is 

one of the important properties that play role on the FPs function. Analysis of RMSF 

values of the backbone was made and shown in Figure 4.6. As the results, the peptides 

backbone in the presence of bilayer are almost rigid with RMSFs ~0.5–1 Å. An 

exception was found at the C-terminal residues of peptide 1Al (Figure 4.6a) which 

locates in membrane-water interface where its initial α-helical structure was totally lost  

 

 

 

Figure 4.6. RMSF of the peptide backbone atoms for each residue, calculated during 

the last 5 ns of MD runs. The systems: a) – c) 16-residue FPs with charged N- and C-

terminus (black) and with neutral N- and C-terminus (red), d) – f)  23-residue FPs with 

charged N- and C-terminus (black) and with neutral N- and C-terminus (red) with the 

initial helical axis of 0o (top), 45o (middle) and 90o (bottom) with respect to l and m 

structures.  

a) 

b) 

c) 

d) 

e) 

f) 
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(Figures 4.3 and 4.4). The corresponding RMSF value is ~2.7 Å. This is due to the fact 

that this segment has a greater degree of motion of the peptides on the surface of the 

bilayer. It is found that the RMSFs of the 23-residue FP in Figures 3d–3f, are higher 

than those of 16-residue FP. The p structures which penetrate parallel to the bilayer 

normal have smaller RMSFs than l and m structures. Therefore, the α-helical 

conformation of the p structures (Figures 4.3 and 4.4) can be stabilized by the 

membrane. 

 

4.3.2.   Lipid Properties 
 

4.3.2.1.   Area per Lipid 
 

  The average area per lipid is one of the most fundamental 

characteristics of lipid bilayers.(136) Although being one of the rather few structural 

quantities that can be measured accurately from model membranes via experiments, it 

also plays a major role in a number of quantities, including the ordering of acyl chains  

and the dynamics of lipids in a bilayer. Further, from a computational point of view, it 

is highly useful as a means of monitoring the equilibrium process. The changes in the 

bilayer geometry due to the inclusion of FP were firstly examined. Figure 4.7 shows 

the area of DMPC in simulations as a function of time.  The average values of the 

period from 15 to 20 ns are shown in Table 4.2. For all systems, the area per lipid of 

58.2 – 59.7 Å2 agrees well with the experimental value of 59.8 Å2. 
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Figure 4.7. The time evolution of the area per lipid for different complexes: a) 16-

residue FP-membrane and b) 23-residue FP-membrane complexes with the initial 

helical axis of 0o (top), 45o (middle) and 90o (bottom). 

 

 

4.3.2.2.   Density Profiles 

 

  Distributions of certain molecular components, atom or set of residues, 

are presented by molecular densities profiles along the axis perpendicular to the 

membrane surface. Average density profiles of various components of phospholipids 

and water along the bilayer normal (z axis) were calculated from the last 5 ns 

simulations of the production run; they were shown in Figure 4.8a. The rough position 

of the FPs in the lipid bilayer is illustrated in Figure 4.8b for system l of 2 different 

length of FPs.  

a) b) 
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In Figures 4.8b and 4.8b, a density profile of various components of the 

DMPC is in good agreement with previous studies. The width of the headgroup region, 

as indicated by the width of the density peak of the phosphorus atoms, is ~11 Å, 

similar to the values calculated for pure bilayer (10 – 13 Å).191 In addition, the water 

density profile of the combined membrane-peptide-water system is also in agreement 

with previous studies that water penetrated deep into the headgroup region of the 

membrane bilayer. Previous studies(181) showed that density profile of pure membrane 

bilayers are characterized by a broad headgroup region (~10 – 13 Å wide) and water 

molecules were found to penetrate deep into the headgroup region up to the carbonyl 

groups of the membrane bilayer. The density profiles of membrane components for all 

systems showed similar behavior. 

The density profiles of selected peptide segments were shown in Figure 

4.8b and 4.8c during the simulation at the time of 1, 5, 10, 15 and 20 ns. From the 

Figure 4.8b and 4.8c, it is clearly seen in both systems that the hydrophilic C-terminus 

of the peptides lie at the water-lipid interface (defined by the phosphorus atoms). On 

the other hand, the hydrophobic N-terminus of the peptides penetrates into the core 

membrane. In Figure 4.8c, a neutral N- and C-terminus FP resulted in an addition of 

the capacity of the peptide to insert into the lipid bilayer compared to charged N- and 

C-terminus FPs. The FP inserted into the membrane deeper and the C-terminus 

peptides are more exposed to the water-lipid interface. The density profiles indicated 

that the optimal position of the C-terminus peptides is in the headgroup region. 

Moreover, it appears that the N-terminal segments of the FP (residues 8 – 10 and 14 – 

16) inserted deeper compared with other segments. Therefore, these N-terminal 

segments are most responsible for the interaction of the hydrophobic core of the 

bilayer and important for peptide insertion. 
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Figure 4.8. Average density profiles in the combined membrane-peptide-water system 

along the bilayer normal of (a) various components of DMPC and selected segments of   

23-residue FPs with (b) charged and (c) neutral N- and C- terminus. 
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4.3.2.3.Radial Distribution Function 

 

To characterize the structure of the peptide-membrane complex in more 

detail, RDFs from Cα of each residue of FP to phosphorus atom in the headgroup of 

bilayer were computed. The data were averaged over the last 5 ns of the simulation. 

The results were shown in Figure 4.9. The plots for all systems show the first maxima  

 

 

Figure 4.9. Radial distribution functions centered at Cα of each residue of FP to 

phosphorus in the headgroup region of bilayer: a) – c) 16-residue FP and e) – f) 23-

residue FP-membrane complexes. 

a) 

b) 

c) 

d) 

e) 

f) 
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of ~4.8 Å follow by the first minima of ~5 Å. This number indicates that first shell of 

the headgroup of the lipid lies within the radius of 5 Å. This radius was, then, used to 

examine the changes of membrane character due to the presence of peptide, i.e., order 

parameter of the membrane within a radius of 5 Å from Cα of peptide was calculated 

for each system. 

 

4.3.2.4.  Order Parameters 
   

The orientational ordering of the lipid acyl chain methylene segments 

can be reflected the state of a bilayer. The order parameter, SCD, can be measured by 

deuterium NMR which may be defined for every CH2 group in the chain as: 

 

                                           SCD = <3/2 cos2θ - 1/2>                                    (4.1) 

 

Where θ is the angle between the CD-bond (in experiment) or CH-bond (in the 

simulation) and the bilayer normal, and the brackets denote an average over time over 

all of the lipids (or over a subset of the membrane lipids). The value of SCD quantifies 

the degree of reorientation that occurs on the NMR time scale. In a united-atom 

simulation, one can reconstruct the CH-bond at their equilibrium positions on the basis 

of the backbone chain configuration. 

The calculated order parameters of the tails can be directly compared to 

that obtained from NMR on deuterated DMPC. Order parameters along the 

hydrocarbon chains of a fully hydrated DMPC bilayer were determined experimentally 

at 30oC.(137) A useful comparison parameter is the average of the CH order parameters 

in the plateau region. The order parameters were plotted against the position in the 

chain. They were calculated separately for the two chains (sn1 and sn2) of the DMPC 

molecules for each system. Figure 4.10 shows the results of theoretical MD 

simulations for both acyl chain order parameters of DMPC in the FP-membrane 

model, and the protein-free lipid control within the radius of 5 Å  from the center of 

mass of FP (as mentioned above). The orientational order parameter profiles for the 

acyl chains were obtained by averaging over the simulation trajectory in the last 5 ns. 

Order parameters in the absence of the peptide are typical of liquid crystalline DMPC 

bilayers and are slightly lower than those experimental obtained. Note that SCD is  
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Figure 4.10. Average order parameter (SCD) for acyl chains of DMPC bilayer and its 

complexes with FP: a) – c) 16-residue FP and e) – f) 23-residue FP-membrane 

complexes. PM denotes order parameter of pure membrane in control simulation 

(black). 

a) 

b) 

c) 

d) 

e) 

f) 
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~0.20 close to the glycerol group, and tends toward zero toward the end of a tail. The 

acyl chains are therefore reasonably ordered close to the headgroup. 

It can be seen in Figure 4.10 that the effect on the ordering of the acyl 

chains is significantly different for the different FPs. The FPs induced the disordering 

of the acyl chain. This is due to the position of the FPs in the bilayer along the bilayer 

normal. A dramatic effect is seen in the order parameter of the lipids closest to the 

peptide, which shows a significant reduction in SCD values, compared to pure bilayer. 

A qualitatively similar reduction in order parameter near embedded peptides was 

observed in the simulation of alamethicin, influenza M2, and OmpF embedded in a 

POPE membrane.(138)-(139) 

Decrease of the SCD for acyl chains in the immediate vicinity of the 

peptide can be due to restricted acyl chain motion, particularly dihedral transitions, 

near the peptide due to steric hindrance. 

 

4.3.2.5.  Headgroup Spacing 

 

The headgroup spacing DPP is defined as the distance between the two 

peaks in the mass density profile shown in Figure 4.8a. DPP is usually supposed to be a 

good approximation to the phosphate-phosphate thickness of the bilayer.(135) The 

simulated DPP for the investigated systems were summarized in Table 4.2. The 

calculated value for pure DMPC as well as that obtained experimentally was also 

given for comparison. From Table 4.2, the simulated DPP for pure of 33.9 Å is in good 

agreement with the experimental value of 34.4 Å. The presence of FPs leads to the 

increase of the thickness of bilayer for all systems. 
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Table 4.2. Structural characteristics of pure lipid bilayers and their complexes with the 

FP. 

 

        Parametera                     <A> (Å2)  <SCD>             <DPP> (Å) 

DMPC (expb)  59.7 ± 0.2   0.213     34.4 

DMPC    61.9 ± 0.6         0.187 ± 0.012     33.9 

1Al     59.5 ± 1.0         0.174 ± 0.037     34.6 

1Bl   59.7 ± 1.3         0.172 ± 0.019    36.2 

1Am               58.9 ± 1.0          0.155 ± 0.009    36.4 

1Bm   59.1 ± 1.0         0.203 ± 0.031    35.5 

1Ap                58.5 ± 1.3         0.195 ± 0.015    35.1 

1Bp   59.1 ± 1.3         0.183 ± 0.013    34.8 

2Al                59.9 ± 1.0         0.178 ± 0.020    33.2 

2Bl   59.9 ± 0.9         0.152 ± 0.013    35.2 

2Am                58.7 ± 1.5         0.171 ± 0.035    36.1 

2Bm   59.2 ± 1.1         0.170 ± 0.009    34.5 

2Ap                59.0 ± 1.2         0.190 ± 0.011    35.2 

2Bp   58.2 ± 1.0         0.152 ± 0.026    35.4 

a The calculated parameters are given as mean values ± standard deviations. Averaging was  done for 

the last 5 ns of MD run. A, area/lipid. SCD, order parameters for acyl chains (experimental values are 

given for carbon atoms 1-8 of the acyl chain). DPP, bilayer thickness, calculated as a distance between 

the peaks in the density distributions of phosphorus atoms (see Figure 4.8). The experimental values of 

DPP are estimated as 2(DC + DH1), where DC is the thickness of the hydrocarbon layer and DH1 is the 

partial thickness of the head group region. 

b Experimental results were obtained at T = 303 K. Data were taken from refs 193 and 194. 
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4.4. Conclusions 

 

The results of MD simulations of the gp41 FP in hydrated DMPC bilayer 

were evaluated and discussed. The presence of the membranes significantly stabilizes 

α-helical conformation of the peptide, especially in its N-terminal part, while the C-

terminal fragment is less ordered. The peptide forms stable complexes with lipid 

bilayer by inserting its hydrophobic residues into the hydrophobic membrane core with 

and exposing its polar terminal to water. The interaction of hydrophobic residues with 

the membrane interior (acyl chains of lipids) are observed. Insertion of the FP induces 

the disordering of lipid bilayer. Although these effects have a local character; only 10-

15 neighboring lipids significantly change their packing properties and dynamic 

behavior.  

We should stress that the membrane fusion phenomena induced by viral 

proteins are much more complex than the models elaborated with the aid of simplified 

systems, like FPs. Moreover, even with our simple model, we are still far from 

understanding the detailed molecular mechanisms of the action of FPs on 

biomembranes. This is because to many factors determining peptide-membrane 

interactions have to be properly taken into account. Among them, there are the amino 

acid sequence of FPs and presence of specific sequence motifs, conformational 

flexibility of these peptides, details of their hydrophobic/hydrophilic organization. In 

the present work, an attempt was made to supplement the existing microscopic picture 

of FP-membrane interactions with the new data on the importance of lipid bilayers. In 

particular, it was demonstrated that FPs may induce significant local perturbations of 

certain lipid bilayers. However, further experimental and simulation structural studies 

are needed to decode the mystery of viral-mediated membrane fusion.  

 

 



CHAPTER V 

 

MOLECULAR DYNAMICS SIMULATION OF 

N-TERMINAL PEPTIDE-MEMBRANE COMPLEXES: 

INTRODUCTION OF POLAR RESIDUES 

 
5.1. Introduction 

 

The fusion process is a complex phenomenon that involves an entire range of 

biochemical and biophysical interactions.(187) In an attempt to understand the steps 

involved in the fusion process, synthetic peptides that resemble or mimic the putative 

fusion peptide’s regions of envelope proteins of viruses, or model peptides, have been 

synthesized, and their interactions with liposomes or cells have been examined. 

Among them there are peptides corresponding to the fusion sequences of influenza 

virus,(165) Sendai virus,(195) simian immunodeficiency virus,(166) and HIV.(170) 

Despite extensive studies, the mode of action of fusion peptides that promote 

fusion is still not clear. Interaction of viral fusion peptides with host-cell membranes 

was simulated by computer analysis, which led to the conclusion that the fusogenic 

helices were obliquely oriented with respect to the lipid-water interface. This 

conclusion was experimentally supported by the finding that a mutation that modified 

the oblique orientation of the fusion peptide of simian immunodeficiency virus gp32 

reduced the peptide’s fusogenic activity. Further support for this oblique orientation 

comes from a recent study showing that the fusion peptide of the Sendai virus is 

obliquely oriented in its membrane-bound state. Furthermore, the peptide could self-

assemble in its membrane-bound state, thus suggesting its role in assisting in the 

assembly of the envelope protein of the virus. More recently, Martin et al.(188) showed, 

using attenuated total reflection fourier transform infrared spectroscopy, that a short 

portion of the fusion peptide of HIV is obliquely oriented in its membrane-bound state. 

This oblique orientation was postulated to locally disorganize the structure of the lipid 

bilayer and to generate new lipid phases that are thought to be associated with the 

initial steps of membrane fusion. 
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To understand better the role of fusion peptides in the mediation of cell 

fusion, a 30-residue peptide that represents the N terminus of HIV-1 gp41 was 

elucidated. The peptides were then characterized their structure, their abilities to 

interact with and permeate phospholipid membranes and induce fusion of phospholipid 

membranes.  

In this study, MD simulations for the fusion peptide of the gp41 N-terminal 

fusion peptide in a dimyristoyl phosphatidylcholine (DMPC) bilayer were carried out. 

The 30-residue FPs in two different states of the N- and C-terminus and three different 

orientations with respect to the bilayer surface; l (0o), m (45o)  and p (90o) (as in Figure 

5.1), were examined. The sequences of the peptides and their designations are given in 

Table 5.1.  

 

5.2. Computational Methods 
 

Six simulations were performed to model of FPs interacting with a hydrated 

DMPC bilayer; 30-residue FPs in two different states of the N- and C-terminus (3A 

and 3B in Table 5.1) and three different orientations with respect to the bilayer surface; 

l (0o), m (45o)  and p (90o). The initial conformation of the N-terminal gp41 FP was 

obtained from the Protein Data Bank (PDB accession code: 2ARI; 

http://www.rcsb.org), based on NMR spectroscopic analysis.(189) The sequences of the 

peptides and their designations are given in Table 5.1. Another additional simulation 

of a hydrated pure DMPC bilayer was also carried out and named “control” 

simulation. 

 

Table 5.1. Amino Acid Sequences of the Peptides 

 
No. Peptide 

Designation 
 
Sequence 

3A X1=H2, X2=O X1-HN- A V G I G A L F L G F L G A A G S T M G A A S  M T L T V Q A –CO-X2 

3B X1=H, X2=OH X1-HN- A V G I G A L F L G F L G A A G S T M G A A S  M T L T V Q A –CO-X2 
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5.2.1. Initial Structures 

 

The initial structures of the peptide-bilayer were constructed using 

CHARMM program.(186) To built up the system, the procedure which developed by 

Woolf and Roux was applied.(189) The 128 DMPC molecules were selected randomly 

from the 2000 pre-equilibrated DMPC structures taken from the data of Roux. The FP 

was placed in the upper leaflet of the bilayer keeping the helical axis 0o, 45o and 90o 

with respect to the bilayer surface as seen in Figure 5.1. From the earlier 13C-FTIR 

analysis of FP in lipid bilayers demonstrated that residues 1–16 in lipid-detergent 

sodium dodecyl sulfate (SDS) bound with membrane.165 In the present study in the 

system that keeping the helical axis 45o and 90o (Figure 5.1b and 5.1c), the initial 

position of FP was inserted the N-terminal (residues 1-15) to the hydrophobic core 

membrane whereas residue 16 lies onto the bilayer surface, to mimic the conformation 

from previous studies. The initial size of the simulation box was determined by the 

cross section area of the FP, the number of DMPC molecules, and the number of water 

molecules of the bilayer. To equalize the area of the top and bottom leaflets, the 59 

DMPC molecules were placed in the top leaflet of the system of 30-residue FPs, 

respectively. The system was then fully hydrated by overlaying a pre-equilibrated 

water box of the appropriate dimensions in the x and y directions. 

 
 

 

Figure 5.1. The initial FP-membrane structure in three different configurations of FP 

with respect to the bilayer surface; (a) l ; 0o, (b) m; 45o and p; 90o system. The FP is 

shown in ribbon structure. The lipids are drawn as blue lines. Water molecules are 

indicated as red spheres. 
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5.2.2. Energy Minimization and Position Restrained Simulations 

 

The minimization was first carried out with CHARMM program using the 

all-atom force field and TIP3 water model. To this end, the united-atom force fields 

was used to speed up the simulations using GROMACS program package. The forced 

fields for lipids were taken from Tieleman and for peptide were GROMACS force 

field. The SPC model was used for water molecules. The systems were coupled to a 

heat bath of 303 K. Position restrained simulations of peptide were performed for 2 ns 

to equilibrate membrane structure. A number of position constraints were used at the 

beginning of the ensuing equilibration period to ensure a smooth relaxation of the 

system toward an equilibrated configuration.  

 

5.2.3. Simulations 

 

All simulations were performed using GROMACS program package. 

Starting configurations were obtained by the position restrained simulation at 2 ns. The 

LINCS algorithm was used to constrain all bond lengths of the lipid molecule whereas 

the SETTLE algorithm was used for water molecules. Periodic boundary conditions 

were applied in all three dimensions. The time step in all simulations was set to 2 fs. 

The energies and trajectories were stored every 1 and 10 ps, respectively. The 

temperature was kept at 303 K. The pressure coupling was scaled to 1 bar with a time 

constant of 0.5 ps and applied semiisotropically; xy coordinate and z coordinate 

directions were allowed to vary independently to each other. All simulations were 

performed for 20 ns. 

 

5.2.4. Control Simulations 

 

For the control simulation, the 128 DMPC molecules were examined and 

each leaflet has 64 DMPC molecules.  The same steps as above were performed apart 

from the position restrained simulations. A total of 20 ns were performed, which was 

used for the subsequent analysis. 
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5.3. Results and Discussion 
 

5.3.1. Fusion Peptide Properties 
  

5.3.1.1.   Depth of Insertion 
 

To monitor how deep the peptides insert into the bilayer, location of 

each residue of the FPs was measured in terms of the distance of each residue with 

respect to the bilayer normal. Figure 5.2 shows the depth of insertion of a given 

residue correspond to the average distance between its Cα atom and center of the 

water-lipid interface defined as a mean z coordinate of phosphorus atom. The 

distribution plots for the 30-residue FPs were shown in Figures 5.2a – 5.2c. The 

interface between water and lipid of each system in Figure 5.2 is indicated by the 

horizontal line at y=0. The initial helical axis of FPs was oriented 0o (l; top), 45o (m; 

middle) and 90o (p; bottom) with respect to bilayer surface.  

Figures 5.2a shows the insertion depth of FPs in the l system, which 

keeping the initial helical axis of 0o. Note here, for simplification, that FPs of 30-

residue systems penetrated their hydrophobic residues into the upper leaflet of the 

bilayer. Figure 5.2a, it can be seen that peptides 3Al and 3Bl deeply inserts into the 

bilayer, these peptides locates at ~10 Å below the water-lipid interface. Interest is the 

C-terminal segment of peptide 3Al lies in the membrane-water interface whereas 

peptide 3Bl penetrates into the hydrophobic core membrane. So that the effect of 

neutral terminus provide the difference of peptide insertion of 30-residue FPs (Figure 

5.2a). 

The insertion depth of m and p systems, that the 16th residue lies at the 

membrane-water interface from the initial configuration, were shown in Figures 5.2b-

5.2c.  Note that residue 1–16 of all systems were initialized placed into the bilayer (see 

calculation details, section 5.2.1.) Residues 1–20 were found to penetrate deeper to the 

bilayer compared to the initial structure which the 16th residue still lies at the water-

membrane interface for m system (Figures 5.2b). This is different for peptide of p 

system, only residues 1–18 inserted into the membrane (Figures 5.2c). The C-terminal 

segment of peptide 3Am lies in the membrane-water interface whereas peptide 3Bm 

penetrates into the hydrophobic core membrane. This is also true for the l system. 

However, peptide of p system that has neutral C-terminus stay in water. This is due to 
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the fact that the C-terminus of that peptide cannot contact with the membrane-water 

interface. 

The helical axis significantly tilted during the simulation in each case, 

the angle of insertion of the helix changes by ~10o – 25o (0o  ~10o, 45o  ~25o and 

90o  ~70o) from the initial angle. (It should be noted that the angle of insertion 

indicates the angle between the helix axis of the FP and the membrane surface.  

Taking into account all the data given above, the FPs were found to 

penetrate their hydrophobic residues into the upper leaflet of the bilayer. The C-

terminal segment of charged-terminal peptides lies at the membrane–water interface 

whereas that of neutral-terminal peptides insert into the membrane. 

 

             

Figure 5.2. Depth of insertion of the residues of the peptide into the membranes. The 

distance between Cα atoms of FP and the center of the water-lipid interface (as 

indicated at the horizontal line y=0) which calculated as a mean z coordinate of 

phosphorus atoms.  

a) 

b) 

c) 
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5.3.1.2.   Secondary Structure 

 

Experimental studies have shown that helical structures are typical for 

membrane-bound fusion peptides.(165) To examine the secondary structure of FPs, the 

DSSP program(190) using the do_dssp utility command from the GROMACS package 

were employed. The time evolutions of the secondary structure of membrane-bound 

30-residue FPs are presented in Figures 5.3 and 5.4, respectively. 

The secondary structure map of the FPs computed as a function of 

simulation time showed that FPs exhibit various conformations. However, almost the 

whole chain of FPs still maintain their α-helical conformation (blue color in Figure 5.3 

and 5.4) during the simulation. The structures of the N- and C-terminal tails are more 

or less unstructured (coiled structure; indicated in white color) and very flexible. This 

finding agrees well with the experimental studies.(166)  

For peptide 3Al, the residues 3-22 form stable α-helix structure 

throughout the simulation (Figure 5.3a). This structure was also detected for the 3Ap 

system from residues 3–22 for whole simulation (Figures 5.3c). Residues 4–20 for 

peptides 3Am (Figures 5.3b) form stable α-helix till for t > ~9.5 ns and residues 3–18 

afterward. Interest is focused to the peptides with neutral C-terminal (Figure 5.4). 

Those peptides form stable α-helix structure less than those of charged-terminal 

peptides. Moreover, structures of the peptides with neutral C-terminal vary their 

secondary structure in a wide range. There are several regions with fluctuate between 

two or more secondary structures. This result supports the hypothesis that the variation 

in the secondary structure in the fusion domain plays little or no role in their fusogenic 

activities. Thus, the secondary structure of the FPs cannot be a primary parameter in 

determining their fusogenic activities. 
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Figure 5.3. The time evolution of secondary structure of 30-residue FPs with normal 

N- and C- terminus; a) 3Al, b) 3Am and c) 3Ap systems. 

a) 

b) 

c) 
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Figure 5.4. The time evolution of secondary structure of 30-residue FPs with neutral 

N- and C- terminus; a) 3Bl, b) 3Bm and c) 3Bp systems. 

a) 

b) 

c) 
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5.3.1.3.   Fluctuations in structures 

 

In addition to the secondary structure of FP, flexibility of the peptide is 

one of the important properties that play role on the FPs function. Analysis of RMSF 

values of the backbone was made and shown in Figure 5.5. As the results, the peptides 

backbone in the presence of bilayer are almost rigid with RMSFs ~0.5–1 Å. Almost 

peptides of l an m systems have RMSF values in narrow range between 0.5–1 Å for 

both charged and neutral terminus. An exception was found at the p system (Figure 

5.5c) which RMSF values of peptide 3Bp is higher than peptide 3Ap. The p structures  

  

        
 

Figure 5.5. RMSF of the peptide backbone atoms for each residue, calculated during 

the last 5 ns of MD runs. The systems: a) – c) 30-residue FPs with charged N- and C-

terminus (black) and with neutral N- and C-terminus (red) with the initial helical axis 

of 0o (top), 45o (middle) and 90o (bottom) with respect to l,  m and p structures.  

 

a) 

b) 

c) 
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which penetrate parallel to the bilayer normal have higher RMSFs than l and m 

structures. It can be seen that when the polar residues were introduced, the p structure 

with neutral C-terminus cannot stabilized its α-helical conformation. 

 

5.3.2.   Lipid Properties 
 

5.3.2.1.   Area per Lipid 
 

  The average area per lipid is one of the most fundamental 

characteristics of lipid bilayers. Although being one of the rather few structural 

quantities that can be measured accurately from model membranes via experiments, it 

also plays a major role in a number of quantities, including the ordering of acyl chains 

and the dynamics of lipids in a bilayer. Further, from a computational point of view, it 

is highly useful as a means of monitoring the equilibrium process. The changes in the 

bilayer geometry due to the inclusion of FP were examined. Figure 5.6 shows the area 

of DMPC in simulations as a function of time.  The average values of the period from 

15 to 20 ns are shown in Table 5.2. For all systems, the area per lipid of 58.2 – 59.9 Å2 

agrees well with the experimental value of 59.8 Å2. Interest is the p peptide with 

neutral terminus (3Bp) shows the increasing of area per lipid value which corresponds 

to its RMSF values (Figure 5.5c). 
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Figure 5.6. The time evolution of the area per lipid for different complexes: a) – c) 30-

residue FP-membrane with the initial helical axis of 0o (top), 45o (middle) and 90o 

(bottom), respectively. 

 

 

a) 

b) 

c) 
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5.3.2.2.   Density Profiles 

 

  Distributions of certain molecular components, atom or set of residues, 

are presented by molecular densities profiles along the axis perpendicular to the 

membrane surface. Average density profiles of various components of phospholipids 

and water along the bilayer normal (z axis) were calculated from the last 5 ns 

simulations of the production run; they were shown in Figure 5.7a. The rough position 

of the FPs in the lipid bilayer is illustrated in Figure 5.7b for system l of two different 

length of FPs.  

Figures 5.7a, a density profile of various components of the DMPC is in 

good agreement with previous studies. The width of the headgroup region, as indicated 

by the width of the density peak of the phosphorus atoms, is ~11 Å, similar to the 

values calculated for pure bilayer (10 – 13 Å).(191) In addition, the water density profile 

of the combined membrane-peptide-water system is also in agreement with previous 

studies that water penetrated deep into the headgroup region of the membrane bilayer. 

Previous studies181 showed that density profile of pure membrane bilayers are 

characterized by a broad headgroup region (~10 – 13 Å wide) and water molecules 

were found to penetrate deep into the headgroup region up to the carbonyl groups of 

the membrane bilayer. The density profiles of membrane components for all systems 

showed similar behavior. 

The density profiles of selected peptide segments were shown in Figure 

5.7b and 5.7c during the simulation at the time of 1, 5, 10, 15 and 20 ns. From the 

Figure 5.7b, it is clearly seen in peptide 3Al that the hydrophilic C-terminus of the 

peptides lies at the water-lipid interface (defined by the phosphorus atoms). However, 

that of 3Bl penetrates into the membrane (Figure 5.7c). The hydrophobic N-terminus 

of the peptides penetrates into the core membrane in both systems.  

For l system, the density profiles indicated that the optimal position of 

the C-terminus peptides is in the headgroup region for charged terminus peptide 

whereas peptide with neutral terminus penetrates its polar residues into the membrane. 

This is due to the fact that neutral C-terminus of peptide induces the peptide to 

penetrate into the bilayer. 
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Figure 5.7. Average density profiles in the combined membrane-peptide-water system 

along the bilayer normal of (a) various components of DMPC and selected segments of   

30-residue FPs with (b) normal and (c) neutral N- and C- terminus. 

 

 

 

 

X 

Z 

0 1 2 3 4 5 6 7
0

200

400

600

800

1000

 

 

D
en

si
ty

 (k
g/

m
3 )

Box (nm)

water 

N 
P carbonyl 

b) c) a) 

1 ns 

5 ns 

10 ns 

15 ns 

20 ns 

1 ns 

5 ns 

10 ns 

15 ns 

20 ns 

3Al 3Bl 



 

 

99

 

 

5.3.2.3.  Radial Distribution Function 

 

To characterize the structure of the peptide-membrane complex in more 

detail, RDFs among peptide and the headgroup of bilayer were computed. The data 

were averaged over the last 5 ns of the simulation. Plots show the results of the pair 

distribution functions of the center of mass of peptide and phosphorus of lipid are 

shown in Figure 6. It is seen that the location of the first minimum phosphorus of lipid 

surrounded peptide is ~5 Å in all systems. This number can be determined by 

integrating the radial distribution function to the first minimum. To see the effect of 

peptide in DMPC membrane, this distance was used for the order parameter 

calculation. 
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Figure 5.8. Radial distribution functions between the center of mass of protein and 

phosphorus in the headgroup region of bilayer: a) – c) 30-residue FP membrane 

complexes. 

 

 

a) 

b) 

c) 
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5.3.2.4.  Order Parameters 
 

The orientational ordering of the lipid acyl chain methylene segments 

can be reflected the state of a bilayer. The order parameter, SCD, can be measured by 

deuterium NMR which may be defined for every CH2 group in the chain as: 

 

                                           SCD = <3/2 cos2θ - 1/2>                                    (4.1) 

 

Where θ is the angle between the CD-bond (in experiment) or CH-bond (in the 

simulation) and the bilayer normal, and the brackets denote an average over time over 

all of the lipids (or over a subset of the membrane lipids). The value of SCD quantifies 

the degree of reorientation that occurs on the NMR time scale. In a united-atom 

simulation, one can reconstruct the CH-bond at their equilibrium positions on the basis 

of the backbone chain configuration. 

The calculated order parameters of the tails can be directly compared to 

that obtained from NMR on deuterated DMPC. Order parameters along the 

hydrocarbon chains of a fully hydrated DMPC bilayer were determined experimentally 

at 30oC.37 A useful comparison parameter is the average of the CH order parameters in 

the plateau region. The order parameters were plotted against the position in the chain. 

They were calculated separately for the two chains (sn1 and sn2) of the DMPC 

molecules for each system. Figure 5.9 shows the results of theoretical MD simulations 

for both acyl chain order parameters of DMPC in the FP-membrane model, and the 

protein-free lipid control within the radius of 5 Å  from the center of mass of FP (as 

mentioned above). The orientational order parameter profiles for the acyl chains were 

obtained by averaging over the simulation trajectory in the last 5 ns. Order parameters 

in the absence of the peptide are typical of liquid crystalline DMPC bilayers and are 

slightly lower than those experimental obtained. Note that SCD is ~ 0.20 close to the 

glycerol group, and tends toward zero toward the end of a tail. The acyl chains are 

therefore reasonably ordered close to the headgroup. 

It can be seen in Figure 5.9 that the effect on the ordering of the acyl 

chains is significantly different for the different FPs. The FPs induced the disordering 

peptide, which shows a significant reduction in SCD values, compared to pure bilayer. 

A qualitatively similar reduction in order parameter near embedded peptides was  
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Figure 5.9. Average order parameter (SCD) for acyl chains of DMPC bilayer and its 

complexes with FP: a) – c) 30-residue FP-membrane complexes. PM is pure 

membrane in control simulation (black). 

a) 

b) 

c) 
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observed in the simulation of alamethicin, influenza M2, and OmpF embedded in a of 

the acyl chain. This is due to the position of the FPs in the bilayer along the bilayer 

normal. A dramatic effect is seen in the order parameter of the lipids closest to the 

POPE membrane. Interest is only order parameter of peptide 3Bp which has the same 

characteristics as pure membrane (Figure 5.9c). This indicated that peptide 3Bp does 

not affect the order parameter of the bilayer. 

Decrease of the SCD for acyl chains in the immediate vicinity of the 

peptide can be due to restricted acyl chain motion, particularly dihedral transitions, 

near the peptide due to steric hindrance. 

 

5.3.2.5.  Headgroup Spacing 

 

The headgroup spacing DPP is defined as the distance between the two 

peaks in the mass density profile shown in Figure 4.8a. DPP is usually supposed to be a 

good approximation to the phosphate-phosphate thickness of the bilayer.(135) The 

simulated DPP for the investigated systems were summarized in Table 4.2. The 

calculated value for pure DMPC as well as that obtained experimentally was also 

given for comparison. From Table 4.2, the simulated DPP for pure of 33.9 Å is in good 

agreement with the experimental value of 34.4 Å. The presence of FPs leads to the 

increase of the thickness of bilayer for all systems. 
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Table 5.2. Structural Characteristics of Pure Lipid Bilayers and Their Complexes with 

the FP. 

 

        Parametera                     <A> (Å2)  <SCD>   <DPP> 

DMPC (expb)  59.7 ± 0.2   0.213     34.4 

DMPC    61.9 ± 0.6         0.187 ± 0.012     33.9 

3Al                59.9 ± 1.0         0.178 ± 0.020    33.2 

3Bl   59.9 ± 0.9         0.152 ± 0.013    35.2 

3Am                58.7 ± 1.5         0.171 ± 0.035    36.1 

3Bm   59.2 ± 1.1         0.170 ± 0.009    34.5 

3Ap                59.0 ± 1.2         0.190 ± 0.011    35.2 

3Bp   58.2 ± 1.0         0.152 ± 0.026    35.4 

a The calculated parameters are given as mean values ± standard deviations. Averaging was  

done for the last 5 ns of MD run. A, area/lipid. SCD, order parameters for acyl chains (experimental 

values are given for carbon atoms 1-8 of the acyl chain). DPP, bilayer thickness, calculated as a distance 

between the peaks in the density distributions of phosphorus atoms. The experimental values of DPP are 

estimated as 2(DC + DH1), where DC is the thickness of the hydrocarbon layer and DH1 is the partial 

thickness of the head group region. 

b Experimental results were obtained at T = 303 K. Data were taken from ref 136 and 137 
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5.4. Conclusions 

 

The results of MD simulations of the 30-residue gp41 FP in hydrated DMPC 

bilayer were evaluated and discussed. The presence of the membranes significantly 

stabilizes α-helical conformation of the peptide, especially in its N-terminal part, while 

the C-terminal fragment is less ordered. The results showed that fusion peptides 

exhibit various secondary structures, however, their α-helix structure still maintained. 

The interaction of hydrophobic residues with the membrane interior (acyl chains of 

lipids) are observed. Membrane properties (i.e, bilayer thickness, orderparameter) 

show that peptides affect the characteristic of surrounding lipids. It can be seen that 

binding and insertion of fusion peptide resulted in destabilization of lipid bilayer. The 

rearrangement of the peptide surrounding lipid and the perturbation of the bilayer 

thickness might reflect the destabilization of the membrane essential for membrane 

fusion. 

We cannot adapt exactly all experimental conditions of interest. Also these 

simulations did not allow to change the numbers of DMPCs in the top and bottom 

leaflet that might introduce artifacts. In addition, it is still very difficult to simulate 

systems consisting of a larger number of lipids and/or fusion peptides for periods as 

long as tens or hundreds nanoseconds due to the limited computational capacity. Such 

studies may provide more fusion relevant details. However, a huge number of 

examples including this study have proven that theoretical studies such as MD 

simulation can provide reasonable results complementing experimental data.  

 

 

 



CHAPTER VI 

 

CONCLUSION 

 
In this study, MD simulations of 16-residue, 23-residue and 30-residue N-

terminal gp41 FPs in DMPC environment were carried out to investigate their 

structural and dynamical properties.  

The results revealed that the fusion peptides form stable complexes with lipid 

bilayer by inserting its hydrophobic residues into the membrane. The secondary 

structures of the FPs exhibit various conformations, indicating that the secondary 

structure of this fusion domain plays little or no role in affecting the peptide 

penetration into the membrane. The analysis of the secondary structure indicated that 

the helical content of the fusion peptide was found to be in the range of experimental 

data. Interest is the N-terminal segments (residues 8–10 and 14–16) are most 

responsible for the interaction of the hydrophobic core of the bilayer and important for 

peptide insertion. The specific sequence and distribution of hydrophobic and 

hydrophilic along the fusion peptide might be crucial for the peptide insertion and also 

membrane fusion.  

This work has demonstrated that MD simulations of N-terminal gp41 fusion 

peptide including a lipid bilayer plus water enable to carry out in a realistic model of 

its natural environment. Ultimately, it should be possible to link microscopic models 

such as those in this work to build a complete detailed picture of fusion mechanism 

which leading to the design of new and more effective drugs to combat viral infection. 
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