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Abstract Flaviviruses comprise a number of important

human pathogens including yellow fever, dengue, West

Nile, Japanese encephalitis and tick-borne encephalitis

viruses. They are small enveloped viruses that enter cells

by receptor-mediated endocytosis and release their nucleo-

capsid into the cytoplasm by fusing their membrane with

the endosomal membrane. The fusion event is triggered by

the acidic pH in the endosome and is mediated by the

major envelope protein E. Based on the atomic structures

of the pre- and post-fusion conformations of E, a fusion

model has been proposed that includes several steps lead-

ing from the metastable assembly of E at the virion surface

to membrane merger and fusion pore formation trough

conversion of E into a stable trimeric post-fusion confor-

mation. Using recombinant subviral particles of tick-borne

encephalitis virus as a model, we have defined individual

steps of the molecular processes underlying the flavivirus

fusion mechanisms. This includes the identification of a

conserved histidine as being part of the pH sensor in the

fusion protein that responds to the acidic pH and thus

initiates the structural transitions driving fusion.
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Introduction

Membrane fusion processes are essential for all forms of

life (Martens and McMahon 2008). They are mediated by

specialized proteins and consist of the apposition and

subsequent merging of membranes enclosing two separate

compartments. Virus-cell fusion is required for the entry of

enveloped viruses into the cell, leading to the release of the

genetic information into the cytoplasm. It is controlled by

one or more viral surface proteins (fusion proteins) primed

to undergo conformational changes that drive membrane

fusion (Harrison 2008b; Kielian and Rey 2006; White et al.

2008). For these changes to occur, the fusion protein has to

be activated by a specific trigger resulting in fusion at the

right time and at the right place of the viral life cycle. The

mode of triggering can be different: low pH after uptake by

endocytosis (flaviviruses, influenza), interactions with

receptor(s) (paramyxoviruses, most retroviruses), and a

combination of receptor binding and low pH (alpharetro-

viruses) [reviewed in (White et al. 2008)]. These triggering

events define the site of fusion and take place either at the

plasma membrane or within endocytic compartments.

Many viruses employ only a single protein to accomplish

fusion and represent relatively simple models that also

contribute to a better understanding of more complex viral

(Campadelli-Fiume et al. 2007; Moss 2006) and cellular

membrane fusion machineries (Martens and McMahon

2008; Sollner 2004). The 3D structures have been deter-

mined for several viral fusion proteins, both in their pre-

fusion and post-fusion conformations. Based on profound

structural differences, three classes of viral fusion proteins

can be distinguished (Weissenhorn et al. 2007; White et al.

2008). Class I fusion proteins are found in orthomyxo-,

paramyxo-, retro-, filo-, and coronoviruses (White et al.

2008) and they possess analogies to cellular SNARE pro-

teins (Sollner 2004). Class II fusion proteins have been

identified in alpha- and flaviviruses (Kielian 2006; Stiasny

and Heinz 2006); and class III fusion proteins in rhabdo-,

herpes- and baculoviruses (Backovic and Jardetzky 2009).
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Although the classes of viral fusion proteins show

different molecular architectures, the membrane fusion

process follows common mechanistic principles. A specific

trigger leads to the exposure of a hydrophobic structural

element (fusion peptide), which interacts with the target

membrane and establishes the contact between the viral

and the cellular membrane. Subsequently, the fusion pro-

teins fold into a hairpin-like structure with the membrane

anchor and the fusion peptide juxtaposed at the same side

of the molecule. This jack-knife-like reorganization of the

fusion proteins mediates the merger of the two membranes

and finally leads to the opening of a fusion pore (Cherno-

mordik and Kozlov 2008; Kielian and Rey 2006; White

et al. 2008).

Histidines and flavivirus fusion

The molecular mechanisms underlying viral fusion triggers

are not well understood. In the case of low-pH-dependent

viruses (found in all three classes of viral fusion proteins),

histidines have been proposed as prime candidates to act as

pH sensors for initiating the fusion process (Bressanelli

et al. 2004; Kampmann et al. 2006; Kanai et al. 2006;

Mueller et al. 2008; Qin et al. 2009; Roche et al. 2008;

Roussel et al. 2006; Stevens et al. 2004). Low-pH-induced

fusion occurs around a pH value of 6 which is close to the

pKa of histidine (pKa * 6–7). At neutral pH, histidines

are uncharged and become doubly protonated and posi-

tively charged at the slightly acidic pH found in endo-

somes. It proved difficult to answer the question whether

the initial trigger is provided by the protontaion of specific

residues of the fusion protein or by a cumulative effect

trough the increase of positive charges. We conducted a

study with recombinant subviral particles of the flavivirus

tick-borne encephalitis virus (TBEV) to answer this ques-

tion and identified an important residue of the molecular

pH sensor for the initiation of membrane fusion (Fritz et al.

2008).

Flaviviruses comprise several important human patho-

gens such as yellow fever, dengue, West Nile, Japanese

encephalitis and tick-borne encephalitis viruses (Gubler

et al. 2006). The surface of mature flaviviruses consists of a

herringbone-like assembly of 90 head-to-tail homodimers

of the envelope glycoprotein E (Kuhn et al. 2002;

Mukhopadhyay et al. 2003), a class II viral fusion protein.

The 3D structures of soluble forms of E (soluble E [sE])

lacking the membrane anchor and the so-called ‘‘stem’’

region (both about 50 amino acids in length; schematically

depicted in Fig. 1a) are known for different flaviviruses in

their pre- and post-fusion conformations (Fig. 1) (Bressa-

nelli et al. 2004; Kanai et al. 2006; Modis et al. 2003, 2004,

2005; Nayak et al. 2009; Nybakken et al. 2006; Rey et al.

1995; Zhang et al. 2004). The structure of all flavivirus E

proteins is very similar and the crystallized part (sE) con-

tains three domains (I, II, III) (Fig. 1a). In the pre-fusion

conformation the internal fusion peptide (FP) loop is

located at the tip of domain II of one monomeric subunit

and hidden by the interactions with a hydrophobic pocket

provided by domains I and III of the partner subunit

(Fig. 1a). For the initiation of fusion—depicted schemati-

cally in Fig. 2—the FP has to be released from these

Fig. 1 Three-dimensional structure of the flavivirus fusion protein

E. a Ribbon diagrams of the pre-fusion E dimer of the TBEV sE (top
and side view) and a schematic of the stem and the membrane anchor.

b Ribbon diagram of the post-fusion TBEV sE trimer (side view). The

positions of the histidine residues conserved among all flavivirus E

proteins are indicated by grey balls. E protein color code: domain I in

red; domain II in yellow; domain III in blue; fusion peptide (FP) in

orange; stem (linker between DIII and the membrane anchor)

in purple; membrane anchor in green. The viral membrane is shown

in grey. Ribbon diagrams were drawn with PyMol (DeLano 2002).

PDB entry codes: 1svb (TBEV sE pre-fusion conformation), 1urz

(TBEV sE trimer)
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interactions to allow its association with the target

membrane (Fig. 2b). It is believed that this initial step is

followed by trimerization and the relocation of domain III

from the end to the side of the rod-like molecule (Fig. 2c,

d). Fusion then proceeds by ‘‘zippering’’ of the stem

(Fig. 2c, d), thus yielding a hairpin-like post-fusion trimer

in which the FP and the membrane anchors are juxtaposed

in the fused membrane (Fig. 2e) (Bressanelli et al. 2004;

Modis et al. 2004; Nayak et al. 2009).

The E protein contains five histidines that are absolutely

conserved among all flaviviruses, four in the crystallized sE

(H146, H248, H287, H323) and one in the stem (H438)

(Fig. 1). Two of these residues are located at the domain I/III

interface: H146 in domain I and H323 in domain III

(Fig. 3a). H248 is located in domain II and H287 in domain I.

Effect of mutating conserved histidines

on TBEV membrane fusion

To investigate whether conserved histidines in E function

as pH sensors in flavivirus fusion, we applied a mutational

approach using capsid-less, non-infectious recombinant

subviral particles (RSPs) of TBEV (Fritz et al. 2008). RSPs

are produced by transient expression and represent excel-

lent tools for studying fusion and the impact of mutations

on fusion, because—in contrast to infectious virus—

reversion to wildtype or resuscitating mutations do not

occur (Allison et al. 2001; Fritz et al. 2008). On the surface

of RSPs, the E proteins are organized in an icosahedral

lattice (Ferlenghi et al. 2001) and are structurally and

functionally equivalent to E on virions (Corver et al. 2000;

Schalich et al. 1996). Most importantly, RSPs were shown

to exhibit fusion properties similar to whole infectious

virions (Corver et al. 2000; Schalich et al. 1996).

Fig. 2 Schematic of the

proposed steps of the flavivirus

membrane fusion process.

a Pre-fusion E dimer on the

virus surface. b Low-pH-

induced dissociation of E dimers

into monomers (pH threshold

around pH 6.6), outward

projection of E monomers, and

interaction of the FPs with the

target membrane. c Trimer

formation, relocation of domain

III, and ‘‘zippering’’ of the stem.

d Hemifusion intermediate in

which only the leaflets of the

two membranes that face each

other (outer leaflets) have

mixed. e Formation of the final

post-fusion E trimer and opening

of the fusion pore. E protein

color code as in Fig. 1. Viral

membrane: outer leaflet in

yellow, inner leaflet in blue;

target membrane: outer leaflet in

black, inner leaflet in red

Fig. 3 Domain III interactions in the pre-fusion E dimer (a) and post-

fusion E trimer (b). a Ribbon diagram of the sE dimer of TBEV and a

zoom of the domain I/III interface highlighting the conserved

histidine residues (H146, H323) and the conserved salt bridge

between R9 (domain I) and E373 (domain III). b Ribbon diagram of

the sE trimer of TBEV and a zoom of the salt bridge between H323

and E373. Ribbon diagrams were drawn with PyMol (DeLano 2002)
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We mutated all five absolutely conserved histidines in

TBEV RSPs (Fig. 1) and studied the effect of these sub-

stitutions on fusion and fusion-related processes (Fritz et al.

2008). The introduction of mutations at position 146 did

not allow the recovery of particles. Three histidines (H248,

H287, H438) could be mutated individually without any

effect on fusion whereas substituting H323 strongly

reduced fusion of RSPs with liposomes. As shown by

additional experiments, H323 mutant RSPs were already

impaired in the early steps of membrane fusion, i.e., the

dissociation of the dimer, the exposure of the FP and

the initial interactions with the target membrane. Due to the

less efficient low-pH-induced dissociation of the dimer, the

formation of H323 mutant trimers was reduced compared

to wildtype. Furthermore, the H323 mutant trimers were

less thermostable than the wildtype trimers. A possible

explanation for this finding is probably the involvement of

H323 in a salt bridge with E373 in the post-fusion trimer

that might play a role in trimer stability (Fig. 3b).

Double and triple histidine mutants were also studied

and RSPs with mutations at position 248 and 287 were able

to undergo the low-pH-induced early stages of membrane

fusion like wildtype (FP interactions with target mem-

branes), but trimerization and trimer stability were reduced.

Both of these amino acids are located in regions in the post-

fusion trimer (Fig. 1b) that could contribute to the stability

of this molecule (Fritz et al. 2008; Harrison 2008a).

Conclusions

Using a recombinant subviral particle system, the muta-

tional analysis of histidines conserved among all flavivirus

E proteins provided evidence that H323 is an important

residue in the initiation of the low-pH-dependent multistep

fusion process (Fritz et al. 2008). This amino acid is located

at the domain I/III interface (Fig. 3a) which contains a

network of interactions between the two domains in the E

monomer of the pre-fusion dimer (hydrogen bonds, van der

Waals contacts) and a salt bridge between R9 (domain I)

and E373 (domain III) (Fig. 3a) (Bressanelli et al. 2004). In

this conformation, domains I and III provide a pocket for

the FP at the tip of the partner subunit. The destabilization

of the domain I/III interface by protonation is essential for

the release of the FP as well as for the relocation of domain

III and thus for the entire fusion process. Understanding the

details of the flavivirus membrane fusion process at a

molecular level can help in the search for antiviral com-

pounds that target structural transitions during fusion.

In a recent publication, the substitutions of histidines—

in the context of single round infectious particles (SIPs) of

West Nile Virus (WNV)—still allowed pH-dependent

infection of cells although some of the identified mutants

were less infectious than WT SIPs (Nelson et al. 2009). A

possible explanation for the observed infectivity—despite

the replacement of histidines—could be that other residues

can take over the pH sensor function in the course of the

host cell infection. It is known that the local protein

environment can change the pKa of titrable side chains

(Srivastava et al. 2007). Therefore, aspartates and gluta-

mates (e.g., E373 in domain III which is part of the salt

bridge with R9 in domain I in the pre-fusion conformation)

could also be involved in pH sensoring. R9 and E373 as

well as several additional residues (including H146 and

H323) at the domain I/III interface are conserved among all

flaviviruses. Further experiments—both in vitro fusion

experiments with liposomes and standardized infectivity

assays—are needed to clarify this issue.

Acknowledgments This work was supported by the Austrian

Science Fund (FWF; P19843-B13).

References

Allison SL, Schalich J, Stiasny K, Mandl CW, Heinz FX (2001)

Mutational evidence for an internal fusion peptide in flavivirus

envelope protein E. J Virol 75:4268–4275

Backovic M, Jardetzky TS (2009) Class III viral membrane fusion

proteins. Curr Opin Struct Biol 19:189–196

Bressanelli S, Stiasny K, Allison SL, Stura EA, Duquerroy S, Lescar

J, Heinz FX, Rey FA (2004) Structure of a flavivirus envelope

glycoprotein in its low-pH-induced membrane fusion conforma-

tion. EMBO J 23:728–738

Campadelli-Fiume G, Amasio M, Avitabile E, Cerretani A, Forghieri

C, Gianni T, Menotti L (2007) The multipartite system that

mediates entry of herpes simplex virus into the cell. Rev Med

Virol 17:313–326

Chernomordik LV, Kozlov MM (2008) Mechanics of membrane

fusion. Nat Struct Mol Biol 15:675–683

Corver J, Ortiz A, Allison SL, Schalich J, Heinz FX, Wilschut J

(2000) Membrane fusion activity of tick-borne encephalitis virus

and recombinant subviral particles in a liposomal model system.

Virology 269:37–46

DeLano WL (2002) The pymol molecular graphics system.

www.pymol.org

Ferlenghi I, Clarke M, Ruttan T, Allison SL, Schalich J, Heinz FX,

Harrison SC, Rey FA, Fuller SD (2001) Molecular organization

of a recombinant subviral particle from tick-borne encephalitis

virus. Mol Cell 7:593–602

Fritz R, Stiasny K, Heinz FX (2008) Identification of specific

histidines as pH sensors in flavivirus membrane fusion. J Cell

Biol 183:353–361

Gubler D, Kuno G, Markhoff L (2006) Flaviviruses. In: Knipe DM,

Howley PM, Griffin DE, Lamb RA, Martin MA, Roizman B,

Straus SE (eds) Fields virology, 5th edn. Lippincott, Philadel-

phia, pp 1153–1252

Harrison SC (2008a) The pH sensor for flavivirus membrane fusion.

J Cell Biol 183:177–179

Harrison SC (2008b) Viral membrane fusion. Nat Struct Mol Biol

15:690–698

Kampmann T, Mueller DS, Mark AE, Young PR, Kobe B (2006) The

role of histidine residues in low-pH-mediated viral membrane

fusion. Structure 14:1481–1487

1162 K. Stiasny et al.

123

http://www.pymol.org


Kanai R, Kar K, Anthony K, Gould LH, Ledizet M, Fikrig E, Marasco

WA, Koski RA, Modis Y (2006) Crystal structure of west nile

virus envelope glycoprotein reveals viral surface epitopes.

J Virol 80:11000–11008

Kielian M (2006) Class II virus membrane fusion proteins. Virology

344:38–47

Kielian M, Rey FA (2006) Virus membrane-fusion proteins: more

than one way to make a hairpin. Nat Rev Microbiol 4:67–76

Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, Lenches E,

Jones CT, Mukhopadhyay S, Chipman PR, Strauss EG, Baker TS,

Strauss JH (2002) Structure of dengue virus: implications for

flavivirus organization, maturation, and fusion. Cell 108:717–725

Martens S, McMahon HT (2008) Mechanisms of membrane fusion:

disparate players and common principles. Nat Rev Mol Cell Biol

9:543–556

Modis Y, Ogata S, Clements D, Harrison SC (2003) A ligand-binding

pocket in the dengue virus envelope glycoprotein. Proc Natl

Acad Sci USA 100:6986–6991

Modis Y, Ogata S, Clements D, Harrison SC (2004) Structure of the

dengue virus envelope protein after membrane fusion. Nature

427:313–319

Modis Y, Ogata S, Clements D, Harrison SC (2005) Variable surface

epitopes in the crystal structure of dengue virus type 3 envelope

glycoprotein. J Virol 79:1223–1231

Moss B (2006) Poxvirus entry and membrane fusion. Virology

344:48–54

Mueller DS, Kampmann T, Yennamalli R, Young PR, Kobe B, Mark

AE (2008) Histidine protonation and the activation of viral

fusion proteins. Biochem Soc Trans 36:43–45

Mukhopadhyay S, Kim BS, Chipman PR, Rossmann MG, Kuhn RJ

(2003) Structure of West Nile virus. Science 302:248

Nayak V, Dessau M, Kucera K, Anthony K, Ledizet M, Modis Y

(2009) Crystal structure of dengue virus type 1 envelope protein

in the postfusion conformation and its implications for mem-

brane fusion. J Virol 83:4338–4344

Nelson S, Poddar S, Lin TY, Pierson TC (2009) Protonation of

individual histidine residues is not required for the pH-dependent

entry of West Nile virus: evaluation of the ‘‘histidine-switch’’

hypothesis. J Virol. doi:10.1128/JVI.01072-09

Nybakken GE, Nelson CA, Chen BR, Diamond MS, Fremont DH

(2006) Crystal structure of the West Nile virus envelope

glycoprotein. J Virol 80:11467–11474

Qin ZL, Zheng Y, Kielian M (2009) Role of conserved histidine

residues in the low-pH dependence of the Semliki Forest virus

fusion protein. J Virol 83:4670–4677

Rey FA, Heinz FX, Mandl C, Kunz C, Harrison SC (1995) The

envelope glycoprotein from tick-borne encephalitis virus at 2 A

resolution. Nature 375:291–298

Roche S, Albertini AA, Lepault J, Bressanelli S, Gaudin Y (2008)

Structures of vesicular stomatitis virus glycoprotein: membrane

fusion revisited. Cell Mol Life Sci 65:1716–1728

Roussel A, Lescar J, Vaney MC, Wengler G, Wengler G, Rey FA

(2006) Structure and interactions at the viral surface of the

envelope protein E1 of Semliki Forest virus. Structure 14:75–86

Schalich J, Allison SL, Stiasny K, Mandl CW, Kunz C, Heinz FX

(1996) Recombinant subviral particles from tick-borne enceph-

alitis virus are fusogenic and provide a model system for

studying flavivirus envelope glycoprotein functions. J Virol

70:4549–4557

Sollner TH (2004) Intracellular and viral membrane fusion: a uniting

mechanism. Curr Opin Cell Biol 16:429–435

Srivastava J, Barber DL, Jacobson MP (2007) Intracellular pH

sensors: design principles and functional significance. Physiology

22:30–39

Stevens J, Corper AL, Basler CF, Taubenberger JK, Palese P, Wilson

IA (2004) Structure of the uncleaved human H1 hemagglutinin

from the extinct 1918 influenza virus. Science 303:1866–1870

Stiasny K, Heinz FX (2006) Flavivirus membrane fusion. J Gen Virol

87:2755–2766

Weissenhorn W, Hinz A, Gaudin Y (2007) Virus membrane fusion.

FEBS Lett 581:2150–2155

White JM, Delos SE, Brecher M, Schornberg K (2008) Structures and

mechanisms of viral membrane fusion proteins: multiple vari-

ations on a common theme. Crit Rev Biochem Mol Biol 43:189–

219

Zhang Y, Zhang W, Ogata S, Clements D, Strauss JH, Baker TS,

Kuhn RJ, Rossmann MG (2004) Conformational changes of the

flavivirus E glycoprotein. Structure 12:1607–1618

Molecular mechanisms of flavivirus membrane fusion 1163

123

http://dx.doi.org/10.1128/JVI.01072-09

	Molecular mechanisms of flavivirus membrane fusion
	Abstract
	Introduction
	Histidines and flavivirus fusion
	Effect of mutating conserved histidines on TBEV membrane fusion
	Conclusions
	Acknowledgments
	References


