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Structure of Dengue Virus: Implications
for Flavivirus Organization,
Maturation, and Fusion

through the use of vaccination has proved to be elusive
(Burke and Monath, 2001).

Electron micrographs showed that dengue virions are
characterized by a relatively smooth surface, with a di-
ameter of approximately 500 Å, and an electron-dense
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core surrounded by a lipid bilayer. In addition to theEllen G. Strauss,2 Timothy S. Baker,1

plus-sense RNA genome of �10,700 nucleotides, thereand James H. Strauss2

are three structural proteins that occur in stoichiometric1Department of Biological Sciences
amounts in the particle: core (C, 100 amino acids), mem-Purdue University
brane (M, 75 amino acids), and envelope (E, 495 aminoWest Lafayette, Indiana 47907
acids). The atomic structure for the homologous E pro-2 Division of Biology 156-29
tein of TBEV has an elongated shape consisting of aCalifornia Institute of Technology
central domain (I) that connects an Ig-like domain (III)Pasadena, California 91125
to a dimerization domain (II) (Rey et al., 1995). Based on
the shape of the molecule and the location of antibody
epitopes, Rey et al. (1995) postulated that the E proteinSummary
would lie flat along the surface of the virus lipid bilayer.

Alphaviruses (including Sindbis, Semliki Forest, andThe first structure of a flavivirus has been determined
Ross River viruses) and flaviviruses were formerly con-by using a combination of cryoelectron microscopy and
sidered genera within the togavirus family because offitting of the known structure of glycoprotein E into
their similar structural organization. However, they differthe electron density map. The virus core, within a lipid
in gene order and replication strategy and are now clas-bilayer, has a less-ordered structure than the external,
sified into separate families (Strauss and Strauss, 2001).icosahedral scaffold of 90 glycoprotein E dimers. The
In contrast to the smooth surface of the flaviviruses, thethree E monomers per icosahedral asymmetric unit
alphaviruses have prominent spikes that project fromdo not have quasiequivalent symmetric environments.
the bilayer membrane (Cheng et al., 1995). Despite theseDifference maps indicate the location of the small
differences, recent studies (Lescar et al., 2001; Pletnevmembrane protein M relative to the overlaying scaffold
et al., 2001) have shown that there is a close structuralof E dimers. The structure suggests that flaviviruses,
and functional relationship between the flavivirus andand by analogy also alphaviruses, employ a fusion
alphavirus E and E1 glycoproteins, respectively, demon-mechanism in which the distal � barrels of domain
strating that they both form icosahedral scaffolds. TheseII of the glycoprotein E are inserted into the cellular
glycoproteins participate in the process of membranemembrane.
fusion (Kielian et al., 1996; Allison et al., 2001).

We report the structure of dengue virus type 2 S1Introduction
strain, a vaccine candidate derived from the PR-159
isolate (Hahn et al., 1988). A three-dimensional imageThe flaviviruses (Latin flavus meaning yellow, because
reconstruction shows that the virion has a well-orga-of the jaundice induced by yellow fever virus) comprise
nized outer protein shell, a lipid bilayer membrane, anda large genus of medically important, arthropod-trans-
a less-well-defined inner nucleocapsid core. The knownmitted, enveloped viruses with members that include
atomic structure of the homologous E protein dimer ofyellow fever, dengue, West Nile, tick-borne encephalitis
TBEV (Rey et al., 1995) has been fitted into the outer(TBEV), and Japanese encephalitis viruses (Burke and
layer of density in the cryoelectron microscopy (cryoEM)

Monath, 2001; Lindenbach and Rice, 2001). Dengue vi-
reconstruction. The icosahedral scaffold consists of 90

rus is one of the most significant human viral pathogens
such dimers with three monomers in the icosahedral

transmitted by mosquitoes and causes 50 million or asymmetric unit but lacking T � 3 quasiequivalent envi-
more cases of infection worldwide each year, resulting ronments (Caspar and Klug, 1962). The glycoprotein or-
in around 24,000 deaths (World Health Organization, ganization suggests a common, class II fusion mecha-
1998). Infection is usually characterized by fever and nism for alpha- and flaviviruses based on the insertion
severe joint pain, but more serious syndromes, dengue of a � barrel-type structure into the host cell membrane.
hemorrhagic fever or dengue shock syndrome, occur Class I and II fusion proteins were first differentiated by
sometimes following dengue infection. Dengue hemor- Lescar et al. (2001) based on a description of a variety
rhagic fever was mostly confined to Southeast Asia until of properties related to the activation and position of
the 1960’s, when it also became endemic in Central the fusogenic peptide. Here we have emphasized the
America and, more recently, in South America. There structural and mechanistic differences between these
are four distinct serotypes of dengue virus, and it has fusion classes.
been postulated that hemorrhagic fever, or shock syn-
drome, is usually the result of sequential infection with Results and Discussion
multiple serotypes. Although vaccines have been devel-
oped for several flaviviruses, control of dengue virus The Virus Organization

The 24 Å resolution cryoEM reconstruction of dengue
virus particles (Figure 1A) assumed icosahedral symme-3 Correspondence: rjkuhn@bragg.bio.purdue.edu
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Figure 1. The CryoEM Density

(A) Surface-shaded representation of dengue-2 cryoEM reconstruction at 24 Å resolution, showing the outline of one icosahedral asymmetric
unit and the definition of the coordinate system. Scale bar represents 100 Å.
(B) Central crosssection showing the cryo-EM density with a plot of the maximum (blue) and averaged (purple) density. Arrows indicate the
position of the 5-fold and 3-fold axes. Shown also are radial density sections at the defined radii, r1, r2, r3, and r4. Higher density representing
protein is shown in dark shading. Scale bar represents 175 Å.
(C) Ribbon drawing of the E dimer situated on an icosahedral 2-fold axis, showing the largest uninterpreted electron density peak outside
the lipid bilayer, probably representing the M protein (light blue), located close to the hole between the E dimers. The white arrow indicates
the position of the dimer holes. The outer leaflet of the lipid bilayer is shown in green. The domains I, II, and III of an E monomer are shown
in red, yellow, and blue, respectively. The fusion peptides are in green.
(D) Ribbon drawing showing the position and orientation of the E dimer associated with an icosahedral 2-fold axis. Shown in white is the
outline of one icosahedral asymmetric unit. The domains of E are colored as in (C). The portion of the membrane protein M below the dimer
is indicated.

try. This was readily justified by the convergence of per icosahedral asymmetric unit. A radially averaged
density distribution (Figure 1B) of the cryoEM recon-stable values for angles defining particle orientations,

acceptable correlation coefficients, and the good agree- struction shows that the density can be divided into a
series of spherical shells. The highest density occurs inment between reconstructions of two independent data

sets to at least 24 Å resolution. the outermost shell between radii of 220 and 245 Å,
and this density is consistent with the known atomicThe external, 250 Å radius of dengue virus was found

to be consistent with earlier measurements of flavivi- structure of TBEV E glycoprotein (see below). The next
shell down, between radii 185 and 220 Å, has densityruses (Burke and Monath, 2001; Lindenbach and Rice,

2001). Size comparisons with other viruses, along with that is only about 60% in height of the outer shell, but
nevertheless it has clearly defined features. These fea-knowledge of the mass of the E glycoprotein, suggested

that dengue virus might have three (Ferlenghi et al., tures represent the ectodomains of the M proteins (38
amino acids) and the stem regions of the E glycoproteins2001) or possibly four (as is the case for alphaviruses

[Paredes et al., 1993; Cheng et al., 1995]) subunits of E (52 amino acids).
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Figure 2. CryoEM Density of the Nucleocap-
sid Shell and the RNA

(A) Stereo diagram of the region correspond-
ing to the yellow nucleocapsid shell in
Figure 1, between 105 and 135 Å radii.
(B) Stereo diagram of density corresponding
to the RNA region of the core (red in Figure 1),
inside a radius of 105 Å. Only one hemisphere
is shown. Scale bars represent 100 Å.

Immediately inside these external protein shells, be- Experimental Procedures and Figure 2). Notwithstand-
ing the possible lower icosahedral order of the nucleo-tween radii of 140 and 185 Å, are two concentric layers

of electron density, which are consistent with the density capsid shell, the density within the core shell has recog-
nizable features, showing extended 20Å thick, low-densitydistribution expected for a lipid bilayer. Not only is the

45 Å thickness similar to other measurements of lipid rods that are reminiscent of icosahedrally ordered RNA
(Figure 2B; Chen et al., 1989; Larson et al., 1993).bilayers, but also the inner and outer leaflets of higher,

featureless density, representing the phosphate head
groups, are separated by a shell of very low density. Interpretation of the CryoEM Map Using the

Known Structure of the E GlycoproteinFurthermore, these results are within the experimental
error of the observed lipid content and buoyant densities Trypsin treatment of TBEV yields a dimerized fragment

of E that lacks the last 101 amino acids and whose X-rayfor flaviviruses (see Experimental Procedures).
Internal to the putative lipid region is the nucleocapsid crystallographic structure has been determined (Rey et

al., 1995). In the absence of any guidance from quasi-shell situated between radii of 105 and 135 Å. The den-
sity in the nucleocapsid shell has distinct globular fea- symmetry (Figures 1A and 3A), a quantitative technique

was used for comparing different fits of the E glycopro-tures representing the core protein subunits (Figure 2A).
However, unlike the alphaviruses, which have a distinct tein dimer X-ray structure into the dengue cryoEM map

by using the EMfit program (Rossmann, 2000; see Ex-nucleocapsid (Paredes et al., 1993; Cheng et al., 1995),
the maximum height of the density of the dengue nucleo- perimental Procedures). The procedure consisted of fit-

ting the dimers, one at a time, until essentially all thecapsid shell is only 50% of that of the external glycopro-
tein. This suggests that the core protein is poorly or- higher density features were occupied. The first set of

dimers was found to be on the icosahedral 2-fold axesdered or that the orientation of the core as a whole is
somewhat variable relative to the external glycoprotein (Table 1), whereas the second set was positioned on

quasi-2-fold axes (Table 2). Thus, three monomers werescaffold. In alphaviruses, the core obtains its icosahe-
dral symmetry from the external glycoprotein scaffold placed into an icosahedral asymmetric unit.

The overall fit of the 90 TBEV E dimer structures to thewhile budding from the cell (Forsell et al., 2000; Pletnev
et al., 2001) and forming specific contacts with the car- cryoEM map of dengue virus gives a satisfying, close-

packing arrangement (Figures 3B and 3D). The dengueboxy termini of the E2 glycoproteins (Lee et al., 1996;
Skoging et al., 1996). Such a specific interaction has not virus structure (Figure 3C) has sets of three, nearly paral-

lel dimers. These sets associate to form a “herringbone”been demonstrated for flaviviruses. Although the size
of the nucleocapsid is substantially smaller than the configuration on the viral surface. This arrangement

markedly differs from a true T � 3 structure because150 Å radius observed for many T � 3 virus capsids
(Baker et al., 1999), the protein shell is significantly thin- the dimers on the icosahedral 2-fold axes do not have

a quasi-3-fold relationship to the dimers on the quasi-ner than the usual �45 Å seen, for instance, in picornavi-
ruses. This is, in part, the consequence of the molecular 2-fold axes. The environment of the dimers on the icosa-

hedral 2-fold axes is totally different from the environ-weight of the dengue virus core protein being only one-
third of the molecular weight of the picornavirus capsid ment of the dimers on the quasi-2-fold axes. This could

have significant consequences for nonsymmetric bind-protein. The cage-like structure of the core and its re-
duced order provide enough space for the RNA genome, ing of cellular receptors and antibodies. The three nearly

parallel dimers form a dominant association with eachwhich may extend to the outer radius of the core (see
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other that supersedes the interactions between individ-
ual monomers in the assembled icosahedral particle
(Figure 3C). Should the close association between the
three dimers within each set be weakened (for instance,
by lowering the pH), then there would be a tendency to
produce a T � 3 structure in which every monomer has
an equivalent environment.

It was proposed by Rey et al. that the slight curvature
of the TBEV E dimer corresponds to the curvature of
the roughly spherical virion (Rey et al., 1995). This con-
clusion is supported by extensive studies of antibody
binding sites (Mandl et al., 1989; Roehrig et al., 1998)
and heparin sulfate binding sites on the viral surface
(Mandl et al., 2001). The present structure of mature
dengue virus is consistent with these observations.

Although the E1 glycoprotein of the alphaviruses has
a similar fold as the E protein of TBEV and performs a
similar function, the organization of dimers is dissimilar
(Lescar et al., 2001; Pletnev et al., 2001). Whereas in
alphaviruses monomers are associated “back-to-back”
within a dimer with their long directions making an angle
of about 40� with each other, in flaviviruses the mono-
mers are “face-to-face” within a dimer with their long
directions being essentially antiparallel to each other.
Although the tertiary structural similarity points to a
common evolutionary origin of the glycoprotein genes
in these two virus families, their functional deployment
is quite different.

The atomic structure obtained by fitting the TBEV E
dimers into the cryoEM dengue virus map was used to
calculate a 24 Å resolution map. After appropriate scal-
ing (Pletnev et al., 2001), this calculated map was sub-
tracted from the cryoEM dengue virus density distribu-
tion. There were only three significant peaks in the
difference map external to the lipid membrane, with
heights of �0.6 of the largest density in the original
cryoEM map. They were positioned at structurally equiv-
alent sites, below the prominent holes in the fitted di-
mers (Figures 1C, 1D, and 3), corresponding to the light
blue density in Figure 1B. Possibly, these peaks repre-
sent the sites of the M proteins. Since the precursor
membrane protein (prM) can mask or enhance mono-
clonal antibody binding sites on the external surface of
E (Rey et al., 1995), the prM polypeptide would bind to
the exterior of the E protein, protecting the fusion pep-
tide, which is in close proximity to the holes (Figure 3C),
until prM is cleaved (Heinz et al., 1994).

The difference map (see above) also showed other,Figure 3. Fit of E Dimers into Density
slightly lower, uninterpreted, extended density sur-(A) and (B) correspond to density that is between planes, perpendic-
rounding the putative M protein peaks. The positions ofular to an icosahedral 2-fold axis and at a distance of 220–250 Å
these densities suggest that they may represent the 52from the viral center. The contour level is at about 4� (root mean

square deviation from the mean density). stem residues of the E glycoprotein between the trypsin
(A) Stereo diagram showing only the density between 220 and 245 Å cleavage site and the transmembrane region. The C
radius. termini of the M and E proteins may heterodimerize
(B) Stereo diagram showing the interpreted density in terms of di-

(Allison et al., 1999) above the membrane in a mannermers on icosahedral 2-fold axes (green) and dimers on quasi-2-fold
similar to the association of the E1 and E2 glycoproteinsaxes (red).
in alphaviruses (Heinz et al., 1994; Lescar et al., 2001;(C) Structure of the whole virus showing each monomer with do-

mains I, II, and III in red, yellow, and blue, respectively. The fusion
peptide is shown in green. The C-terminal residue 395 is shown
as a white asterisk for monomers within the defined icosahedral
asymmetric unit. Note the pair of holes in each dimer. Scale bar follows the length of a dimer situated on an icosahedral 2-fold axis.
represents 100 Å. The arrow indicates the position of the 2-fold axis. The location of
(D) Central crosssection through the cryo-EM density showing the domain III and the fusion peptide in domain II are shown. Asterisks
outer radial shells as in Figure 1B. The direction of the crosssection indicate the carboxy end of the fitted E protein.
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Table 1. Fit of TBEV E Dimers onto an Icosahedral 2-Fold Axis of the CryoEM Dengue Map

(A) Using the TBEV Dimer as Determined Crystallographically

Fit Sumf Clash �Den Theta 1 Cent (x, y, z) D1, D2, D3

down� 53.0 0.0 29.0 24.5 0.0, 0.0, 232.5 48.6, 56.5, 49.4
down� 49.6 0.0 40.0 133.8 0.0, 0.0, 230.5 41.0, 52.1, 55.9
up� 44.8 0.0 82.0 119.8 0.0, 0.0, 233.5 38.1, 48.9, 59.9
up� 40.2 0.0 116.0 30.8 0.0, 0.0, 229.5 43.3, 36.7, 43.1

(B) Using the Dimer Found in Alphaviruses

down� 32.0 0.0 196.0 170.2 0.0, 0.0, 234.5 42.9, 23.2, 34.6
down� 31.4 0.0 159.0 103.2 0.0, 0.0, 231.0 38.1, 25.7, 27.7
up� 20.0 0.0 236.0 105.2 0.0, 0.0, 225.5 26.7, 11.6, 31.0
up� 32.0 0.0 201.0 81.0 0.0, 0.0, 234.0 55.8, 37.1, �4.7

(C) Exploring the Pixel Size of the Dengue CryoEM Map by Fitting the TBEV E Dimer in the Preferred Down� Manner

Pixel (Å) Sumf Clash �Den Theta 1 Cent (x, y, z) D1, D2, D3

2.7 50.0 0.0 47.0 29.0 0.0, 0.0, 216.5 50.0, 54.6, 34.7
2.8 51.5 0.0 40.0 27.2 0.0, 0.0, 224.0 50.3, 55.3, 41.9
2.9 53.0 0.0 29.0 24.5 0.0, 0.0, 232.5 48.6, 56.5, 49.4
3.0 47.6 0.0 62.0 25.5 0.0, 0.0, 236.5 49.6, 47.1, 47.8
3.1 17.9 0.0 224.0 118.5 0.0, 0.0, 220.0 17.1, 8.7, 36.8

Sumf is the mean density height averaged over all atoms where the maximum density is scaled to have a value of 100; clash is the number
of atoms in one molecule that approach closer than 6 Å to another, symmetry-related molecule; �den are the number of atoms in negative
density; theta 1 is the angle of rotation about the 2-fold axis; cent (x, y, z) is the position in the map onto which is placed the center of gravity
of the TBEV E dimer (see Figure 1 for the definition of the coordinate system); D1, D2, D3 are the sumf values (the average atom density
relative to the highest density of 100.0 in the map) for each of the three domains; down and up refer to the orientation of the dimer axis along
the icosahedral axis; � and � refer to the assumed hand of the cryoEM map. The best fit is shown in each case.

Pletnev et al., 2001; E.G.S., E.L., and J.H.S., unpublished may be structurally related to the fusogenic, low-pH
form of the virus because it has obvious trimeric units,results).
consistent with biochemical data (Heinz and Allison,
2000), and because, unlike mature virus, it exposes viralComparison with Recombinant Subviral Particles

Coexpression of flavivirus E and prM in cell culture re- membrane. If this T � 3 model for the fusogenic state
of the virus is correct, then the dimers seen in the maturesults in the self-assembly of small recombinant subviral

particles (RSP) possessing an external shell of E and M virus would have to undergo large rotations in the transi-
tion to the fusogenic form. During these rearrangements,with an internal membrane (Allison et al., 1995b). These

particles appear to be immunologically identical to infec- it would be necessary for the virus to expand radially
by at least 10% to avoid steric clashes (Figure 4).tious virions and similar to small particles that are fre-

quently produced in flavivirus-infected cells (Russell et
al., 1980). The RSPs were shown to be fully competent Fusion

By far, the most studied virus-cell fusion process isin membrane fusion assays displaying kinetics similar
to native virions (Corver et al., 2000). CryoEM and image for orthomyxoviruses. Elegant crystallographic studies

have shown that fusion is initiated by the formation ofreconstruction of RSPs by Ferlenghi et al. (2001) showed
these to have T � 1 icosahedral symmetry with TBEV a trimeric coiled-coil helix adjacent to the fusion peptide

on the virus exterior, the insertion of this fusion peptideE dimers located on icosahedral 2-fold axes. The loca-
tion of these dimers is almost identical to the dimers into the host cell membrane, and the subsequent forma-

tion of a 6 helix bundle (Skehel and Wiley, 1998). Flavi-that are found on the 2-fold axes of the dengue recon-
struction. However, their extrapolation of the T � 1 struc- (Heinz and Allison, 2000) and alphaviruses (Kielian, 1995)

each possess a hydrophobic sequence of about a dozenture to larger particles with T � 3 symmetry produced
a virion model radically different from the flavivirus struc- amino acid residues known to be essential for fusion.

These sequences are components of � barrel-typeture described here. Although it now transpires that their
proposed T � 3 structure is not that seen for the mature structures (Rey et al., 1995; Lescar et al., 2001). Two

kinds of protein structures occur in membranes: helicesdengue virus, it is a seductively attractive model that

Table 2. Fitting the Second Dimer into the CryoEM Map after All Pixels Occupied by the First Dimer Were Set to Zero

Fit Sumf Clash �Den Theta 1 Cent (x, y, z) D1, D2, D3 D4, D5, D6

down� 48.3 20.0 57.0 204.5 48.8, �33.5, 221.6 44.2, 52.3, 51.8 51.3, 47.3, 40.9
down� 43.8 2026.0 105.0 345.2 87.5, �25.2, 210.8 39.1, 47.3, 43.1 49.2, 47.1, 30.8

Abbreviations are as in Table 1. The dimer 2-fold was placed radially passing through the point cent (x, y, z). D1, D2, D3 refer to the fits of
the three domains in the first monomer, and D4, D5, D6 refer to the domain fits in the second monomer. These are at quasiequivalent positions
in the map and have nonequivalent environments.
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Figure 4. Proposed Rearrangement of E Dimers in Flaviviruses upon Exposure to Low pH

The E protein dimers in mature virus (A) are shown undergoing a rearrangement to the predicted T � 3 fusogenic structure (C) with a possible
intermediate (B). Arrows in (B) indicate the direction of E rotation. The solid triangle in (C) indicates the position of a quasi-3-fold axis. Note
the radial expansion of the particle in (B) and (C).

(associated with class I fusion), first discovered in bacte- dimers are so closely packed that the viral membrane
remains inaccessible and fusion is impossible at neutralrial rhodopsin (Subramaniam and Henderson, 2000), and

� barrels (proposed here for class II fusion) in porin pH. We, therefore, hypothesize that fusion is initiated
by the low pH-induced conformational change, creatingstructures (Schulz, 2000). Both helices and �-barrels

hide all main chain amino and carbonyl polar groups by the predicted T � 3 structure (see above). This would
expose surface area of the viral membrane (Figure 5B),forming hydrogen bonding networks. The exteriors of

these structures are hydrophobic to help accommodate requiring particle expansion.
them among the aliphatic chains that constitute a mem-
brane. The similarities between membrane insertion of
the alphavirus fusion peptide and insertion of � barrel
pore-forming toxins have been previously mentioned
by analogy with the cholesterol-dependent cytolysins
(Vashishtha et al., 1998).

The fusion peptides of flavi- and alphaviruses (Kielian,
1995; Allison et al., 2001) are located in the homologous
E (Rey et al., 1995) and E1 (Lescar et al., 2001) glyco-
proteins, respectively. Furthermore, although the hy-
drophobic fusion peptides are not in equivalent posi-
tions, they are in neighboring loops of the � structure
at the distal end of domain II. Changes in the antigenic
properties of the flaviviruses suggest that this domain
makes the largest structural changes (Rey et al., 1995)
when the pH is lowered, as is required for the fusion
process to be initiated. The neutral pH crystallographic
structures show that the tip of domain II for both flavi-
and alphaviruses consists of a set of three antiparallel
� ribbons that do not form a closed � barrel, as in a
porin structure and as might be expected for a structure
required to be able to insert itself into a membrane
(Figure 5). Thus, we hypothesize that the conformation
of the distal end of domain II changes when the pH is
lowered to complete the hydrogen bonding network and
to create a closed � barrel.

The conformational changes (Allison et al., 1995a) re-
Figure 5. Configuration of Glycoproteins of Alphaviruses and Flavi-quired for fusion would have to include not only the
viruses on the Surface of Virions at Neutral pH and the Proposedclosure of the � barrel, but also the projection of these
Configuration at Acid pH� barrels toward the cellular membrane and the expo-
(A) In the alphaviruses, E1 glycoproteins are shown as green cylin-sure of a significant area of viral membrane between
ders, E2 glycoproteins as tan shapes, and the fusion peptide (FP)the fusogenic anchors. For alphaviruses, this would re-
as a black curved line.

quire the displacement of the protecting E2 glycoprotein (B) In flaviviruses, E glycoproteins are shown as yellow cylinders
spikes, which would expose an area of viral membrane with the fusion peptide as a green curve. In both (A) and (B), the

membrane is shown in gray.within the E1 trimer (Figure 5A). In dengue virus, the E
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R � 232 Å. Thus, a volume of 31 � 106 Å3 is available for theThe predicted conformational changes for class II fu-
alphavirus lipids. We have shown here that flaviviruses have a lipidsion result in a process that is much faster than that
bilayer centered at R � 163 Å and a thickness of �45 Å. Thus, theobserved for class I fusion (Corver et al., 2000), probably
volume available for the flavivirus lipids is 16 � 106 Å3 . Hence,

the result of synchronous motion provided by the icosa- flaviviruses have a bilayer volume that is half the alphavirus volume,
hedral scaffold and the close association of the class II but they appear to contain only one-fourth as much lipid. Therefore,

(1) the flavivirus lipids are packed less densely, perhaps becausefusion proteins to one another. To initiate fusion, the
of the more extreme curvature of the bilayer, (2) the lipid compositionlack of organization in class I envelopes requires the
is higher and flaviviruses contain the same percentage of lipid asrelease of the fusion peptide and the interaction of multi-
alphaviruses, or (3) the lipid bilayer is centered below 163 Å, whichple subunits to form a fusion pore. Since these subunits
we consider unlikely. In any event, it is very unlikely that the bilayer

are not organized in an ordered array on the virus, time is centered above R � 163 Å.
is required for the subunits to oligomerize and form the Alphaviruses, containing 30% lipid, have a calculated density of

about 1.18 gm/cm3 , based solely upon their composition and theactive fusion pore. In contrast, the icosahedral scaffold
densities of the separate components, close to the observed valueand the tight interactions between the envelope proteins
of 1.21–1.22 gm/cm3 obtained by centrifugation in sucrose solutionsin class II viruses provide a situation in which the fusion
(reviewed in Strauss and Strauss, 1994). Flaviviruses containing 17%pores are already well ordered.
lipid have a calculated density of 1.3 gm/cm3 , again based solely
upon their composition. Values reported in the literature range from

Experimental Procedures 1.19 to 1.24 gm/cm3 (Russell et al., 1980; Schalich et al., 1996). The
lower value has been obtained by centrifugation in sucrose solutions

Sample Preparation in which, in our experience, flaviviruses are unstable. The higher
Dengue-2 virus, strain PR159-S1 (Hahn et al., 1988), was grown in values have been obtained by centrifugation in CsCl. In any event,
mosquito C6/36 cells adapted to Eagle’s minimum essential me- the lower density of packing of the lipids in the bilayer could result
dium. Cells were infected at low multiplicity (�0.1) and maintained at in a lower buoyant density than calculated. The lipids are assumed
30�C. After 48 hr, the medium was removed, the cells were reseeded to have a density of 0.93 for these calculations, but their effective
using fresh medium, and the virus was harvested 72 hr later. Follow- density in flaviviruses may be only half this, as described above,
ing clarification, the virus was precipitated with 8% polyethylene which would lead to a calculated density of 1.22 for the virion.
glycol 8000, and the resuspended virus was purified by sedimenta- Despite the uncertainties in the actual lipid composition of flavivi-
tion for 1 hr at 32,000 rpm and 4�C in potassium tartrate step gradi- ruses and uncertainties in the density of their packing, it is clear
ents (10%–40% potassium tartrate, 7.5%–30% glycerol). The visible that a lipid bilayer centered at R � 163 Å will accommodate the
band of virus was removed with a pipette and concentrated using lipids of the virus.
Millipore Centricon centrifuge filters. The resulting virus preparation,
in 50 �l, had a titer of 2 � 1010 pfu/ml, which represented a recovery

RNA Compositionof 50% of the starting infectivity. It was dialyzed against 50 mM
For rhinoviruses (Rossmann et al., 1985), the RNA occurs insideTris (pH 7.6), 75 mM NaCl, 1 mM EDTA, using microdialysis discs.
roughly a 106 Å radius. The rhinovirus genome is about 7.8 kb, andAlthough preparations of dengue-2 from mosquito cells are often
the flavivirus genome is about 10.7 kb. Thus (making the worstreported to contain large amounts of uncleaved prM, our prepara-
possible assumption that the rhinovirus RNA completely fills thetions contained little or no prM as determined by gel electrophoresis
internal cavity, which it does not), the flavivirus RNA radius wouldfollowed by staining with Coomassie Brilliant Blue (data not shown).
have to be the cube root of 10.7/7.8 multiplied by 106 Å, giving anThe ice-embedded dengue-2 virus sample was recorded in a Philips
answer of 119 Å.CM200 field emission gun transmission electron microscope under

We state that the dengue virus capsid is situated between 105low-dose condition (25.5 e�/Å2 ) at a magnification of 50,000.
and 135 Å radius. But, as in many viruses, the basic sequence ofTwenty-five micrographs taken at defocus levels between 0.79 and
the capsid protein (only 10 kDa for dengue virus) would have to be1.92 �m were used to select 526 particles for the reconstruction. The
associated with the RNA. Taking into account the low molecularexperimental data were corrected with the phase contrast transfer
weight of the capsid, it can easily be shown, were it all ordered,function. The common line method was used to generate the initial
that it would only occupy a thickness of 15 Å between 120 andmodel, and the model-based polar-Fourier transform method was
135 Å radius. Hence, fully ordered RNA, while requiring a radius ofused in computing the orientation for each viral image. The three-
only 118 Å, would be able to extend to 120 Å. In reality, the proteindimensional reconstruction was calculated by weighting each image
core is rather disordered and associated with RNA in an overlapby a function based on the phase contrast function and real-space
region. Thus, there is plenty of room for the RNA genome.correlation coefficient. The average real-space correlation coeffi-

cients (for a description, see Baker et al. [1999]) for all particles,
compared in a 140–258 Å radius range, was 0.43 with a standard Interpretation of the CryoEM Map Using the Known Structure
deviation of 0.117. of the E Glycoprotein

Trypsin treatment of TBEV yields a dimerized fragment that lacks
the last 101 amino acids (Heinz et al., 1991) and whose X-ray crystal-Lipid Composition

Alphaviruses have a molecular weight of about 52 MDa, calculated lographic structure has been determined (Rey et al., 1995). The
alphavirus glycoprotein E1 monomer was found to have a structurefrom their known composition (240 copies each of E1, E2, and C of

known sequence, one copy of genomic RNA of 11.7 kB, and 30% similar to the flavivirus E glycoprotein monomer (Lescar et al., 2001),
but cryoEM reconstructions of alphaviruses demonstrated that E1lipid; see Strauss and Strauss, 1994). Of this, about 15 MDa is lipid,

calculated from the reported 30% lipid content of virions (reviewed forms a different dimer interface than that observed in the TBEV E
crystal structure (Lescar et al., 2001; Pletnev et al., 2001). Therefore,in Lenard, 1980). Flavivirus virions have a molecular weight of about

22 MDa, calculated from their content of 180 copies of E, M, and there was some concern whether the TBEV E dimer identified crys-
tallographically would be present in mature dengue virus, althoughC (this paper) of known sequence (reviewed in Chambers et al.,

1990), one copy of genomic RNA of 10.9 kB, and a lipid content of a TBEV subviral particle was interpreted in terms of the TBEV E
crystallographic dimer (Ferlenghi et al., 2001).17% (reviewed in Russell et al., 1980). Estimates of the lipid content

of flaviviruses have varied widely because of the difficulties of pre- In the absence of any guidance from quasisymmetry (Figures 1A
and 3A), a quantitative technique was used for comparing differentparing suitable amounts of purified flavivirions for analysis, and more

modern analyses would be useful. If the lipid content is 17%, which fits of the E glycoprotein structure into the dengue cryoEM map by
using the EMfit program (Rossmann, 2000). In the first step, theappears to be the most reliable estimate reported in the literature,

the flavivirus virion would contain 3.7 MDa of lipid, about one-quarter TBEV E crystallographic dimer (Rey et al., 1995) was rotated about
and translated around an icosahedral 2-fold axis to find the best fit.of the amount present in alphaviruses.

Alphaviruses have a lipid bilayer about 46 Å thick centered at The procedure had to be performed four times because the absolute
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hand (“�” or “�”) of the cryoEM map was unknown and because dimension to virus life cycles: three-dimensional reconstruction of
icosahedral viruses from cryo-electron micrographs. Microbiol. Mol.it was uncertain which end of the dimer axis was “up” or “down.”

The best fit was consistent with the preferred orientation suggested Biol. Rev. 63, 862–922.
by Rey et al. (1995) (“down�” in Table 1A). As a control, the same Burke, D.S., and Monath, T.P. (2001). Flaviviruses. In Fields Virology,
procedure was applied using the E1 dimer arrangement found by 4th edn., D.M. Knipe, and P.M. Howley, eds. (Philadelphia: Lippincott
fitting the TBEV E monomer to the Semliki Forest virus cryoEM map Williams & Wilkins), pp. 1043–1125.
(Table 1B; Lescar et al., 2001; Pletnev et al., 2001). The resultant

Caspar, D.L.D., and Klug, A. (1962). Physical principles in the con-
fits were far worse than those based upon the crystallographic TBEV

struction of regular viruses. Cold Spring Harb. Symp. Quant. Biol.
E dimer structure. At this stage, a check was made of the magnifica-

27, 1–24.
tion factor for the dengue cryoEM map using the down� structure

Chambers, T.J., Hahn, C.S., Galler, R., and Rice, C.M. (1990). Flavi-(Table 1C). The best fit occurred when a pixel separation of 2.9 Å
virus genome organization, expression, and replication. Annu. Rev.was assumed, which is slightly larger than the nominal 2.8 Å based
Microbiol. 44, 649–688.upon the uncalibrated microscope magnification used to record the
Chen, Z., Stauffacher, C., Li, Y., Schmidt, T., Bomu, W., Kamer, G.,cryoEM images.
Shanks, M., Lomonossoff, G., and Johnson, J.E. (1989). Protein-With an apparently reasonable fit for one monomer within an
RNA interactions in an icosahedral virus at 3.0 Å resolution. Scienceicosahedral asymmetric unit, it was then necessary to determine
245, 154–159.the number and orientation of additional monomers that could be

modeled into the remaining, uninterpreted density. Thus, the number Cheng, R.H., Kuhn, R.J., Olson, N.H., Rossmann, M.G., Choi, H.K.,
of pixels per icosahedral asymmetric unit that were occupied by Smith, T.J., and Baker, T.S. (1995). Nucleocapsid and glycoprotein
the fitted monomer was compared with the number of unoccupied organization in an enveloped virus. Cell 80, 621–630.
pixels of about the same height. Discounting the pixels of less than Corver, J., Ortiz, A., Allison, S.L., Schalich, J., Heinz, F.X., and
average height, it was found that there was space for another two Wilschut, J. (2000). Membrane fusion activity of tick-borne encepha-
monomers. Presumably, these monomers would form the same kind litis virus and recombinant subviral particles in a liposomal model
of dimer, since only dimers were released upon trypsin treatment system. Virology 269, 37–46.
of TBEV (Allison et al., 1995a). Furthermore, it would seem likely

Ferlenghi, I., Clarke, M., Ruttan, T., Allison, S.L., Schalich, J., Heinz,that the 2-fold axis of this second dimer would be oriented the same
F.X., Harrison, S.C., Rey, F.A., and Fuller, S.D. (2001). Molecularway (down) as the 2-fold axis of the first dimer. Inspection of the
organization of a recombinant subviral particle from tick-borne en-cryoEM map suggested that there might be a quasi-2-fold axis
cephalitis virus. Mol. Cell 7, 593–602.roughly between adjacent icosahedral 5-fold and 3-fold axes. The
Forsell, K., Xing, L., Kozlovska, T., Cheng, R.H., and Garoff, H. (2000).densities at all pixels covered by the first fitted dimer were set to
Membrane proteins organize a symmetrical virus. EMBO J. 19, 5081–zero. The second dimer was then placed on a radial axis passing
5091.through a point near the quasi-2-fold axis. The rotation about, trans-

lation along, and orientation of the quasi-2-fold axis were refined Hahn, Y.S., Galler, R., Hunkapiller, T., Dalrymple, J.M., Strauss, J.H.,
with respect to the fit into the cryoEM map (Table 2). The procedure and Strauss, E.G. (1988). Nucleotide sequence of dengue 2 RNA and
was carried out for both the down� and down� results found when comparison of the encoded proteins with those of other flaviviruses.
fitting the TBEV E dimer onto the icosahedral 2-fold axis (Table 1A). Virology 162, 167–180.
Only the down� fit was viable because the down� fit generated a Heinz, F.X., and Allison, S.L. (2000). Structures and mechanisms in
vast number of steric clashes around the icosahedral 3-fold axes flavivirus fusion. Adv. Virus Res. 55, 231–269.
between the dimers on the quasi-2-fold axes. The best down� fit

Heinz, F.X., Mandl, C.W., Holzmann, H., Kunz, C., Harris, B.A., Rey,left few high-density pixels unoccupied and gave a faithful represen-
F., and Harrison, S.C. (1991). The flavivirus envelope protein E: isola-tation of the cryoEM dengue map (Figures 2A and 2B).
tion of a soluble form from tick-borne encephalitis virus and its
crystallization. J. Virol. 65, 5579–5583.
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