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During dengue virus replication, an incomplete cleavage of the envelope glycoprotein prM, generates a
mixture of mature (prM-less) and prM-containing, immature extracellular particles. In this study, sequential
immunoprecipitation and cryoelectron microscopy revealed a third type of extracellular particles, the partially
mature particles, as the major prM-containing particles in a dengue serotype 2 virus. Changes in the
proportion of viral particles in the pr-M junction mutants exhibiting altered levels of prM cleavage suggest that
the partially mature particles may represent an intermediate subpopulation in the virus maturation pathway.
These findings are consistent with a model suggesting the progressive mode of prM cleavage.

Dengue viruses are enveloped, positive-strand RNA viruses
in the genus Flavivirus of the family Flaviviridae (19). The viral
genome encodes three structural proteins (C, prM/M, and E)
and seven nonstructural proteins (19). Two types of genome-
containing particles, the immature and mature particles, can be
distinguished by the differences in size and surface morphology
and the presence and cleavage status of the envelope glyco-
protein prM (19, 20). The immature particles are assembled in
the endoplasmic reticulum as spherical “spiky” particles of
about 60 nm in diameter (36). Each of the spikes is formed by
a noncovalent association of three prM-E heterodimers, with
the pr portion of prM on the outermost part of the spike
providing the main contact (18, 36). During the export, the
low-pH environment of the trans-Golgi network induces the
rearrangement of prM-E heterodimers into a flattened confor-
mation that allows for an internal cleavage of prM by furin
(34). The complete prM cleavage generates the mature parti-
cles, which are about 50 nm in diameter and present a smooth
surface (17). These infectious particles contain 90 E ho-
modimers arranged in groups of three parallel dimers in the
“herringbone” pattern (17). Further complexity of the viral

particles was observed in studies of dengue virus and West Nile
virus in the form of particles having an intermediate confor-
mation between those of the mature and immature particles (3,
24, 35).

Cleavage of prM is a prerequisite for an acquisition of in-
fectivity, as the pr portion of prM functions as a mechanical
barrier to protect the fusion loop in the receptor-binding E
glycoprotein from undergoing low pH-mediated fusion (7, 18,
29). Inhibition of the prM cleavage by mutation of the furin
cleavage site, treatment of the infected cells with acidotropic
amines, or growth of the virus in furin-deficient cells generates
noninfectious particles in the extracellular compartment (7, 8,
10, 25, 37). During the replication of dengue virus, cleavage of
prM is, however, usually incomplete (1, 4, 9, 11, 16, 21, 25, 27,
32, 33). This reflects an inhibition of cleavage mediated by a
highly conserved acidic residue at the P3 cleavage position of
the pr-M junction (15). Currently, it is not clear how the prM
molecules are collectively cleaved in each viral particle. In the
“all-or-none” prM cleavage model, the cleavage is either com-
plete or nil for the 180 prM molecules on a particle. In this
model, the extracellular particles represent a mixture of strictly
the mature particles and the immature particles. Alternatively,
the cleavage may be “progressive,” as each of the prM mole-
cules on immature particles is independently cleaved, generat-
ing the third subpopulation of partially mature particles that
retain from 1 to 179 molecules of prM in any particle. Evidence
in support of the existence of partially mature particles in-
cludes the electron microscopic visualization of flavivirus par-
ticles that do not fit the structure of intact mature or immature
particles (3, 24, 35) and the findings that prM present on
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infectious particles affects pH sensitivity (8), viral tropism (5),
and the neutralization potency of certain antibodies that rec-
ognize poorly accessible sites on the E protein (22).

In our previous study, a comparison of prM and M, the
particle-bound product of prM cleavage, revealed that approx-
imately 30 to 40% of prM remained in the extracellular parti-
cles of a dengue serotype 2 virus, strain 16681Nde(�), follow-
ing its replication in mosquito cells (15) (Table 1). If the
remaining prM molecules were restricted to the immature
particles in this virus, it should be possible to separate the
prM-containing minor subpopulation from the rest of the prM-
less mature particles by immunoprecipitation with anti-prM
antibody. When unbound particles are subsequently reacted
with anti-E antibody, a comparison of the E protein content in
both precipitates would yield the proportion of prM-containing
particles in the total precipitable particles. To assess the dis-
tribution of the prM molecules on viral particles, C6/36 mos-
quito cells (14) were infected with 16681Nde(�) at a multi-
plicity of infection of 0.2 and the progeny viral particles were
metabolically labeled with [35S]methionine and [35S]cysteine
(Express 35S protein labeling mix; Perkin Elmer, Boston, MA).
Under the conditions employed, the majority of particles were
in the form of virion-sized particles while subviral particles
represented the minor subpopulation (15). At 19 h after label-
ing, the culture medium was incubated with protein G Sepha-
rose beads overnight to reduce the content of proteins capable
of binding nonspecifically with the beads. Viral particles were
then allowed to bind protein G Sepharose beads that had been
precoated with an anti-prM monoclonal antibody, prM-6.1,
which reacts with the pr portion of the prM protein (15).
Following the separation of the beads by centrifugation, un-
bound viral particles were subsequently pulled down with
beads that were coated with either prM-6.1, with 3H5, a sero-
type 2-specific anti-E antibody that recognizes a domain III
epitope (12), with 4G2, a group-specific anti-E antibody that
recognizes an epitope located in or nearby the fusion loop (31),
or with MOPC-21, an irrelevant plasmacytoma protein. Bound
particles were dissociated from beads and the viral proteins
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis and then visualized and quantitated with a

phosphorimager (Typhoon 6410; GE Healthcare Bio-Sciences,
Piscataway, NJ) (Fig. 1).

As a control, radiolabeled particles were reacted initially
with 3H5 or MOPC-21. In the first-step reaction, 3H5 precip-
itated a much higher proportion of radiolabeled particles than
MOPC-21 (mean E proportions of 91.5% versus 8.5%; stan-
dard error [SE] � 2.3; n � 3) (Fig. 1A, lanes 1 and 2). A lack
of pr peptide in the 3H5 first-step eluate (Fig. 1A, lane 1) and
the presence of this soluble protein in the prM-6.1 second-step
eluate (Fig. 1A, lane 4) were consistent with a specific binding
of E-containing viral particles with 3H5. Unbound particles
from the 3H5 reaction were next precipitated with 3H5, prM-
6.1, 4G2, or MOPC-21, and the E protein signal in the first-
step precipitate was compared with those in the 4 second-step
precipitates. Only a small proportion of E-containing particles
remained to be pulled down subsequently with these antibod-
ies (Fig. 1A, lanes 3 to 6, and Table 2). These results indicated
that the majority of viral particles were removed by 3H5 in the
first step and the remainders were brought down in the second
step mainly through a nonspecific association with the beads.
Under the similar conditions, an unexpectedly high proportion
of particles were precipitated with prM-6.1, as the proportions
of E in the prM-6.1 first-step precipitate were in the same
range as those in the 3H5 immunoprecipitation reactions (Fig.
1A, right panel, and Table 2). When immature particles de-
rived from NH4Cl-treated, 16681Nde(�)-infected C6/36 cells
were employed in the sequential immunoprecipitation (Fig.
1B), slightly increased proportions of these particles were
pulled down in the first step with prM-6.1, but not 3H5, com-
pared with the level for the particles from NH4Cl-untreated
cells (Table 2). When MOPC-21 was employed in the initial
immunoprecipitation and the subsequent step was performed
with 3H5 or prM-6.1, the results were compatible with a min-
imal nonspecific loss of particles during the first immunopre-
cipitation reaction (Fig. 1B, lanes 13 to 15). Our inability to
specifically precipitate viral particles with 3H5 or 4G2 follow-
ing the prM-6.1 first-step immunoprecipitation (Fig. 1A, lanes
10 and 11) indicated that the proportion of prM-containing
particles in 16681Nde(�) was far greater than the 30 to 40%
level predicted by the “all-or-none” prM cleavage model.

TABLE 1. Sequences of the dengue virus pr-M junction and some characteristics of the parent virus and the pr-M junction mutants

Virus Amino acid sequencea Titerb

(PFU/ml)

% prM
cleavagec

(mean � SD)

No. of virion-sized particles (%)

Total Immature Partially
mature Mature

2
15d 10 5 1 1�
� � � � �

16681Nde(�) YGTCT TMGEH RREKR S 2.98 � 107 66.0 � 5.1 1,964 (100) 63 (3.2) 818 (41.7) 1,083 (55.1)
16681prH200A YGTCT TMGEA RREKR S 3.56 � 106 32.1 � 11.5 4,049 (100) 2,192 (54.1) 1,352 (33.4) 505 (12.5)
16681prE203A YGTCT TMGEH RRAKR S 4.36 � 107 90.9 � 0.4 1,324 (100) 37 (2.8) 303 (22.9) 984 (74.3)

� � � � �
191e 196 201 205 206

a Amino acid letters in bold represent mutated residues. The arrow indicates the pr-M cleavage site.
b Infectious virus titer was determined by employing a plaque assay on BHK cells.
c The extent of prM cleavage was determined by metabolic labeling, partial purification by isopycnic centrifugation, and SDS-polyacrylamide gel electrophoresis, as

described in reference 15.
d Numbers refer to the positions of the amino acids relative to the pr-M cleavage site in the proximal direction (without apostrophe) and distal direction (with

apostrophe).
e Numbers refer to the positions of the amino acids in the polyprotein according to reference 2.
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These results, therefore, suggested that there exist a number of
dengue virus particles in which complete cleavage of prM had
not occurred.

The proportion of particles with prM was next assessed with

cryoelectron microscopy (cryo-EM). Extracellular particles of
16681Nde(�) amplified in C6/36 cells in the absence of an
acidotropic agent were concentrated and then purified by rate-
zonal centrifugation in a 10- to 35-g% potassium tartrate step

FIG. 1. Sequential immunoprecipitation of extracellular viral particles. (A, left panel) The radiolabeled particles in a pretitrated volume (200
�l) of the culture fluid of virus-infected C6/36 cells were reacted with protein G Sepharose beads overnight and then with 3H5 (lane 1)- or
MOPC-21 (lane 2)-coated beads in 1 ml at 4°C for 36 h. After a wash, particles were dissociated from beads with 2.5% 2-mercaptoethanol–1.5%
SDS–40 mM Tris-HCl (pH 6.8)–0.02% bromophenol blue at 37°C for 30 min. In the coating step, 15 �g (3H5) or 10 �g (other antibodies) of
protein G Sepharose column-purified antibodies and, in the majority of experiments, a fixed amount (5 �l) of an ascites, which was devoid of
anti-dengue virus activity, were incubated with 30 �l of 50% (vol/vol) protein G Sepharose in 1 ml of 50 mM Tris-HCl (pH 7.4)–4 mM EDTA (pH
8.0)–300 mM NaCl overnight. Unbound particles from the 3H5 reaction were separated by spinning them in a microcentrifuge at 14,000 rpm for
5 min, and then precipitated with a set of beads that had been coated with 3H5 (lane 3), prM-6.1 (lane 4), 4G2 (lane 5), or MOPC-21 (lane 6).
The eluted proteins were separated by electrophoresis in 0.1% SDS-15% polyacrylamide gel and the radioactivity signals captured with a
phosphorimager. (A, right panel) The radiolabeled viral particles were reacted with protein G Sepharose and then with prM-6.1 (lane 7)- or
MOPC-21 (lane 8)-coated beads overnight prior to elution. Subsequent precipitation of the unbound particles was performed with beads that had
been coated with prM-6.1 (lane 9), 3H5 (lane 10), 4G2 (lane 11), or MOPC-21 (lane 12). (B) Viral particles derived from the 50 mM
NH4Cl-treated, infected C6/36 culture were employed in the sequential immunoprecipitation with 3H5 (lanes 2 to 6) or prM-6.1 (lanes 8 to 12)
as described for panel A. Lanes 1 and 7 represent the reaction of particles from NH4Cl-untreated cultures with 3H5 and prM-6.1, respectively, to
ensure the correct use of intended antibodies. Lanes 13 to 15 represent an initial precipitation of particles from NH4Cl-treated cultures with
MOPC-21 (lane 13) and subsequent reactions of unbound materials with 3H5 (lane 14) or prM-6.1 (lane 15). The antibody specificities were
determined previously (15). The viral proteins are indicated. Note that C is not observed, as it is inefficiently labeled with the isotopes used.

VOL. 84, 2010 NOTES 8355



gradient. The vitrified water-embedded viral particles were
examined on a Philips CM300 field emission gun transmission
electron microscope (Eindhoven, Netherlands) as previously
reported (17). Inspection of virion-sized particles in 39 pho-
tomicrographs revealed that mature particles exhibiting
smooth surface constituted slightly more than half of the large
particles (55.1%) (Fig. 2 and Table 1). The remainder con-
sisted of the immature particles with a spiky surface (36) and
another distinct group of particles that displayed patches of
smooth and spiky surfaces on the same particle, “the partially
mature particles” (Fig. 2). For 16681Nde(�), the immature
particles represented a minor (3.2%) subpopulation of the

extracellular particles while the partially mature particles were
more abundant (41.7%) (Table 1). It should be noted that
cryo-EM might underestimate the proportion of the partially
mature particles, as only one hemisphere in each particle could
be examined in the micrographs. With an overall prM cleavage
of 60 to 70% for 16681Nde(�), there might be a tendency
toward a misidentification of partially mature particles for the
mature ones. Despite this limitation, these data indicated that
the partially mature particles constituted a significant fraction
of the extracellular particles in this dengue virus.

Among flaviviruses, dengue virus and the cell fusing agent
virus are unique in the conservation of a cleavage-suppressive
acidic residue at the P3 position of the pr-M junction (28). As
an incomplete prM cleavage underlies the generation of the
three types of extracellular dengue particles, it is intriguing to
determine whether the modification of prM cleavage efficiency
could affect the proportion of the particle subpopulations. In a
previous study, a number of pr-M junction mutant viruses
bearing a substitution at the cleavage positions P3 and P5-6
exhibited altered levels of prM cleavage (15). A P3 mutant with
an enhanced prM cleavage (prE203A) and another P6 mutant
with a reduced prM cleavage (prH200A) were selected for the
cryo-EM study (Table 1). The mutant designations refer to the
position of the amino acid residue in the viral polyprotein (2).
When the P3 mutant was compared with the parent virus, the
mature particles were found to be more common in this mu-
tant, and there was a corresponding decrease of the partially
mature particles (Table 1), indicating a shift of the partially
mature particles toward the mature subpopulation as a result
of enhanced prM cleavage. In the P6 mutant, the reciprocal
changes in the proportions of immature particles and mature
particles were observed while the relative abundance of par-
tially mature particles was minimally affected (Table 1). The
reduction of prM cleavage in the P6 mutant likely caused
concurrent changes of the partially mature particles: some
immature particles were not cleaved into the partially mature
particles while certain partially mature particles failed to
progress to the mature ones. When the proportion of prM-
containing particles was plotted against the extent of prM
cleavage (Fig. 3), changes in the proportion of the combined
immature and partially mature particles, but not of each type
of particles alone, exhibited a linear relationship with the level
of prM cleavage.

The results of sequential immunoprecipitation and cryo-EM
visualization of extracellular particles in this study are compat-
ible with the existence of partially mature dengue virus parti-

TABLE 2. Sequential immunoprecipitation of radiolabeled viral particles with anti-E and anti-prM antibodies

Condition

Mean % proportion of E in the first-step precipitate (SE) for indicated first- and second-step antibodiesa

3H5 prM-6.1

3H5 prM-6.1 4G2 MOPC-21 prM-6.1 3H5 4G2 MOPC-21

Without NH4Cl (n � 5) 93.0 (1.1) 91.8 (2.0) 92.0 (2.0) 93.9 (1.3) 91.9 (0.7) 90.3 (1.1) 91.0 (0.5) 92.2 (0.8)
With NH4Cl (n � 2) 94.9 (2.7) 96.6 (1.1) 95.6 (3.2) 96.1 (2.6) 96.7 (0.5) 97.1 (0.0) 96.7 (0.8) 97.6 (0.6)

Pb 0.46 0.22 0.39 0.45 0.01 0.01 �0.01 0.01

a The first-step antibodies are indicated above the corresponding second-step antibodies. The proportion of E in the first-step precipitate was determined from the
following equation: 100 � (mean E signal in the first step precipitate)/(mean E signal in the first-step precipitate � mean E signal in the second-step precipitate).

b P values were determined by using the 2-sided t test. A P value of �0.05 indicates statistical significance.

FIG. 2. Cryo-EM visualization of extracellular virus particles.
C6/36 cells were infected with dengue viruses at a multiplicity of
infection of 0.05. After 5 to 7 days, the culture medium was collected
and clarified by centrifugation at 6,000 rpm in a J2-21 rotor (Beckman)
at 4°C for 30 min. Viral particles were precipitated with 8 g% poly-
ethylene glycol (PEG) in 12 mM Tris (pH 8.0)-120 mM NaCl-1 mM
EDTA buffer at 4°C for overnight. The precipitates were collected by
spinning at 9,500 rpm for 50 min in the J2-21 rotor, resuspended with
12 mM Tris (pH 8.0)-120 mM NaCl-1 mM EDTA buffer, and then
centrifuged in a 24 g% sucrose cushion (32,000 rpm for 1.5 h at 4°C,
using a Beckman SW41 rotor). Particles were further purified in a 10-
to 35-g% potassium tartrate gradient (32,000 rpm for 2 h at 4°C in a
Beckman SW41 rotor). The visible viral band was collected, concen-
trated by using a centrifugal filter device, applied onto the carbon-
coated cryoelectron grids, and vitrified in liquid ethane. The grids were
examined with a transmission electron microscope. Images were re-
corded at a magnification of 45,000 under low-dose conditions (14 to
17 e�/Å2). The micrographs taken from each virus preparation were
digitized at a 7-�m step size to yield a sampling of 2.96 Å/pixel. The
morphology of virus particles was visualized using the RobEM pro-
gram (http://cryoem.ucsd.edu/programDocs/runRobem.txt). (A) The
cryo-EM micrograph of the parent virus, strain 16681Nde(�). M, I,
and P indicate the mature, immature, and partially mature particles,
respectively. (B and C) Cropped cryo-EM images showing single par-
ticles of 16681Nde(�) and prH200A, respectively. The bar represents
100 nm.
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cles and the progressive mode of prM cleavage. The dynamic
changes in the particle subpopulations in the pr-M junction
mutants suggest that the partially mature particles represent an
intermediate subpopulation in the virus maturation pathway.
However, it is not yet possible to exclude the possibility that
the partially mature particles represent a “dead-end” subpopu-
lation unrelated to the generation of mature particles.
Whether the partially mature particles are infectious or capa-
ble of gaining infectivity upon further exposure to furin re-
mains to be elucidated. The partially mature particles are likely
to be heterogeneous with regard to the quantity of remaining
prM, and a number of particles may be close to becoming the
mature particles. During entry, such particles may be con-
verted to an infectious form by furin in the endosome (30) after
a threshold amount of prM is cleaved and the pr peptide is
released. These particles may underlie the observations that
certain anti-prM antibodies are capable of enhancing dengue
virus infection of cells bearing the Fc receptors for IgG (6, 13,
25, 26). It is also possible that the partially mature particles
participate in the antibody-dependent neutralization of dengue
virus infection (23).
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