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Maija K. Pietilä,1 Simonas Laurinavičius,2‡ Jukka Sund,1§ Elina Roine,1 and Dennis H. Bamford1*

Institute of Biotechnology and Department of Biological and Environmental Sciences, University of Helsinki, P.O. Box 56,
Viikinkaari 5, 00014 Helsinki, Finland,1 and Institute of Biomedicine and Department of Biochemistry and

Developmental Biology, University of Helsinki, P.O. Box 63, Haartmaninkatu 8, 00014 Helsinki, Finland2

Received 1 July 2009/Accepted 20 October 2009

Only a few archaeal viruses have been subjected to detailed structural analyses. Major obstacles have been
the extreme conditions such as high salinity or temperature needed for the propagation of these viruses. In
addition, unusual morphotypes of many archaeal viruses have made it difficult to obtain further information
on virion architectures. We used controlled virion dissociation to reveal the structural organization of
Halorubrum pleomorphic virus 1 (HRPV-1) infecting an extremely halophilic archaeal host. The single-
stranded DNA genome is enclosed in a pleomorphic membrane vesicle without detected nucleoproteins. VP4,
the larger major structural protein of HRPV-1, forms glycosylated spikes on the virion surface and VP3, the
smaller major structural protein, resides on the inner surface of the membrane vesicle. Together, these
proteins organize the structure of the membrane vesicle. Quantitative lipid comparison of HRPV-1 and its host
Halorubrum sp. revealed that HRPV-1 acquires lipids nonselectively from the host cell membrane, which is
typical of pleomorphic enveloped viruses.

In recent years there has been growing interest in viruses
infecting hosts in the domain Archaea (43). Archaeal viruses
were discovered 35 years ago (52), and today about 50 such
viruses are known (43). They represent highly diverse virion
morphotypes in contrast to the vast majority (96%) of head-tail
virions among the over 5,000 described bacterial viruses (1).
Although archaea are widespread in both moderate and ex-
treme environments (13), viruses have been isolated only for
halophiles and anaerobic methanogenes of the kingdom Eur-
yarchaeota and hyperthermophiles of the kingdom Crenarcha-
eota (43).

In addition to soil and marine environments, high viral abun-
dance has also been detected in hypersaline habitats such as
salterns (i.e., a multipond system where seawater is evaporated
for the production of salt) (19, 37, 50). Archaea are dominant
organisms at extreme salinities (36), and about 20 haloarchaeal
viruses have been isolated to date (43). The majority of these
are head-tail viruses, whereas electron microscopic (EM) stud-
ies of highly saline environments indicate that the two other
described morphotypes, spindle-shaped and round particles,

are the most abundant ones (19, 37, 43). Thus far, the mor-
phological diversity of the isolated haloarchaeal viruses is re-
stricted compared to viruses infecting hyperthermophilic ar-
chaea, which are classified into seven viral families (43).

All of the previously described archaeal viruses have a dou-
ble-stranded DNA (dsDNA) genome (44). However, a newly
characterized haloarchaeal virus, Halorubrum pleomorphic vi-
rus 1 (HRPV-1), has a single-stranded DNA (ssDNA) genome
(39). HRPV-1 and its host Halorubrum sp. were isolated from
an Italian (Trapani, Sicily) solar saltern. Most of the studied
haloarchaeal viruses lyse their host cells, but persistent infec-
tions are also typical (40, 44). HRPV-1 is a nonlytic virus that
persists in the host cells. In liquid propagation, nonsynchro-
nous infection cycles of HRPV-1 lead to continuous virus pro-
duction until the growth of the host ceases, resulting in high
virus titers in the growth medium (39).

The pleomorphic virion of HRPV-1 represents a novel ar-
chaeal virus morphotype constituted of lipids and two major
structural proteins VP3 (11 kDa) and VP4 (65 kDa). The
genome of HRPV-1 is a circular ssDNA molecule (7,048 nu-
cleotides [nt]) containing nine putative open reading frames
(ORFs). Three of them are confirmed to encode structural
proteins VP3, VP4, and VP8, which is a putative ATPase (39).
The ORFs of the HRPV-1 genome show significant similarity,
at the amino acid level, to the minimal replicon of plasmid
pHK2 of Haloferax sp. (20, 39). Furthermore, an �4-kb region,
encoding VP4- and VP8-like proteins, is found in the genomes
of two haloarchaea, Haloarcula marismortui and Natronomo-
nas pharaonis, and in the linear dsDNA genome (16 kb) of
spindle-shaped haloarchaeal virus His2 (39). The possible re-
lationship between ssDNA virus HRPV-1 and dsDNA virus
His2 challenges the classification of viruses, which is based on
the genome type among other criteria (15, 39).

HRPV-1 is proposed to represent a new lineage of pleomor-
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phic enveloped viruses (39). A putative representative of this
lineage among bacterial viruses might be L172 of Achole-
plasma laidlawii (14). The enveloped virion of L172 is pleo-
morphic, and the virus has a circular ssDNA genome (14 kb).
In addition, the structural protein pattern of L172 with two
major structural proteins, of 15 and 53 kDa, resembles that of
HRPV-1.

The structural approach has made it possible to reveal rela-
tionships between viruses where no sequence similarity can be
detected. It has been realized that several icosahedral viruses
infecting hosts in different domains of life share common
virion architectures and folds of their major capsid proteins.
These findings have consequences for the concept of the origin
of viruses. A viral lineage hypothesis predicts that viruses
within the same lineage may have a common ancestor that
existed before the separation of the cellular domains of life (3,
5, 8, 26). Currently, limited information is available on the
detailed structures of viruses infecting archaea. For example,
the virion structures of nontailed icosahedral Sulfolobus tur-
reted icosahedral virus (STIV) and SH1 have been determined
(21, 23, 46). However, most archaeal viruses represent unusual,
sometimes nonregular, morphotypes (43), which makes it dif-
ficult to apply structural methods that are based on averaging
techniques.

A biochemical approach, i.e., controlled virion dissociation,
gives information on the localization and interaction of virion
components. In the present study, controlled dissociation was
used to address the virion architecture of HRPV-1. A compar-
ative lipid analysis of HRPV-1 and its host was also carried out.
Our results show that the unique virion type is composed of a
flexible membrane decorated with the glycosylated spikes of
VP4 and internal membrane protein VP3. The circular ssDNA
genome resides inside the viral membrane vesicle without de-
tected association to any nucleoproteins.

MATERIALS AND METHODS

Purification of HRPV-1. Halorubrum sp. strain PV6 was used for the propa-
gation of HRPV-1. The culture conditions, as well as the virus production and
purification methods, have been previously described (39). In brief, cells were
removed from an infected overnight culture of Halorubrum sp. strain PV6, and
impurities were precipitated from the supernatant with 6% (wt/vol) polyethylene
glycol (PEG) 6000. Virus particles were then precipitated with 11% (wt/vol) PEG
and resuspended in HRPV-1–buffer (1.5 M NaCl, 100 mM MgCl2, 2 mM CaCl2,
20 mM Tris-HCl [pH 7.5]). After the removal of aggregates from the concen-
trate, viruses were purified in a linear 5 to 20% (wt/vol) sucrose gradient by rate
zonal centrifugation (Sorvall AH629, 116,000 � g, 4 h, 15°C) yielding “1�
purified” virus. The “1� virus” was further purified by equilibrium centrifugation
in a cesium chloride gradient with a mean density of 1.3 g/ml (Sorvall AH629,
82,000 � g, 20 h, 15°C), yielding “2� purified” virus. The “2� virus” was
concentrated by differential centrifugation (Sorvall T647.5, 136,000 � g, 3 h,
15°C). HRPV-1–buffer was used throughout the purification procedure.

Inactivation of HRPV-1. HRPV-1 virus stocks contained 23% (wt/vol) salt
water containing 3.15 M NaCl, 113 mM MgCl2, 119 mM MgSO4, 3.8 mM CaCl2,
72 mM KCl, and 61 mM Tris-HCl (pH 7.2). The salt water stock was prepared
as described elsewhere (HaloHandbook [http://www.haloarchaea.com/resources
/halohandbook/Halohandbook_2008_v7.pdf]). The sensitivity of HRPV-1 to low-
ered ionic strength was determined by diluting the virus stock in sterile deionized
water in volume ratios 1:1, 1:4, and 1:9 (stock to water). Different NaCl concen-
trations were tested by diluting the virus stock in 23% (wt/vol) salt water devoid
of NaCl in appropriate volume ratios. For MgCl2, CaCl2, and KCl determina-
tions, a buffer containing 1.5 M NaCl, 222 mM MgCl2, 3.8 mM CaCl2, 72 mM
KCl, and 61 mM Tris-HCl (pH 7.2) was prepared. The concentrations of MgCl2,
CaCl2, or KCl in the buffer were decreased one at a time, and the virus stock was
diluted 1,000-fold in the buffer. The diluted samples were incubated 18 h at 4°C.

The infectivity of the treated viruses was determined by plaque assay after the
dilution and incubation.

Sensitivity to pH changes was determined by diluting the HRPV-1 stock
1,000-fold in the appropriate pH buffer. The buffer contained 20 mM potassium
phosphate buffer (pH 5.0 to 7.0) or Tris-HCl (pH 7.0 to 9.0), 1.5 M NaCl, 100
mM MgCl2, and 2 mM CaCl2 (modified HRPV-1–buffer). The diluted samples
were incubated 30 min at 22°C. The thermal stability of HRPV-1 was tested by
incubation of the virus stocks at different temperatures for 30 min. After each
treatment, the infectivity in the samples was determined.

Virion dissociation. All of the experiments were carried out with freshly made
“2� purified” virus material. For protease treatments at high salinity, purified
HRPV-1 particles (210 �g of protein/ml) were incubated with proteinase K (0.1
mg/ml; Finnzymes), trypsin (0.1 mg/ml; Sigma), or bromelain (1.0 mg/ml; ICN
Biomedicals, Inc.) in HRPV-1–buffer for 3 h at 37°C. After incubation, virus titer
was determined by plaque assay and dissociation products were analyzed in a
linear 5 to 20% (wt/vol) sucrose gradient in HRPV-1–buffer by rate zonal cen-
trifugation (Sorvall TH641, 210,000 � g, 3 h, 15°C). Gradients were fractionated
and protein, DNA, and lipid (when appropriate) compositions as well as virus
titer (when appropriate) of the fractions were analyzed. DNA was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) having
a stacking gel and 16% (wt/vol) acrylamide concentration in the separation gel
(35). After electrophoresis, gels were stained with ethidium bromide (EtBr) and
visualized by UV. Proteins were separated by Tricine-SDS-PAGE (see Protein
analysis) and lipids were analyzed by thin-layer chromatography (TLC) or by
lipid staining (see below).

For further experiments, proteinase K-treated particles (the treatment as
described above) were purified in a linear 5 to 20% (wt/vol) sucrose gradient in
HRPV-1–buffer (Sorvall AH629, 116,000 � g, 5 h, 15°C), and the light-scattering
zone was collected. The collected particles were concentrated and washed with
HRPV-1–buffer using ultrafiltration (Amicon Ultra Centrifugal Filter Devices,
Millipore, 50,000 nominal molecular weight limit; Eppendorf Centrifuge 5810R,
A-4-62 rotor, 3,220 � g, 15°C). For further dissociation, proteinase K-treated
particles (50 �g of protein/ml) were incubated in 0.03% (vol/vol) Triton X-100
(TX-100) in a buffer containing 375 mM NaCl, 25 mM MgCl2, 0.5 mM CaCl2,
and 20 mM Tris-HCl (pH 7.5) for 15 min at 22°C. After incubation, dissociation
products were analyzed as described for the protease treatments. TX-100 disso-
ciation was performed with or without a protease inhibitor cocktail (Complete
EDTA-free; Roche).

For protease treatments at low salinity, purified HRPV-1 particles (100 �g of
protein/ml) were incubated with proteinase K (0.2 mg/ml; Finnzymes) in a buffer
containing 75 mM NaCl, 5 mM MgCl2, 0.1 mM CaCl2, and 20 mM Tris-HCl (pH
7.5) for 1 h at 37°C. As a control, HRPV-1 particles were incubated in the same
buffer without proteinase K for 1 h at 37°C. For virion dissociation by Nonidet
P40 (NP-40), HRPV-1 virions (210 �g of protein/ml) were incubated in HRPV-
1–buffer containing 0.1% (vol/vol) NP-40 for 1 h at 22°C. After the incubations,
the infectivity was determined, and dissociation products were analyzed as de-
scribed for the protease treatments at high salinity.

For low-salinity dissociation, HRPV-1 virions (95 �g of protein/ml) were
incubated in a buffer containing 75 mM NaCl, 5 mM MgCl2, 0.1 mM CaCl2, and
20 mM Tris-HCl (pH 7.5) for 1 h at 4 or 60°C. After incubation, the virus
infectivity was determined, and dissociation products were analyzed in a linear 5
to 20% (wt/vol) sucrose gradient in a buffer containing 50 mM NaCl and 20 mM
Tris-HCl (pH 7.5) by rate zonal centrifugation (Sorvall TH641, 210,000 � g, 3 h
45 min, 15°C). After centrifugation, gradients were analyzed as described for the
protease treatments.

Soluble proteins were collected from the top of the sucrose gradients for
further analyses (see below). The collected proteins were concentrated and
washed by using ultrafiltration (Amicon Ultra Centrifugal Filter Devices, Milli-
pore, 10,000 nominal molecular weight limit; Eppendorf Centrifuge 5810R,
A-4-62 rotor, 3,220 � g, 15°C). For washing, either HRPV-1–buffer or a buffer
containing 50 mM NaCl and 20 mM Tris-HCl (pH 7.5) was used.

Extraction and analysis of lipids. Cellular lipids and lipids from “2� purified”
virus preparations were extracted according to the method of Folch et al. (16)
modified for halophiles (22). Lipid extracts were first analyzed by TLC as de-
scribed previously (4), and the phosphorus content of lipid spots was determined
as described by Bartlett et al. (6). For identification of individual lipids, the
lipid-containing areas were scraped from a preparative TLC plate, re-extracted,
and analyzed by mass spectrometry (MS) essentially as previously described (4).
Lipids were identified based on (i) their m/z value, (ii) product ion analysis, and
(iii) precursor ion scans. Neutral lipids were analyzed by TLC as described
previously (29). For lipid staining, samples were separated in Tricine-SDS-poly-
acrylamide gels. After electrophoresis, gels were stained with Coomassie blue to
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detect proteins and then with Sudan Black B (Sigma) to detect lipids according
to the manufacturer’s instructions.

Protein analysis. Protein concentrations were measured by the Coomassie
blue method (10) using bovine serum albumin as a standard. Proteins were
separated by using either Tricine-SDS-PAGE having a stacking gel and 14% or
17% (wt/vol) acrylamide concentration in the separation gel (48) or SDS-PAGE
having a stacking gel and 16% (wt/vol) acrylamide concentration in the separa-
tion gel (35).

For deglycosylation, soluble proteins from the low-salinity dissociation at 60°C
(see above) were lyophilized. Lyophilized proteins were deglycosylated by using
a GlycoProfile IV chemical deglycosylation kit (Sigma) according to the manu-
facturer’s instructions. After deglycosylation, samples were concentrated and
washed with 50 mM NaCl and 20 mM Tris-HCl (pH 7.5) buffer using ultrafil-
tration (see above for the concentrations of the soluble proteins).

For glycoprotein staining, proteins were separated in Tricine-SDS-polyacryl-
amide gels. After electrophoresis, the gels were stained with a Pro-Q Emerald
300 glycoprotein gel stain kit (Invitrogen) according to the manufacturer’s in-
structions and visualized by UV transillumination at 302 nm. After glycoprotein
staining, gels were stained with Coomassie blue.

For N-terminal protein sequencing, proteins were electroblotted from Tricine-
SDS-polyacrylamide gels onto a polyvinylidene difluoride membrane, followed
by Coomassie brilliant blue staining (32). Sequencing was performed by using a
Procise 494A HT sequencer (Perkin-Elmer, Applied Biosystems Division). Liq-
uid chromatography electrospray ionization tandem mass spectrometry (LC-ESI
MS/MS) was performed by using a Q-TOF instrument (Micromass, Ltd.) con-
nected to an Ultimate nano-chromatograph (Dionex Corp.). For LC-ESI MS/
MS, proteins in the SDS-PAGE bands were digested “in gel” essentially as
previously described (49). The recovered peptides were then analyzed as de-
scribed earlier (42). The analyses were performed in the Protein Chemistry Core
Facility of the Institute of Biotechnology, University of Helsinki.

Gel filtration and sedimentation analyses. Soluble proteins from the NP-40 or
low-salinity at 60°C dissociations were analyzed by gel filtration and sedimenta-
tion. In gel filtration, the column (Tricorn Superdex 200 10/300 GL; Amersham
Biosciences) was equilibrated with either HRPV-1–buffer or a buffer containing
50 mM NaCl and 20 mM Tris-HCl (pH 7.5). Apoferritin (443 kDa), �-amylase
(200 kDa), PRD1 P3 trimer (120 kDa), bovine serum albumin (66 kDa), carbonic
anhydrase (29 kDa), and RNase A (13.7 kDa) were used as molecular mass
standards. Fractions collected from the filtration were studied in SDS-polyacryl-
amide gels. Sedimentation analyses (Sorvall TH660, 217,000 � g, 28 h, 15°C)
were performed in linear 10 to 40% (wt/vol) sucrose gradients in either HRPV-
1–buffer or a buffer containing 50 mM NaCl and 20 mM Tris-HCl (pH 7.5). The
same standards as in the gel filtration were used. After centrifugation, gradients
were fractionated and analyzed as in the gel filtration.

Electron microscopy. EM samples from the dissociation experiments were
fixed with 2.5% (vol/vol) glutaraldehyde for 1.5 h at 22°C. For fixation, Tris-HCl-
buffer (pH 7.5) in samples was replaced with 2-(N-morpholino)-ethanesulfonic
acid buffer (pH 6.7). After fixation, samples were negatively stained with 1%
(wt/vol) ammonium molybdate (pH 7.0). Staining-times varied from 10 to 20 s
depending on the sample. The micrographs were taken with JEOL 1200EX
electron microscope operating at 60 kV at the Electron Microscopy Unit of the
Institute of Biotechnology, University of Helsinki.

RESULTS

HRPV-1 infectivity depends on salinity, pH, and tempera-
ture. Stocks of HRPV-1 reached titers of �2 � 1011 PFU/ml,
and the virus was stable for several months when stored at 4°C.
Stability of the HRPV-1 infectivity in various conditions was
studied, and the results are summarized in Fig. 1. The virus
stock contains various salts (see Materials and Methods), and
the effects of the total ionic strength (Fig. 1A) and different
salts at variable concentrations were separately examined in
order to determine the most relevant buffer constituents af-
fecting the infectivity. NaCl was the most critical one (Fig. 1B).
A decrease in the MgCl2 or CaCl2 concentration below the
concentrations in the virus stock caused only a slight inactiva-
tion of HRPV-1, and changes in the KCl concentration had no
detectable effect (data not shown). Based on these results, the
HRPV-1–buffer containing 1.5 M NaCl, 100 mM MgCl2, 2 mM

CaCl2, and 20 mM Tris-HCl (pH 7.5) was designed. The tol-
erance of HRPV-1 to changes in pH and temperature is rep-
resented in Fig. 1C and D, respectively.

Inactivation experiments suggested conditions that could be
utilized in the dissociation of the HRPV-1 virion. With this
information, we did a systematic screening of conditions po-
tentially favorable for controlled virion dissociation. Treat-
ments included freezing and thawing, lowered ionic strength,
lowered pH, elevated temperature, proteases, urea, guanidine
hydrochloride, chloroform, dithiothreitol, mercaptoethanol,
and several detergents. Both anionic detergents (sodium do-
decyl sulfate and sodium deoxycholate) and nonionic deter-
gents (octyl-�-D-glucopyranoside, TX-100, TX-114, and NP-
40) were used. In addition, many of the treatments were
carried out in high- and low-salinity conditions.

After each treatment, the infectivity was determined and
dissociation products were analyzed by rate zonal centrifuga-
tion. Gradients were fractionated, and the protein pattern in
each fraction was determined by Tricine-SDS-PAGE. Most of
the tested conditions inactivated the virus but did not dissoci-
ate any of the viral proteins or, alternatively, all of the viral
proteins were solubilized. Interestingly, the HRPV-1 virion
remained intact even in 3 M urea (data not shown). A number
of treatments resulted in a close-to-quantitative dissociation of
the virion to its components and revealed important aspects

FIG. 1. Inactivation of haloarchaeal virus HRPV-1. (A) Effect of
total ionic strength. The virus stock was diluted in deionized water.
The x axis indicates the proportion of the virus stock in the dilution.
(B) Effect of NaCl concentration. The virus stock was diluted to
decrease NaCl concentration (see Materials and Methods). In pan-
els A and B the number of the infective virus particles was measured
immediately after dilution (F) and after an 18-h incubation period
at 4°C (E). The first point on the y axis represents the infectivity of
the undiluted virus stock. (C) HRPV-1 sensitivity to pH changes.
The virus stock was diluted in modified HRPV-1–buffer containing
either potassium phosphate buffer (E) or Tris-HCl-buffer (F) and
incubated for 30 min at 22°C. (D) HRPV-1 sensitivity to tempera-
ture changes. The undiluted virus stock was incubated at different
temperatures for 30 min.
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about the virion structure. The most successful conditions are
summarized in Table 1 and were chosen for more detailed
analyses. Also, a stepwise dissociation of HRPV-1 combining
proteinase K and TX-100 treatment was developed (see be-
low).

VP4 forms spikes on the virion surface. To determine pro-
tease sensitivity of the HRPV-1 virion, virus particles were
treated with proteinase K, trypsin, or bromelain in HRPV-1–
buffer (Table 1). Protease concentrations were chosen based
on those described previously for another haloarchaeal virus,
SH1 (24). The only virion protein observed to be sensitive to
proteases was the major structural protein VP4. With an in-
creasing proteinase K treatment time, it was observed that
practically all of the VP4 was digested (Fig. 2A and B). Bro-
melain digestion was not as efficient as that of proteinase K,
and trypsin produced several digestion products cosedimenting
with the treated particles (data not shown). Thus, proteinase K
treatment was chosen for further analyses.

Proteinase K treatment resulted in DNA-containing lipid
vesicles sedimenting more slowly than the untreated virions
(Fig. 2A and B). Based on negative-stain transmission electron
microscopy (TEM), the untreated HRPV-1 virions had a rough
surface with extensions (Fig. 3A and C), and the proteinase K
treated particles had a smooth one (Fig. 3B and C). The av-
erage dimensions of the proteinase K-treated virions (of 50
particles) were 31 by 34 nm. The respective dimensions of the
untreated virions are 44 by 55 nm (39).

A specific digestion product was observed in the proteinase
K-treated particles (Fig. 2B, arrow III). Edman degradation of
this �4-kDa protein band gave the N-terminal sequences FG
SGSTDTML, GSGSTDTML, and GSTDTM, indicating that
the respective band contained C-terminal portions of VP4. The
sequence FGSGSTDTML corresponds to a C-terminal frag-
ment of 32 amino acids. The 19- and 32-kDa protein species
(Fig. 2B, arrows I and II) were not digestion products since
they were also observed in untreated virion samples (Fig. 2A).
Their identity could not be determined as the tryptic peptide
LC-ESI MS/MS analysis revealed only peptides matching to
major virion proteins VP3 and VP4 in both protein bands (Fig.
2B, arrows I and II).

In order to release the genome from the lipid vesicles, the

proteinase K-treated particles were exposed to nonionic deter-
gent TX-100. Concentrations from 0.025 to 0.1% (vol/vol)
were tested. In 0.03% TX-100, the genome was released, and
the rest of the proteins (VP3, the C-terminal portion of VP4,
and 19-kDa and 32-kDa protein species) were found in the
pellet (Fig. 2C). In negative-stain TEM the pellet fraction
revealed aggregative material (Fig. 3D). None of the proteins
cosedimented with DNA, and the viral lipids as well as TX-100
were detected at the top of the gradient (Fig. 2C). When 0.03%
TX-100 dissociation was carried out with a protease inhibitor,
the additional protein band (Fig. 2C, arrow), most likely a
digestion product of VP3, was not observed. If lower TX-100
concentrations were used, only a partial genome release was
achieved, and in higher concentrations VP3 was detected
throughout the gradient (data not shown).

Spike protein VP4 can be removed by low salinity and ele-
vated temperature or by NP-40. Low salinity decreased the
infectivity of the purified HRPV-1 virions, and the effect was
greatly enhanced at an elevated temperature (Table 1). Rate
zonal centrifugation followed by Tricine-SDS-PAGE revealed
that spike protein VP4 was partly removed. At 4°C only a
minor dissociation of VP4 was detected, but at 37°C and 60°C
the majority of VP4 became soluble (Fig. 4A and see Fig. S1 in
the supplemental material). The spike dissociation was the
most quantitative at 60°C since all particles lost most of the
spikes (see Fig. S1B in the supplemental material). At 37 and
60°C, the genome was released without associated proteins
(Fig. 4A and see Fig. S1B in the supplemental material). In
addition, the released genome was completely degraded by
RQ1 DNase I, indicating that there is no protein-caused pro-
tection (data not shown). TEM revealed that subviral particles
produced at 60°C were empty (Fig. 3E). In gel filtration, VP4
dissociated at 60°C had an apparent mass of 270 kDa (see Fig.
S2A in the supplemental material), and in sedimentation only
low-molecular-mass particles (40 kDa) were observed (see Fig.
S2B in the supplemental material). An elevated temperature
alone was not enough to dissociate VP4. Virions incubated in
HRPV-1–buffer at 60°C did not lose VP4, but the genome was
released from about half of the virions (data not shown).

HRPV-1 virions were treated with several detergents, but
controlled dissociation was obtained only with nonionic NP-40.
The treatment of the virions with 0.1% (vol/vol) NP-40 (Table
1) led to the release of the genome without associated proteins
(Fig. 5). The vast majority of VP4 with about half of the total
viral lipids along with the detergent were detected at the top of
the gradient. The other half of the total viral lipids and the rest
of the viral proteins were found in the pellet (Fig. 5). In gel
filtration, dissociated VP4 eluted mainly as a large particle,
which could not be resolved by the filtration column used
(separation range for globular proteins, 10 to 600 kDa), and in
sedimentation analysis both small (90 kDa) and large (400
kDa) particles were observed (data not shown).

Spike protein VP4 is glycosylated. Previously, it has been
observed that the apparent (65 kDa) and calculated (53 kDa)
molecular masses of VP4 differ (39). To study possible glyco-
sylation, Tricine-SDS-PAGE-separated proteins from highly
purified virions were stained with a carbohydrate-specific stain.
A positive signal was observed with VP4 (Fig. 6A). To further
confirm this result, dissociated VP4 was deglycosylated using
nonselective trifluoromethanesulfonic acid that removes both

TABLE 1. Effect of virion dissociation on infectivity

Condition(s) Titer (PFU/ml)

“2� purified” virus in HRPV-1-buffer at 4°C
(starting material)a..........................................................1.5 � 1013

Proteinase K (0.1 mg/ml) incubation in
HRPV-1–buffer for 3 h at 37°C ........................................7.6 � 106

Trypsin (0.1 mg/ml) incubation in HRPV-1–
buffer for 3 h at 37°C .....................................................1.1 � 106

Bromelain (1.0 mg/ml) incubation in HRPV-1–
buffer for 3 h at 37°C .....................................................3.9 � 109

0.1% (vol/vol) NP-40 incubation in HRPV-1–
buffer for 1 h at 22°C .....................................................1.6 � 104

Incubation at low salinityb for 1 h at:
4°C.........................................................................................7.8 � 1012

37°C.......................................................................................5.9 � 1011

60°C.......................................................................................2.4 � 103

a Specific infectivity, �2.8 � 1013 PFU/mg of protein.
b Low salinity � 75 mM NaCl, 5 mM MgCl2, 0.1 mM CaCl2, and 20 mM

Tris-HCl (pH 7.5).
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N-linked and O-linked oligosaccharide motifs. After deglyco-
sylation treatment, VP4 gave a strongly reduced glycosylation
signal in glycoprotein staining compared to the untreated form.
Furthermore, deglycosylated VP4 migrated faster in Tricine-
SDS-PAGE, and its apparent molecular mass was �55 kDa
(Fig. 6B and C).

VP3 is an internal membrane protein. Protease treatments
of the virions in HRPV-1–buffer did not digest VP3 (Fig. 2B),
and even in an excessive proteinase K concentration (0.5 mg/
ml) VP3 remained intact (data not shown). When HRPV-1
virions were treated with proteinase K at low salinity at 37°C,
the genome was released, both VP3 and VP4 were digested,
and the empty lipid vesicles formed a band close to the top
of the gradient (Fig. 4B). The infectivity was completely lost
(�102 PFU/ml). Specific digestion products were obtained
(Fig. 4B) and Edman degradation of the �5-kDa band (Fig.
4B, arrow I) gave an N-terminal sequence AYSKGVSGTL
matching to the N terminus of VP3 (Fig. 4C). In the �4-kDa
band (Fig. 4B, arrow II) no peptides were detected. In
addition, the gel band containing the lipids (Fig. 4B, arrow
III), which corresponds to �3 kDa, was analyzed, and the
N-terminal sequence SNAGPIA was obtained, indicating
that the respective band contained a C-terminal fragment of
VP3 (Fig. 4C).

Comparison of lipids extracted from HRPV-1 and its host.
The total lipid extracts of highly purified HRPV-1 and its host
Halorubrum sp. strain PV6 were examined by thin-layer chro-
matography. As seen from Fig. 7A, Halorubrum sp. strain PV6
and HRPV-1 contained three major polar lipids (spots 2 to 4).
In addition, there were minor lipids present in both extracts
(spots 1, 5, and 6). Most of the lipids from HRPV-1 and
Halorubrum sp. strain PV6 extracts coeluted with those from
halophilic archaeon Haloarcula hispanica (Fig. 7A) (4). This
indicated that the two halophilic microorganisms and HRPV-1
share a similar polar lipid composition. TLC analysis also
showed that neutral lipid compositions in HRPV-1 and its host
were similar. However, the amounts of the neutral lipids
seemed to be somewhat lower than those in Haloarcula his-
panica (data not shown).

To specifically identify the polar lipids of HRPV-1 and its
host, the separated lipids were subjected to mass spectrometric
analysis. Based on the m/z values of the intact molecules, as
well as the profiles of the lipid fragments, the lipids in spots 1
to 4 were identified as cardiolipin (CL; doubly charged peak at
m/z 759.7), phosphatidylglycerol (PG; major peak at m/z

FIG. 2. Proteinase K treatment of HRPV-1 virions and further
dissociation with TX-100. (A) Untreated “2� purified” virus particles
analyzed by rate zonal centrifugation in HRPV-1–buffer. (B) Particles
treated with proteinase K in HRPV-1–buffer and analyzed in the same
conditions as in panel A. (C) Proteinase K-treated particles further
dissociated with TX-100 without a protease inhibitor and analyzed as
in panel A. (A to C) After centrifugation, gradients were fractionated,

and numbers at the top indicate fractions 1 to 13 from the top to the
bottom (fraction 13 is the resuspended pellet). The upper panels show
the presence of DNA in EtBr-stained SDS-polyacrylamide gels. The
middle panels show protein compositions in Coomassie blue-stained
14% Tricine-SDS-polyacrylamide gels. Numbers on the left indicate
the molecular masses (in kilodaltons) of the markers. In the lower
panels lipids were analyzed by TLC, but only the PG band of the viral
lipids (see Fig. 7) is indicated. In panel A, the infectivity was also
determined, and the infectivity peak was in fractions 9 to 13. In panel
B, a sample of proteinase K (prot K) was also included in the Tricine-
SDS-PAGE, and the arrows I to III indicate the bands analyzed by
N-terminal sequencing or mass spectrometry. In panel C, the PG band
is distorted due to TX-100 interference, and the arrow indicates a
likely digestion product of VP3.
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805.8), phosphatidylglycerophosphate methyl ester (PGP-Me;
m/z 899.8), and phosphatidylglycerosulfate (PGS; m/z 885.8),
respectively (Fig. 7B), which are negatively charged. These
are also the major phospholipids of Haloarcula hispanica
(4). Quantitative analysis of the phospholipids revealed that
HRPV-1 and its host contained similar proportions of all phos-

pholipids, except that PG was slightly more prevalent in the
host, while PGS was more prevalent in HRPV-1 (Fig. 7C).

Staining of the TLC plates with specific reagents revealed
that spot 5 contained glycolipids. This glycolipid did not, how-
ever, coelute with the triglycosylglycerodiether or with any
other of the lipids from Haloarcula hispanica (Fig. 7A). The
mass of the lipid from spot 5 was 1,055.9 Da. This corresponds
to the mass of sulfodiglycosyldiglyceride (S-DGD), a negatively
charged glycolipid typical of various Halorubrum strains and of
certain other halophilic microorganisms (30, 33, 45). These
data strongly suggest the presence of nonphosphorus S-DGD
in HRPV-1 and its host.

DISCUSSION

The initial description of the HRPV-1 virion suggested a
pleomorphic membrane vesicle enclosing the ssDNA genome
(39). Since structural biology methods are less advantageous
for pleomorphic enveloped virus particles, we tackled the
HRPV-1 structure by biochemical means. The dissociation
pathways described here revealed the main structural features
of the virion (Fig. 8).

VP4, the larger major structural protein of HRPV-1, was
shown to form spikelike protrusions on the virion surface.
Mature VP4 has one putative transmembrane (TM) helix at
the C terminus (39) and, after protease digestion, only the
C-terminal fragment of VP4 containing this region remained
associated with the viral membrane (Fig. 2B). Without the
spikes, the lipid vesicles were close to spherical (Fig. 3) and
clearly more uniform than the native virus particles (compare
the sedimentation in Fig. 2A and B) implying that the spikes
contribute to the pleomorphism of the HRPV-1 virion.

HRPV-1 originates from a solar saltern (39) and, as ex-
pected, a high sodium chloride concentration is necessary for
infectivity (Fig. 1B). Most haloarchaeal viruses, e.g., icosahe-
dral SH1 (41) and spindle-shaped His2 (7), require a high salt
concentration for infectivity, but the head-tail haloarchaeal
virus �N is an exception since it remains infective even in
distilled water (54). Temperature is also critical for the infec-
tivity of HRPV-1 (Fig. 1D). The infectivity was lost in the same
temperature range, as is the case with SH1 and His2 (7, 41).
The combination of lowered ionic strength and elevated tem-
perature led to the dissociation of VP4 (Fig. 4A and see Fig.
S1B in the supplemental material). Spike protein VP4 seems to
be strongly asymmetric since gel filtration of dissociated VP4
indicated a multimeric protein and sedimentation smaller than
a monomer (see Fig. S2 in the supplemental material).

NP-40 treatment also released VP4 (Fig. 5). The treatment
dissected the two major structural proteins into soluble (mainly
VP4) and aggregated (mainly VP3) fractions. The intriguing
result was that the viral lipids were detected approximately in
the same ratio in these fractions. This was in contrast to the
TX-100 dissociation of the protease-treated particles, where all
of the viral lipids were solubilized (Fig. 8).

Glycosylation of spike protein VP4 was elucidated by both
carbohydrate staining and deglycosylation (Fig. 6). The appar-
ent molecular mass of deglycosylated VP4 (55 kDa) was close
to the calculated molecular mass of VP4 (53 kDa). Among
archaeal viruses, glycosylation has been previously detected on
the major capsid protein of STIV infecting hyperthermophilic

FIG. 3. Negative-stain electron micrographs of dissociation prod-
ucts of HRPV-1. (A) Untreated “2� purified” virions. Two micro-
graphs are shown. (B) Proteinase K-treated particles. (C) A single
particle of the untreated “2� purified” virions (upper panel) and of the
proteinase K-treated particles (lower panel). Arrows in the upper
panel indicate surface extensions missing in the treated particles.
(D) Aggregates in the pellet fraction of the TX-100 dissociation of the
proteinase K-treated particles (see Fig. 2C). (E) Disrupted particles
obtained after dissociation of the virions at low salinity at 60°C. Bars,
100 nm in panels A, B, D, and E and 50 nm in panel C.
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crenarchaeon Sulfolobus solfataricus. In addition, STIV en-
codes a glycosyltransferase, and it is proposed that the major
capsid protein might have novel glycosylation chemistry (27,
31). Rod-shaped virus ARV1 infecting hyperthermophilic cre-
narchaea of the genus Acidianus also has a glycosylated major
coat protein (53).

FIG. 4. Proteinase K treatment of HRPV-1 virions at low salinity. (A) HRPV-1 virions dissociated at low salinity at 37°C. (B) HRPV-1 virions
treated with proteinase K at low salinity at 37°C. (A and B) Particles were analyzed by rate zonal centrifugation in HRPV-1–buffer as in Fig. 2.
The upper panels show the presence of DNA in EtBr-stained SDS-polyacrylamide gels. The lower panels show protein and lipid compositions in
Coomassie blue- and Sudan Black B-stained 17% Tricine-SDS-polyacrylamide gels. Numbers on the left indicate the molecular mass markers (in
kilodaltons). In panel B, a sample of proteinase K (prot K) was included, and the arrows I to III indicate the bands analyzed by N-terminal
sequencing. (C) Amino acid sequence of VP3 indicating the sequences derived from N-terminal sequencing of the peptides (in boldface) and the
predicted TM domains (gray shading). The 2.1-kDa fragment illustrates the peptide detected in the band indicated by arrow III, and the 4.1-kDa
fragment illustrates the peptide in the band indicated by arrow I.

FIG. 5. NP-40 dissociation of HRPV-1 virions. Virions were
treated with NP-40, and the dissociation products were analyzed by
rate zonal centrifugation in HRPV-1–buffer as in Fig. 2. The data of
the fractions are presented as in Fig. 2.

FIG. 6. Glycoprotein analysis of HRPV-1. (A) Proteins of “2�
purified” HRPV-1. (B) VP4. (C) Deglycosylated VP4. (A to C)
Protein samples were separated by 14% Tricine-SDS-PAGE, and
the gel was stained with Pro-Q Emerald 300 glycoprotein gel stain
to detect the presence of glycosylated proteins. After UV illumina-
tion, the gel was stained with Coomassie blue to detect the proteins.
The first lane represents the Coomassie blue, and the second lane
represents the glycoprotein staining. Numbers on the left indicate
the molecular mass markers (in kilodaltons). In panels B and C,
VP4 was obtained from the dissociation of HRPV-1 at a low salinity
at 60°C.
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VP3, the smaller major structural protein of HRPV-1, is
predicted to contain four TM helices (39). In the intact virion,
VP3 was completely resistant to proteases (Fig. 2B). However,
when the virion vesicle was opened leading to the genome
release, VP3 was quantitatively digested by proteinase K, leav-
ing two membrane-associated peptides, one from the N termi-
nus and other from the C terminus (Fig. 4). Both of these
fragments are predicted to contain one TM domain. We con-
clude that VP3 is a membrane protein facing the inner mem-
brane surface of the virion (Fig. 8).

Lipid analyses showed that HRPV-1 and its host contained
almost the same proportions of all phospholipids (Fig. 7). Such
similarity between the viral and host membranes indicates that
the lipids are nonselectively incorporated into the viral mem-
brane. It has been previously reported that pleomorphic my-
coplasmavirus L172 and its host also have similar phospholipid
compositions (2). Unlike pleomorphic viruses, nontailed ico-
sahedral lipid-containing prokaryotic viruses commonly display
selective lipid acquisition from the host cell membrane, as seen
in bacteriophages with either an inner membrane (PM2,
PRD1, and Bam35) or with an outer one (�6) (11, 12, 28, 29).
Also, the archaeal viruses STIV (31) and SH1 (4) having the
lipid membrane underneath the icosahedral protein capsid se-
lectively acquire lipids from the host lipid pool. The geomet-
rical constraints within the icosahedral protein capsid most
likely drive this selectivity (4, 11, 12, 28, 29, 31).

Budding is a typical exit mechanism for enveloped viruses
(18, 55). Both the nonselective lipid acquisition and the
structural organization of the HRPV-1 virion support the
presence of such a maturation mechanism. The nature of

the infection cycle is also in accordance with the presence of
a budding mechanism since HRPV-1 does not lyse the host
cells, but progeny viruses are released while the host growth
continues (39). Most likely, the viral proteins are incorpo-
rated into the plasma membrane of the host cell, after which
these proteins interact with the genome to bud through the
membrane. The size of the vesicle should then be deter-
mined by the genome length. If budding occurs, it remains
to be determined how HRPV-1 passes the proteinaceous S
layer (25) of the host cell. However, we were previously
unable to detect budding viruses using transmission or scan-
ning EM (unpublished data).

Our results strongly indicated that the genome of
HRPV-1 does not form a nucleoprotein complex. The com-
mon nominator for all four main dissociation pathways de-
termined was the release of the genome without associated
proteins and the presence of separate lipid and protein
fractions (Fig. 8). This is in contrast to other enveloped
viruses that usually have a nucleoprotein associated with the
genome (9, 17, 34, 47, 51). However, several enveloped
viruses, such as orthomyxoviruses, paramyxoviruses, and ret-
roviruses also have a matrix protein underneath the mem-
brane facilitating the interaction of the envelope and ge-
nome (17, 34, 51). The genome of HRPV-1 may have
interactions with VP3 inside the vesicle, but these interac-
tions cannot be particularly strong since the genome is re-
leased with relatively gentle treatments. In addition, the
domain of VP3 facing the naked genome has only a few
positively charged amino acid residues. Since all phospho-
lipids and the glycolipid of HRPV-1 are negatively charged,

FIG. 7. Lipid analysis of HRPV-1 and its Halorubrum host. (A) TLC image of the lipids extracted from Halorubrum sp. strain PV6 host (middle
lane) and HRPV-1 (right lane). The pattern of Haloarcula hispanica lipids (left lane) from the same TLC analysis is included for comparison. The
total amounts of phospholipids in the middle and right lanes are similar. Spots of polar lipids are designated by numbers 1 to 6 according to their
migration. (B) Negative ion mass spectra of the extracts from the lipid-containing TLC spots of Halorubrum sp. strain PV6 (spots 1 to 5, CL to
S-DGD). The prevalent peaks of doubly charged PGP-Me and PGS are not shown for clarity. Spot 6 could not be identified. (C) Phospholipid
compositions of HRPV-1 and Halorubrum sp. strain PV6. Proportions are expressed as the mol% of the total phospholipids. Abbreviations: NL,
neutral lipids; CL, cardiolipin; PG, phosphatidylglycerol; PGP-Me, phosphatidylglycerophosphate methyl ester; PGS, phosphatidylglycerosulfate;
S-DGD, sulfated diglycosylglycerol diether.
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strong ionic interactions between the genome and mem-
brane are unlikely.

Electron cryotomography of Uukuniemi virus (family Bun-
yaviridae) gives important insights into the architecture of pleo-
morphic enveloped viruses (38). The structure of Uukuniemi
virus was determined at 5.9-nm resolution and shows that the
glycoprotein spikes in the envelope are arranged in the most
regular particles on an icosahedral lattice with T�12 triangu-
lation. Because ribonucleoprotein complexes do not seem to
be particularly organized inside the envelope and because bu-
nyaviruses have no matrix protein, lateral interactions between
the two glycoproteins most likely determine the virion architec-
ture (38). Our dissociation studies imply similar architecture for
HRPV-1, but membrane protein VP3 is most likely a crucial
structural determinant in addition to glycoprotein VP4. Electron
cryotomography seems attractive to gain further structural infor-

mation on the HRPV-1 particle, although the high salinity needed
for the virus infectivity is a challenge for this approach.

We showed here that HRPV-1 is structurally novel among
the studied archaeal viruses. It may resemble pleomorphic
bacterial viruses infecting mycoplasmas (14), and it is closely
related to another pleomorphic haloarchaeal virus, Haloarcula
hispanica pleomorphic virus 1, recently isolated from a differ-
ent Italian solar saltern (E. Roine, P. Kukkaro, L. Paulin, S.
Laurinavičius, A. Domanska, P. Somerharju, and D. H. Bam-
ford, unpublished data). Accordingly, HRPV-1-type viruses
may form a structure-based lineage or clade of viruses, possibly
with a common origin and infecting hosts in different domains
of life. To validate this lineage, it is necessary to perform
similar structural analyses for other pleomorphic enveloped
viruses. Structure-based viral lineages have thus far been pro-
posed for icosahedral viruses only (3, 5, 8, 26). A lineage is
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FIG. 8. Schematic presentation of structural organization of HRPV-1 virion. The main dissociation conditions are indicated (see Results). The
left panel (low salinity at 60°C) illustrates the dissociation of spike protein VP4 (I), the release of the genome (II), and the empty particles after
the partial VP4 release (III). The right panel (NP-40) illustrates the two lipid fractions (I and III) and the released genome (II) obtained by NP-40
dissociation. The lower panel (protease at high salinity and TX-100) illustrates protease digestion of VP4 at high salinity and further dissociation
of the lipid vesicles with TX-100, resulting in solubilized lipids (I), the released genome (II), and aggregated VP3 and the hydrophobic domain of
VP4 (III). The upper panel (protease at low salinity) illustrates the lipid vesicles (I) and the released genome (II). The inset shows the membrane
associated domains of VP3, which are not indicated in the other graphs.
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proposed now for pleomorphic enveloped viruses, which have
no detectable nucleoprotein.
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Liepold, B. Weidenheft, R. Khayat, T. Douglas, M. J. Young, and B. Bothner.
2006. Characterization of the archaeal thermophile Sulfolobus turreted ico-
sahedral virus validates an evolutionary link among double-stranded DNA
viruses from all domains of life. J. Virol. 80:7625–7635.

32. Matsudaira, P. 1987. Sequence from picomole quantities of proteins elec-
troblotted onto polyvinylidene difluoride membranes. J. Biol. Chem. 262:
10035–10038.

33. McGenity, T. J., and W. D. Grant. 1995. Transfer of Halobacterium saccha-
rovorum, Halobacterium sodomense, Halobacterium trapanicum NRC 34021
and Halobacterium lacusprofundi to the genus Halorubrum gen. nov., as
Halorubrum saccharovorum comb. nov., Halorubrum sodomense comb. nov.,
Halorubrum trapanicum comb. nov., and Halorubrum lacusprofundi comb.
nov. Syst. Appl. Microbiol. 18:237–243.

34. Nayak, D. P., E. K. Hui, and S. Barman. 2004. Assembly and budding of
influenza virus. Virus Res. 106:147–165.

35. Olkkonen, V. M., and D. H. Bamford. 1989. Quantitation of the adsorption
and penetration stages of bacteriophage phi 6 infection. Virology 171:229–
238.

36. Oren, A. 2002. Molecular ecology of extremely halophilic Archaea and Bac-
teria. FEMS Microbiol. Ecol. 39:1–7.

37. Oren, A., G. Bratbak, and M. Heldal. 1997. Occurrence of virus-like particles
in the Dead Sea. Extremophiles 1:143–149.
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