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Abstract
Papaya Mosaic Virus (PapMV) is a filamentous plant virus that belongs to the Alphaflexiviridae
family. Flexible filamentous viruses have defied more than two decades of effort in fiber
diffraction, and no high-resolution structure is available for any member of the Alphaflexiviridae
family. Here we report our structural characterization of PapMV by X-ray crystallography and
cryo-EM 3D reconstruction. We found that PapMV is 135 Å in diameter with a helical symmetry
of ~ 10 subunits per turn. Crystal structure of the C-terminal truncated PMV coat protein reveals a
novel all helix fold with seven α-helices. Thus the PMV CP structure is different from the four-
helix bundle fold of Tobacco Mosaic Virus (TMV) in which helix bundling dominates the subunit
interface in TMV and conveys rigidity to the rod virus. PapMV coat protein was crystallized as an
asymmetrical dimer in which one protein lassoes the other by the N-terminal peptide. Mutation of
residues critical to the inter-subunit lasso interaction abolishes coat protein polymerization. The
crystal structure suggests that PMV may polymerize via the consecutive N-terminal loop lassoing
mechanism. The structure of PapMV will be useful for rational design and engineering of the
PapMV nanoparticles into innovative vaccines.
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Introduction
Papaya mosaic virus (PapMV) is a filamentous plant virus that belongs to the genus of
Potexvirus and the family of Alphaflexiviridae. The virus contains 6656-base positive sense
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single strand RNA that encodes five proteins. The virus coat protein (CP,
locus:NP_044334.1), the only structural protein of the virus, is a 215-residue peptide that
self assembles around the viral RNA into a flexible helical sheath of 530 n min length. This
flexible property is in stark contrast with another major group of rod-shaped plant virus with
rigid rod morphology. Fiber diffraction of the oriented sols of the filamentous viruses was
highly successful in revealing the atomic structures of several rigid rod tobamoviruses,
including the tobacco mosaic virus (TMV) at 2.9 Å resolution, the cucumber green mottle
mosaic virus at 3.4 Å resolution, and the ribgrass mosaic virus at 2.9 Å resolution. Most
recently, several groups have determined the structures of TMV by cryo-EM at 4.7 Å, 4.6 Å
resolution, and at 3.3 Å resolution. The tobamoviruses are homologous in sequence identity
(40 ~ 50%) and share the same four α-helix bundle fold.

In contrast to the rich structural information on the rigid rod tobamoviruses, high-resolution
structural information for the flexible filamentous virus has been lacking despite decades of
structural effort. PapMV was initially studied by fiber diffraction, which provided basic
geometric information. Vibrational circular dichroism studies showed that the coat proteins
of the filamentous flexible viruses Potato virus X (PVX), PapMV, and Narcissus mosaic
virus (NMV) are dominated by helical structures but with noticeable structural differences
from the rigid rod TMV. Low-resolution cryo-EM structures of the flexible filamentous
PVX and soybean mosaic virus (SMV) were reported recently. The cryo-EM maps revealed
that both PVX and SMV are helical structures with a diameter of 130 ~ 140 Å and a central
channel of ~ 30 Å. PVX and SMV also had a similar helical symmetry of approximately
nine subunits per turn. Efforts directed towards obtaining high-resolution structures of
flexible filamentous viruses have been going on for decades, the closest being a preliminary
crystallization report of PapMV coat protein, however no crystal structures have been
reported so far. The challenge for determining the crystal structure of CP of any filamentous
virus has been to produce a low molecular weight CP that is not prone to aggregation. We
have previously shown that the PapMV CP and modified versions of the protein can be
produced in bacteria where they self assemble into nanoparticles in E. coli that resemble the
wild type PapMV virus purified from infected plants. This expression system was used for
biochemical investigation of the PapMV CP and also for engineering chimeric recombinant
nanoparticles that may be used as adjuvant or as a vaccine platform. PapMV nanoparticles
appear to be perceived by the innate immune system as a pathogen associated molecular
pattern. This property makes them excellent immunomodulatory molecules for improving
the seasonal flu vaccine or the typhoid fever candidate vaccine. By systematic mutagenesis,
we found that Phe13 of PapMV CP is critical for self assembly. We also found that Lys97 is
critical for binding of PapMV CP subunits to the viral RNA, and that Glu128 improves the
length of nanoparticles produced in bacteria, possibly through an improved affinity for the
viral RNA.

We combined cryo-EM of the intact PapMV and X-ray crystallography of the CP to
characterize the structure of the filamentous flexible virus. Our studies provide structural
information that may be useful for engineering and refining the vaccine platform.

Results and Discussion
Limited Proteolysis and Mass Spectroscopy

The full-length PapMV CP contains 215 residues and has a theoretical mass of 23.8 kDa.
We cloned and expressed in E. coli PapMV CP missing the N-terminal five residues (6 -
215). An Ala2 was added to accommodate cloning into the NcoI site. We showed previously
that the N-terminal 26 residues of CP are required for self-assembly, but removing the N-
terminal five residues does not prevent the protein from self assembly to form the virus-like
particle (VLP). Unfortunately, this protein cannot be concentrated sufficiently for
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crystallization because it tends to aggregate into heterogeneous large molecular weight
complexes. Therefore, we carried out a limited trypsin digestion of purified PapMV CP
(6-215)to generate a more soluble core for crystallization; two new bands(A and B) were
observed in SDS-PAGE (Fig. 1A). Overnight trypsin treatment at higher enzyme to protein
ratio (1:140 and 1:70) converted most of the protein into the lower band B (Data not shown).
Tandem mass spectroscopy identified the two bands as the proteolysis products of PapMV
CP cleaved at Lys198(Band A) and Lys175 (Band B), respectively (Fig. 1B). The final
cleavage product is a 170-residue peptide corresponding to Met6 to Lys175 of PapMV CP.
This protein covers ~ 80% of the wild type PapMV CP sequence. We further purified the
overnight trypsin-treated products by gel filtration. We found that the digested and
concentrated protein eluted from the Superdex 200 gel filtration column earlier (12.7 ml)
than the original PapMV CP(13.9 ml), indicating dimerization of the cleavage product (Fig.
1C). The cleavage product was still aggregation-prone at concentrations higher than 10 mg/
ml, thus we concentrated the protein to 5 mg/ml and setup crystallization plates immediately
after purification and before the onset of aggregation.

Crystal Structure of PapMV CP
The best crystals, with a size of ~10μm, were obtained within two weeks after setting up the
plates at 4 °C with the hanging drop method in solution containing 100 mM Hepes, pH 7.6,
9% PEG 6000. Although they were tiny, these crystals diffracted X-rays strongly at the
National Synchrotron Light Source (NSLS) beamline X25. We searched for heavy atom
derivatives by blue native gel electrophoresis of the purified protein incubated with a panel
of heavy atom compounds at 2 mM concentration, and found that the protein band was
visibly shifted by Hg(Ac)2. We then soaked the crystals in freshly-prepared mother liquor
with 2 mM Hg(Ac)2, and collected SAD data. The crystal structure of PapMV CP was
solved at 2.7-Å resolution (See Table 1 for data collection and crystallographic statistics).
The N-terminal five residues and the C-terminal Lys175 of the protein were disordered, so
164 residues from Ile11 to Asn174 were modeled in the crystal structure.

The CP structure consists of an all-helix fold with seven α-helices (Fig. 2A and B). Helix 5
(H5) and H6 are actually from one helix, broken into two segments by a ~ 60° kink at
Pro112. No similar structure was found in the Protein Data Bank (PDB) and DALI database
server. Therefore, the PMV coat protein structure is a novel fold.

The truncated PMV CP is crystallized as an asymmetrical dimer. In the crystal structure, one
protein molecule interacted with its neighbor via the extensive N-terminal peptide
contacts(Fig. 3A and B). The subunit-subunit interface is formed via hydrophobic
interaction, with a long groove in one protein occupied by the N-terminal peptide 11–26 of
its neighbor. Important residues in the resolved 16-residue N-terminal peptide include
Ala12, Phe13, Ile16, Met21, Ile24, and Val26 (Fig. 3A and B). The protruding N-terminal
peptide is linked to the core domain via a flexible hinge loop centered at Pro28 between H1
and H2(the red arrow in Fig 3B). We previously mutated one of these residues, Phe13, and
found that such mutation abolished self-assembly, implying a crucial role for this aromatic
residue in the interaction between the subunits of the nanoparticles. In the crystal structure,
Phe13 dips deeply into and fits snugly within a hydrophobic pocket in the neighboring
molecule formed by Leu39, Val42, Met46, Val56, Ala60, Phe106, Tyr109, and Phe110 (Fig.
3C and D). This, coupled with our previous demonstration that deletion of the N-terminal 26
residues or 13 residues or mutation of Phe13 to Ala13 entirely abolishes the subunit-subunit
interaction, rendering the protein assembly-incompetent, strongly suggests that hydrophobic
interaction between the N-terminal peptide and the neighboring deep hydrophobic groove is
the underlying mechanism of polymerization of the filamentous plant virus.
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Domain swapping is shown in a number of systems as one mechanism for protein
oligomerization. A dimer forms if domain swapping is reciprocal: protein A donates a
domain to protein B and vice versa. Larger oligomers form if the swapping is not
immediately reciprocated and is open ended, i.e., protein A donates a domain to B, and B to
C, and so on. An oligomeric ring results if the last protein donates the domain to the first
protein A. However, along polymer can result if the domain swapping propagates forward
ad infinitum. Based on the asymmetrical dimer crystal structure, we propose an open-ended
N-terminal loop swapping PMV assembly mechanism by which the CP subunits in the
helical virus are likely linked together at the lateral interfaces via the protruding N-terminal
peptides. Such a mechanism is compatible with the biochemical observation that the CP
alone is prone to aggregation, and is capable of forming VLP in the absence of RNA. This
mechanism is also supported by our previous mutation study indicating the crucial role of
Phe13 in the domain-swapped N-peptide in polymerization. We further suggest that the
flexible hinge loop may partially account for the flexible nature of the large family of
filamentous plant viruses.

Cryo-EM of Intact PapMV
The flexibility of the Alphaflexiviridae members such as PapMV has been the main obstacle
to orienting the viruses for high-resolution fiber diffraction study. To determine how
individual CP molecules are arranged in PapMV, we carried out a preliminary cryo-EM
study of the intact virus. The virus preparation was first examined by negative stain EM,
revealing the expected filamentous morphology, about 14 nm wide and 530 nm long (Fig
4A). We then froze the purified viruses in vitreous ice and carried out cryo-EM data
collection (Fig. 4B). The filamentous virus has a smooth surface. In the power spectrum of
cryo-EM image of a straight segment of the virus, layer lines at the 1/36 Å and 1/18 Å
reciprocal positions can be observed(Fig. 4C), clearly indicating the helical symmetry of the
capsid proteins, and the 36 Å subunit repeat distance along the length of the virus. The vast
majority of the viral particles are highly flexible, displaying no higher order layer lines
beyond the first 1/36 Å layer line in their respective power spectrum, signifying that the
reciprocal space based helical reconstruction algorithm is not suitable for dealing with the
cryo-EM images of the PapMV filaments. We turned to the iterative helical real space
reconstruction algorithm (IHRSR), a method shown to be effective for extracting structural
information from less well ordered and flexible helical filaments. We previously designed an
essentially the same real space single particle cryo-EM image reconstruction procedure for
the flexible helical objects, and used the procedure to improve the microtubule 3D map to
sub-nanometer resolution.

We first manually selected 5616 PapMV segments based on the image contrast and the
visibility of the first layer lines. Starting from a wide range of helical parameters, ranging
from 31° to 38°, the helical symmetry search program converged to an inter-subunit rotation
angle of 35.15°(Fig. 3D) and an axial rise per subunit of 3.6 Å. We note that the starting
angular range (31° – 38°) does not limit the final angel to be within this range. In other
words, if the true rotation angle were outside the range, say 30° or even smaller, the starting
angle of 31° would have been sufficient to find that. The fact that such wide angular range
we have used all converges to the same value signifies the accuracy of the determined angle.
The 3D reconstruction had an estimated resolution of 21 Å (Fig. 4E). Further refinement
against a larger dataset containing 36,643 segments, however, did not improve the
resolution, indicating that the attainable resolution of PapMV 3D map may be limited by
helical order or more likely by the cryo-EM image quality, rather than by the size of the
dataset. The Fourier shell correlation curve contains two dips at frequencies 1/23-Å and
1/35-Å caused by the uncompensated contrast transfer function effect (Fig. 4E), owning to
the use of similar under focus values (−2.5 to −3.0 μm) during image recording. Thus future
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cryo-EM work with a larger dataset recorded with broader focus value will likely increase
the resolution. In our current low-resolution 3D reconstruction, the PapMV filament has an
outer diameter of ~ 135 Å (Fig. 4F), similar to that of PVX and SMV. The helical symmetry
of PapMV is approximately 41 subunits in 4 turns, about one subunit larger than the nearly
9-subunit per turn symmetry of PVX and SMV. This difference is perhaps not surprising
because, although the diameter of these filamentous viruses appears to be similar, the size of
PapMV CP (215 residues) is markedly smaller than that of PVX (237 residues) and SMV
(347 residues), allowing one additional subunit of PMV within the similar circumferences.
Furthermore, sequence alignment in ClustalW2 found only 3% sequence identity and 15%
similarity among these viruses. Therefore, although all three viruses belong to the
Alphaflexivirus family, their structures may have sufficiently diverged to accommodate
altered axial interactions.

Docking with the PapMV CP Crystal Structure
The low-resolution 3D EM map was subjected to semi-automatic density segmentation by
Segger, as implemented in UCSF Chimera. Only default parameters were used during the
process (Smoothing steps=3, step size = 1 voxel). The segmentation result is shown in Fig. 5
as both a surface view and as a centrally cut-open view with a vertical plane, with each
density, presumably corresponding to an individual capsid protein subunit and its associated
nucleic acids, colored differently (Fig. 5A and 5B). The cut-open view of the PapMV
structure reveals a central low-density region, likely a channel about 25 Å in diameter (5B).

The individual subunit density has an approximate dimension of 3.5 nm by 3.5 nm by 5 nm,
longer in the radial direction (Fig. 5C–E). The crystal structure of PapMV CP together with
the neighboring N-terminal peptide can be fitted as a single rigid body into the presumed
subunit density, with the N-terminal peptide from the neighbor subunit facing outwards (Fig.
5C–E). The crystal structure fits well within the 3D map in all three perpendicular views,
with a correlation coefficient of ~ 0.8 (Fig. 5C–E). In this docking, the N-terminal peptide
from the neighbor subunit (NTE, red) is exposed to the filament surface (Fig. 5C–E). After
docking, there is a smaller density region towards interior of the filament that is left
unoccupied by the crystal structure. While its exact identity is currently unknown, we
suggest that the unoccupied density contains the genomic RNA and the C-terminal fragment
of CP that is proteolytically removed in our crystal structure. Consistent with this
suggestion, residue Lys97 in the docked crystal structure, mutation of which was shown
previously to affect the RNA binding activity of PapMV, faces the smaller interior density
labeled as CTD/RNA (Fig. 5D and 5E). We should note that our tentative assignment of C-
terminal region (40 residues) to the interior of PMV does not necessarily preclude the very
C-terminus of the CP from being surface exposed; it requires only several residues to extend
to the surface.

Because of the low resolution of the current cryo-EM map, and the small size of the crystal
structure, we refrained from docking multiple crystal structures into the 3D map of the virus
to deduce residues involved in lateral and longitudinal subunit-subunit interfaces. A fitting
ambiguity of only a few degrees, quite likely at this low resolution, will result in different
sets of interacting residues at the interface.

Conclusions and future directions
The crystal structure of the PapMV CP reported here represents, to our knowledge, the first
of any flexible filamentous plant virus. The structure reveals a novel all helix fold of the
PMV coat protein, suggests that CP may assemble in the filamentous virus by the flexible
N-terminal loop via an open-ended loop swapping mechanism. We further suggest that the
flexible loop mediated assembly may partially account for the intrinsically flexible
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morphology of this virus. If true, this mechanism will be fundamentally different from the
assembly mechanism of TMV in which the long helix bundling interaction dominates the
subunit interfaces, and likely confers the structural rigidity to the rod virus. Docking the
crystal structure of the PMV CP core into the low-resolution cryo-EM map of the intact
virus suggests that the N-terminal polymerizing loop is surface exposed, and that the C-
terminal domain and the genomic nucleic acids are located to the interior surface of the
hollow filamentous virus.

Although it is a significant step forward in revealing the structure and mechanism of PMV,
our current work leaves several important questions: What is the structure and location of
the C-terminal fragment of the PMV coat protein? How the genomic RNA is packaged
within the filamentous virus? What are the longitudinal and lateral subunit-subunit
interfaces? What are the structural features that eventually contribute to the mechanical
flexibility of the virus? These questions await future structural investigation. The current
crystal structure will guide us in designing non-aggregating CP constructs for future
crystallographic studies that include the C-terminal peptide and that are capable of binding
to nucleic acids. Admittedly, improving the resolution of the cryo-EM 3D map of the
flexible filamentous virus will not be an easy task. Nevertheless, the small Fourier shell
correlation peak at ~ 1/15-Å (Fig. 4E), well beyond the current 21 Å resolution, gives us
confidence that a higher quality and larger dataset recorded in a broader under focus range
will likely improve the 3D reconstruction. The structure of PapMV will eventually help
improve our engineering of this vaccine platform and will be useful as a model to elucidate
the key residues located at the surface of the nanoparticles that are involved in the
interaction with the immune cells.

Materials and Methods
Expression and Purification of Recombinant PapMV CP(6-215) from E. coli

The recombinant PapMV CP(6-215) was cloned into the pET-3d expression vector,
expressed in the strain BL21(DE3) RIL. The bacteria were grown at 37 °C in LB media
containing 50 ug/ml of ampicillin. Protein expression was induced with 1 mM isopropyl-β-
D-thiogalactopyranoside (IPTG) once OD600 of growing culture reaches 0.6. After addition
of IPTG, the culture continued growing for 16 hours at 20 °C. Bacteria were harvested by
centrifugation for 10 min for 8000 g. The pellet was then re-suspended in ice-cold lysis
buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl) and the bacteria were lysed with
microfluidics 4 times with the pressure of 80 psi. The lysate was centrifuged for 30 min at
32,000 g to remove cellular debris. The following steps of purification were performed with
FPLC workstation. The lysate supernatant after centrifugation was applied onto 5 ml of Ni-
NTA column at the flow rate of 2.5 ml/min. The loaded column was washed with 60 ml of
washing buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl) containing increasing
concentrations of imidazole (20 mM, 40 mM, 60 mM), respectively. Proteins then were
eluted out in elution buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 300 mM imidazole).
Purified proteins were dialyzed against 10 mM Tris-HCl, pH 8.0, 50 mM NaCl at 4°C with
3 times dialysis buffer change. The purity of the proteins was determined by SDS-PAGE.

Limited Proteolysis and Mass Spectrometry
Purified recombinant PapMV CP proteins were subjected to trypsin proteolysis at amass
ratio of 1:280 trypsinto protein at room temperature. The proteolysis was terminated by 1X
complete protease inhibitor cocktail tablet (Roche) at different time points. Digested PapMV
CP at different time points was then subjected to a 15% SDS-PAGE gel. Time points at
which PapMV CP showed two clear fragment bands were considered good time points for
limited proteolysis. These two bands were identified with mass spectrometry. The partially
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digested PapMV CP was then loaded on a column of Superdex 200 10/300GL(GE
Healthcare) and washed out with buffer (10mM Tris-HCl, pH8.0, containing 50mM NaCl).
The eluted PapMV CP was collected and concentrated to 5.0mg/ml in a concentrator with
molecular weight cut-off of 10-kDa.

Crystallization of Limited Trypsin-Digested PapMV CP
The partially digested PapMV CP in 10 mM Tris-HCl, pH 8.0, 50 mM NaCl was set up in
crystallization plates with the hanging drop method at 4 °C. The hanging droplet contains 2
μl of sample at 5.0 mg/ml and 1 μl of reservoir solution (100 mM Hepes, pH 7.6, 10% PEG
6000, 5% MPD). Crystals with approximate dimensions of 20 × 15 × 10 μm were observed
after 13 days. A series of heavy atom derivatives were screened by native gel electrophoresis
of purified PapMV CP and the results showed mercury acetate (Hg(Ac)2) caused a
downward shift of the protein on the native gel, so Hg(Ac)2 was chosen for derivatizing the
crystals. Crystal-containing hanging droplets were incubated with 2 mM mercury acetate at
4 °C for 12 hours for heavy metal derivatization. 24% glycerol (W/V) in the mother liquid
was used as cryo-protectant for flash-freezing crystals.

Diffraction Data Collection and Crystal Structure Solution
All diffraction data were collected at 100 K at beamline X25 at the NSLS, Brookhaven
National Laboratory. The mercury-derivatized crystal was used for anomalous data
collection at peak position based on spectrum results. The native crystals diffracted up to
2.3Å but the dataset contained strong ice rings and spots; we therefore exclude dice
diffractions by cutting off the dataset at 2.7Å. All datasets were indexed, integrated and
processed with HKL2000. The heavy atom sites were searched by the SIR/AS method in the
Shelx-HKL2MAP suite. Initial phases were improved by Phenix software suite. The model
was manually built and expanded to full sequence coverage by using Coot. The structure
was refined to Rwork of 0.17 and Rfree of 0.23, using Phenix and Refmac in CCP4. All
crystal structure figures were drawn in PyMOL (The PyMOL Molecular Graphics System,
Schrödinger, LLC).

PapMV Production and Isolation
PapMV was purified from infected papaya leaves showing mosaic symptoms. Infected
leaves (100 mg) were grounded in 100 mL 50 mM Tris/HCl pH 8.0 containing 10
mMEDTA in a commercial blender. The grounded leaves were filtered through the cheese-
cloth and 1% of Triton X-100 was added to the filtrate and gently stirred for 10 min. Drop
by drop, chloroform was added until one-quarter the volume of the filtrate. The solution was
stirred for an additional 30 min at 4 °C and centrifuged for 20 min at 10 000 g to remove the
precipitate. The supernatant was subjected to a high speed centrifugation (100 000 g) for 120
min in a Beckman 50.2 Ti rotor. The viral pellet was resuspended and subjected to another
high speed centrifugation through a sucrose cushion (30% sucrose) at 100 000 g for 3.5 h.
The final viral pellet was resuspended in 10 mL 50 mM Tris pH 8.0. If the colouration
persisted, an additional clarification with chloroform was performed and the purified virus
was collected by ultra centrifugation.

Cryo-EM
Sample grids for cryo-electron microscopy were prepared by applying 2.5 – 4.5 μl of 1 mg/
ml papaya mosaic virus to a lacy carbon film substrate on copper grids, rendered hydrophilic
via glow discharge. In an automated process carried out by a vitrobot, the excess liquid from
the droplet was blotted away with filter paper, immediately followed by plunging of the
sample grid into liquid ethane cooled by liquid nitrogen. Cryo-EM images were collected at
60,000X magnification using a Jeol 2010 (200 kV) transmission electron microscope

Yang et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2013 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



equipped with a Gatan cryo-holder and using Kodak So-163 film. Film was developed under
darkroom conditions and digitized using a Nikon scanner at 4000 dpi (14 bit) resolution;
micrographs were then compressed to a final resolution of 2.54 Å/pixel. The defocus values
of the micrographs were determined from the carbon film using the EMAN program suite,
and were used to correct for the phase component of the contrast transfer function.

Image Processing and 3D Reconstruction
IHRSR was used for the three-dimensional reconstruction of virion images from cryo-
electron micrographs. This method, based on single-particle reconstruction methods, has
proven to be a highly effective method of reconstruction for flexible filamentous plant
viruses too disordered over long distances to allow Fourier-Bessel methods to be reasonable.
Segments of virions were selected with a 90% overlap between adjacent segments using the
program BOXER, also from the EMAN suite. Of 36,643 segments selected from 76
micrographs, 5616 segments were carefully chosen, based on clearly visible and symmetric
first layer line intensities in the power spectra, as well as compatibility with alignment, and
used in subsequent IHRSR reconstructions using the SPIDER software package.
Reconstructions starting from disparate rotation angles (31, 34, 35, 36, 38°) were performed
with relaxed search boundaries. In other words, we used the shift search range that was
larger than the subunit axial rise to ensure the identification of correct reference projections.
The data converged after ~10 cycles (of 50 run) to the same value for all starting conditions.
We noticed that the built-in resolution estimation routine in IHRSR was not able to produce
a reliable FSC curve. Instead, we used the SPIDER program for this purpose. We split the
dataset into two sets (even and odd numbered particles), calculated two 3D maps, and then
used the SPIDER command “RF 3” to calculate the Fourier shell correlation curve. The
resolution of the final reconstruction was 20.8 Å using a threshold value of 0.5. Although
there is a second correlation peak that reaches above 0.5 threshold at ~ 15 Å, the resolution
of the 3D reconstruction is ultimately limited by incomplete compensation of the zeros of
the contrast transfer function due to the use of similar defocus values when recording EM
images (−2.5 to −3 μm). We did not determine the handedness of PMV, instead, the
previously shown right handedness of the related PVX and SMV is applied to our
reconstruction. The low-resolution model provides a molecular envelope with which the
orientation of crystal structure was derived via computer-based rigid body docking. UCSF
Chimera was used for docking and for generating surface rendering. Surface rendering
threshold was set to include the expected protein mass. Map segmentation was carried out
automatically with Segger as implemented in Chimera v1.6.
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Highlights

• No high-resolution structure was reported for any flexible filamentous plant
virus.

• We have determined the crystal structure of the papaya mosaic virus coat
protein.

• The structure reveals an amino terminal loop swapped asymmetrical dimer.

• Docking crystal structure into cryo-EM map of the virus reveals its architecture.
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Fig 1. Limited proteolysis of PapMV CP
(A) SDS-PAGE of PapMV CP after trypsin digestion at a protein to enzyme ratio of 1:280.
Lane 1 through 8 show digestion products at time point 0, 2,5, 10, 15, 20, 30, and 50 min,
respectively. Protein digestion was terminated with a trypsin inhibitor cocktail. Band A and
B are proteolytic products of CP. (B) Full amino acid sequence of the N-terminal truncated
and C-terminal 6x His tagged PapMV construct. The proteolytic sites are determined by
mass spectrometry. (C). Size exclusion chromatograms(Superdex 200 10/300 GL) of the
undigested (dotted curve) and the digested CP (from residue 6 to 175) (continuous curve).
The earlier elution volume and the asymmetrical elution profile indicate that the digested CP
product dimerizes at higher concentration.

Yang et al. Page 12

J Mol Biol. Author manuscript; available in PMC 2013 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2. Crystal structure of the PapMV CP monomer
(A) One CP structure is shown in cartoon view. The structure is colored in rainbow scheme
from blue at the N-terminus to red at the C-terminus. (B) Topology of the seven α-helices of
the PapMV CP.
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Fig 3. Crystal structure of the a symmetrical PMV CP dimer
(A and B) Crystal dimer structure of the PapMV is shown in cartoon view. Note that the N-
terminal peptide of the green molecule wraps around the neighboring magenta molecule via
a domain swapping mechanism and that a flexible hinge region, marked by a red arrow,
links the two molecules. (C) Phe13 of the N-terminal peptide fits snugly inside the
hydrophobic pocket of the neighbor CP. (D) Residues contributing to the hydrophobic
interaction are labeled and shown as sticks.

Yang et al. Page 14

J Mol Biol. Author manuscript; available in PMC 2013 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 4. Cryo-EM of PapMV
(A) Electron micrograph of negatively stained PapMV. (B) A selected area of a cryo-EM
image ((A) and (B) are in same scale). (C) Power spectrum of a cryo-EM image from a
straight section of PapMV, showing the helical symmetry of PMV. (D) The subunit
rotational angles of PapMV converge to 35.2° after several cycles of refinement. (E) Fourier
shell correlation of the cryo-EM 3D map. Note that the two dips of the FSC curve at 23 Å
and 35 Å are caused by the uncompensated contrast transfer function effect due to the use of
similar defocus values. (F) Surface rendering of the cryo-EM 3D map of PapMV.
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Fig 5. Density segmentation and docking of the cryo-EM map of PapMV
(A) Surface rendered view of PapMV after automatic segmentation. Each presumptive
protein subunit is shown in a different color. The display threshold is set to enclose the
expected protein mass. (B) A vertical central section of the segmented cryo-EM map reveals
the 25-Å diameter inner channel of PapMV. (C–E) Cryo-EM density of a presumptive single
PapMV CP extracted from the segmented 3D map shown in outside surface view (C), in the
longitudinal and top view (D), and in the lateral and side view (E). The docked crystal
structure of PapMV CP with the N-terminal peptide of a neighbor is shown in magenta and
red, respectively. The potential RNA-interacting Lys97(green)is shown in stick view.
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Table 1

Data reduction and Crystallographic statistics of PapMV CP.

Native Hg2+ derivative peak

Data collection

Space group P65 P65

Cell dimensions

 a × b × c (Å) 72.94, 72.94, 133.33 73.20,73.20, 132.86

 α×β×γ (°) 90, 90, 120 90, 90, 120

Resolution (Å) 45-2.70 (2.75-2.7) 25.0-3.20(3.26-3.20)

Wavelength (Å) 1.100 1.0082

Rsym
* 12.9 (44.6) 18.4(46.8)

Completeness(%)* 99.8 (99.0) 99.9(99.6)

Redundancy* 8.5(8.3) 5.8(5.6)

I/σ(I)* 16.7(4.2) 7.7(2.9)

f′ (Hg) −15.21

f″ (Hg) 9.62

No. reflections 93,946 76,543

Unique reflections 11,087 13,141

Refinement Statistics

Resolution (Å) 30-2.7

Rwork/Rfree(%)*,** 16.8 (22.8)

No. of Atoms 2,621

Protein 2,468

H2O 153

Rms deviations

Bond length(Å) 0.019

Bond angle(°) 1.710

Overall B-factor (Å2) 29.9

Ramachandran statistics

favored(%) 96.0

allowed(%) 4.0

Disallowed (%) 0.0

MolProbity

Clashscore, all atoms 4.67[100th]#

Molprobity Score 2.10[97th]

*
Numbers in brackets refer to highest resolution shell.

**
A random 5% of the reflection data was omitted in the refinement and used to calculate Rfree.

#
Numbers in square brackets are the percentiles among structures of comparable resolution. 100th percentile is the best; 0th percentile is the worst.
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