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Background: Polyoma virus-like particles produced in vivo (yVLPs) are more stable than those assembled in vitro.

Results: yVLPs exhibit higher disulfide connectivity and additional N-terminal structural features in VP1.

Conclusion: An ordered network of cystine-bridged VP1 N-terminal peptides contributes to polyoma virus capsid stability.
Significance: These results suggest a role for intracellular components in optimizing capsid assembly.

VP1 is the major coat protein of murine polyomavirus and
forms virus-like particles (VLPs) in vitro. VLPs consist of 72
pentameric VP1 subunits held together by a terminal clamp
structure that is further stabilized by disulfide bonds and chela-
tion of calcium ions. Yeast-derived VLPs (yVLPs) assemble
intracellularly in vivo during recombinant protein production.
These in vivo assembled yVLPs differ in several properties from
VLPs assembled in vitro from bacterially produced pentamers.
We found several intermolecular disulfide linkages in yVLPs
involving 5 of the 6 cysteines of VP1 (Cys''*~Cys*°, Cys'>—
Cys?°, Cys'®~Cys'®, Cys'?/ Cys '°~Cys''®, and Cys*"*-Cys*"%),
indicating a highly coordinated disulfide network within the in
vivo assembled particles involving the N-terminal region of VP1.
Cryoelectron microscopy revealed structured termini not
resolved in the published crystal structure of the bacterially
expressed VLP that appear to clamp the pentameric subunits
together. These structural features are probably the reason for
the observed higher stability of in vivo assembled yVLPs com-
pared with in vitro assembled bacterially expressed VLPs as
monitored by increased thermal stability, higher resistance to
trypsin cleavage, and a higher activation enthalpy of the disas-
sembly reaction. This high stability is decreased following dis-
assembly of yVLPs and subsequent iz vitro reassembly, suggest-
ing a role for cellular components in optimal assembly.

Murine polyomavirus is a nonenveloped dsDNA virus with a
circular double-stranded DNA that is condensed with cellular
host histones. The capsid of the virus is constructed from the
three structural proteins VP1, VP2 and VP3, of which VP1 is the
major coat protein. The pentameric VP1 represents the assem-
bly subunit of the exterior shell and associates with the minor
coat protein VP2 or VP3, which forms the interior shell of the
capsid. The exterior shell resembles an icosahedron containing
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12 pentavalent subunits with a 5-fold rotational symmetry at
the vertices and 60 hexavalent pentameric subunits at the edges
and faces of the icosahedral structure. The N termini of each
pentamer interact with the C termini of neighboring pentamers
in the VLP,” forming a clamp-like structure, further stabilized
by disulfide formation and chelation of calcium (1). The capsid
subunits are produced in the cytosol and transported to the
nucleus (2), where they assemble to the viral capsid and pack
viral DNA in so-called “nuclear virus factories” (3). Less is
known about the ensuing maturation processes ix vivo that fol-
low until release from the cell. In particular, it is unclear at what
point of viral assembly/maturation disulfide bonding takes
place. VP1 contains six cysteines, and analysis of the viral
uncoating process in the endoplasmic reticulum has revealed
the existence of disulfides that are shuffled during capsid pro-
cessing and are necessary for infection (4), yet only one disulfide
bridge could be identified in the crystal structure (1). The viral
capsid must be able to achieve multiple functions; it must pro-
tect the viral DNA against extracellular environmental stresses
such as radiation, dryness, salt, and DNases but also facilitate
receptor-mediated endocytosis (5), cellular trafficking (6, 7),
uncoating (4), and finally gene release in the nucleus.

Following recombinant expression in bacteria (8, 9), VP1 is
obtained in its pentameric form. These pentameric subunits
alone can be assembled into virus-like particles in vitro (10) that
resemble icosahedra. VLPs can be disassembled into their pen-
tameric subunits (10) simply by adding reducing and chelating
agents in the absence of stabilizing salts.

VP1 has also been expressed in eukaryotic systems, including
insect cells (11) and yeast (12, 13). In these cases, VP1 is found
only in an icosahedral VLP form. It has been shown that VLPs
expressed in yeast harbor cellular nucleic acids (12) and are
more stable than bacterial VP1 VLPs with regard to disassembly
and limited proteolysis (14). Here, we present biophysical and
structural data characterizing the VLPs produced in yeast and

2 The abbreviations used are: VLP, virus-like particle; bVLPs, in vitro assembled
VLPs from bacteria produced VP1 subunits; yVLP, in vivo assembled VLPs pro-
duced in yeast Kluyveromyces lactis; TCEP, tris(2-carboxyethyl)phosphine.
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assembled in vivo (“yVLPs”), identify disulfide cross-links, and
compare these results with those of conventionally in vitro
assembled VLPs from VP1 produced in bacteria (“bVLPs”).

EXPERIMENTAL PROCEDURES

Purification of yVLPs from Kluyveromyces lactis—VP1 (small
plaque strain 16) was recombinantly expressed in the yeast
strain K. lactis KD1/VP1 by high cell density fermentation, and
intracellularly assembled VLPs were purified chromatographi-
cally as described previously (14). Briefly, VLPs were enriched
from cell lysate by ammonium sulfate precipitation, followed by
size exclusion (Superdex S200, GE Healthcare) and cation
exchange chromatography (HiTrap HP SP, GE Healthcare) and
a final size exclusion run (Superdex S500, GE Healthcare).

In Vitro Assembled bVLPs from Bacterial VP1—VP1 was
recombinantly expressed in Escherichia coli, and pentameric
VP1 was purified as described (8). Purified VP1 pentamers were
assembled into VLPs by dialysis for 24 h at 25 °C against 0.4 M
ammonium sulfate, 200 mm NaCl, 5% (v/v) glycerol, 0.5 mm
GSH, 4.5 mm GSSG, 2 mm CaCl,, 50 mMm Tris, pH 7.4. Assem-
bled VLPs were separated from non-VLPs by size exclusion
chromatography (Superdex S200, GE Healthcare).

Temperature Transitions of VLPs—Temperature-induced
denaturation of VLPs was monitored by fluorescence spectros-
copy (excitation 280 nm, emission 340 nm). 600 nm VLPs in
PBS (Jena Bioscience) were heated from 20 to 90 °C at a heating
rate of 1 K min~" using a Fluoromax-3 (Horibo Jobin Yvon)
equipped with a Peltier element (Wavelength Electronics,
Ifi-3751). Equilibration time was set to 1 min. Pentameric sam-
ples were generated by disassembly of VLPs with 20 mm TCEP
and 10 mm EDTA at 20 °C for 2 h and measured immediately.

Analytical Ultracentrifugation—To discriminate between
VLPs, higher oligomers and pentameric subunits samples were
centrifuged at 20 °C, 40,000 rpm for pentamers, 10,000 rpm for
VLPs in an An50Ti rotor. Scans were taken every 10 min.

Disassembly of VLPs—VLPs (0.1 mg/ml in 50 mm Tris, pH
7.4,200 mm NaCl, 5% (v/v) glycerol) were disassembled by add-
ing 200 mMm DTT and 50 mm EDTA at different temperatures
(4-40°C). The disassembly reaction was monitored by a
decrease in the light scattering signal at 400 nm using a Fluoro-
max-4 (Horibo Jobin Yvon). As the disassembly of yVLPs was
carried out in the presence of an excess of DTT, disulfide reduc-
tion is not a rate-limiting step, so the kinetics should reflect
structural rearrangements. The rate constant k of every reac-
tion was determined by a monoexponential (bVLPs) or biphasic
exponential (yVLPs) fit. Activation enthalpies and activation
entropies were determined from an Eyring plot.

To analyze disassembly products directly by analytical ultra-
centrifugation or fluorescence spectroscopy, we also disassem-
bled VLPs with 20 mm TCEP, 10 mm EDTA in 0.3 M Tris, pH
7.4,5% (v/v) glycerol, 200 mm NaCl 2 h at 20 °C. Note that using
TCEP instead of DTT causes reduction of disulfides to become
arate-limiting step at the beginning of reaction and is therefore
not suitable for kinetic studies.

Limited Proteolysis with Trypsin—VLPs (0.1 mg/ml) were
treated with trypsin (Sigma) at a ratio of 5:1 (w/w) in 50 mm
Tris, pH 7.4, 5% (v/v) glycerol, 200 mm NaCl, 20 mm DTT,
and/or 10 mm EDTA. As trypsin activity is influenced by reduc-
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ing and chelating agents, the disassembly conditions were mod-
ified accordingly. Samples were taken at several time points and
immediately placed on ice, precipitated with 0.1% (w/v) sodium
deoxycholate, 10% (w/v) TCA and analyzed with reducing SDS-
PAGE. Bands corresponding to degradation products of VP1
were excised, digested in gel with chymotrypsin, and analyzed
using nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS (see below).
Peptides were identified with the Proteome Discoverer 1.3
(ThermoFisher Scientific) using Mascot Server version 2.2.
MS/MS experiments were reproduced at least twice. The dis-
assembly process due to proteolysis was also monitored by
measuring a decrease in the light scattering signal at 400 nm.

Reassembly of VLPs—1 mg/ml yeast VLPs were first disas-
sembled in 300 mm Tris, pH 7.4, 200 mm NaCl, 5% (v/v) glyc-
erol, 10 pug/ml RNase A (Peqlab) in the absence or presence of
10 mm EDTA and/or 20 mm TCEP for 2 h at 20 °C. Then the
subunits were dialyzed against assembly buffer (0.8 M ammo-
nium sulfate, 200 mm NaCl, 5% (v/v) glycerol, 0.5 mm GSH, 4.5
mM GSSG, 2 mm CaCl,, 50 mm Tris, pH 6.4) to allow reassem-
bly. After 48 h, the buffer was changed to the standard buffer 50
mMm Tris, pH 7.4, 200 mm NaCl, 5% (v/v) glycerol by dialysis
overnight. Although these conditions (low/neutral pH, high
GSSG concentration) differ from those typically used for
refolding processes, they are necessary to obtain reasonable
VLP yields, as the assembly of VLPs is a highly cooperative
process that is sensitive to pH and salt concentration (15). The
disassembly and reassembly products were analyzed by analyt-
ical ultracentrifugation, transmission electron microscopy,
temperature transitions, and disassembly studies.

Disulfide Pattern of Yeast VLPs—Intermolecular disulfide
cross-links between VP1 monomers within the VLP were ana-
lyzed by LC/MS/MS on an Ultimate 3000 nano-HPLC system
that was coupled on line to an LTQ-Orbitrap XL mass spec-
trometer (ThermoFisher Scientific) equipped with a nano-elec-
trospray ionization source (Proxeon). 7 ug of VLPs in PBS, pH
6.0, were denatured with 8 M urea, optionally reduced with 10
mM DTT, alkylated with 55 mm iodoacetamide, and digested in
solution with pepsin and 1% (w/v) TCA. Data were analyzed
using the Proteome Discoverer 1.3, Xcalibur 2.07 (Thermo-
Fisher Scientific) and StavroX 2.05 (16). MS/MS experiments
were reproduced at least twice.

Cryo-EM and Data Analysis—Purified VLPs (1 mg/ml in 50
mM Tris, 200 mm NaCl, 5% (v/v) glycerol, pH 7.4) were placed
on a glow discharged holey carbon copper grid (Quantifoil).
The grid was loaded into a Vitrobot (FEI) at room temperature
and 80-100% humidity, blotted for 3 s with filter paper, and
plunged into liquid ethane for cryoelectron microscopy. The
cryo-EM images were recorded on Kodak SO-163 film at a mag-
nification of X38,000 using a Philipps CM 200 transmission
electron microscope at 200 kV with defocus values of 1-1.5 um.
Low dose conditions with an exposure of ~20 electrons/A? per
image were used. Images were digitized using the Nikon Super
Coolscan 8000 ED densitometer (17). The images were scanned
with a resolution of 6.35 wm per pixel and later averaged 2-fold
in each direction, resulting in a resolution of 3.34 A/ pixel at the
sample level. 2523 particles were boxed with the program
EMAN Boxer (18) and used for the refinement. The defocus
value of each micrograph was estimated by ctffind3, and phase
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flipping was applied for each particle by using the SPIDER soft-
ware package (19). A geometrical shell was used as a starting
model. The orientations and translational alignments of the
particle images were refined iteratively against the model by
projection matching in SPIDER. Icosahedral symmetry was
imposed during the refinement. The progress of the iterative
refinement was initially monitored by the improvement of the
Fourier shell correlation curve, which changed little after
around 12 cycles. Docking of the atomic model into EM densi-
ties and display were carried out using UCSF Chimera (20) or
PyMOL (21) as a further validation. The resolution of the three-
dimensional reconstitution was estimated based on the Fourier
shell correlation curve, which cuts off to 0.5 at 20 A.

RESULTS

Disulfides of VLPs—VP1 contains six cysteines (Fig. 1). Pub-
lished x-ray structures of viral particles (Protein Data Bank
code 1SID (1)) show intermolecular, intrapentameric disulfide
bonds between cysteine 115 and cysteine 20 in all but the pen-
tavalent “5-fold axis” pentamers. No other disulfide bonds were

Exterior

16 «

FIGURE 1. Schematic view showing positions of cysteines in VP1.VP1 has
six cysteines (spheres), three of which are located in the N-terminal region and
three in the core domain; the position of the 5-fold axis relating monomers in
each pentamer is shown. In the assembled capsid, the region between Cys?°
and the core domain forms a clamp-like structure with the C-terminal resi-
dues of a neighboring monomer, which adopt different conformations
depending on their position in the capsid (pentavalent (blue) and hexavalent
(shades of green) pentamers).

TABLE 1
Disulfide cross-links of VLPs analyzed by MS/MS spectrometry

Murine Polyomavirus Stability

observed in the crystal structure, although the presence of addi-
tional disulfide bonds in the VLPs has been described (4) (also
for homologous polyomavirus SV40 (22-24)), but cross-links
have not been assigned. Cysteine connectivities within the
VLPs were therefore analyzed using pepsin cleavage in combi-
nation with tandem mass spectrometry (see supplement 1 for
representative MS/MS spectra). Comparison of the sequence
coverage analysis of reduced and nonreduced VLPs (Table 1)
allowed quantification of disulfide cross-links. We found that
Cys''® is quantitatively linked with one of the N-terminal cys-
teines Cys'?, Cys'®, or Cys*® (within the presumed flexible
N-terminal region of VP1) in both yVLPs and bVLPs. All VLPs
also showed a nonquantitative disulfide bond between Cys*”*
and Cys*”*. Conversely, yVLPs possessed additional disulfide
bonds between Cys'® and Cys'® and Cys'* and Cys®° that were
not found in bVLPs, suggesting that VP1 subunits are highly
connected by disulfides in yVLPs.

Thermal Stability of VLPs—Temperature-induced denatur-
ation of VLPs revealed a significant difference in thermal sta-
bility for yVLPs compared with bVLPs and in vitro reassembled
yVLPs. Whereas the thermal transition of bVLPs is character-
ized by a temperature midpoint of denaturation of 7,, = 50 °C
under the given conditions, yVLPs showed a T, of 56 °C (Fig.
2). These values correspond to the stability of the VLPs and not
just to that of the structured protein VP1, as pentameric VP1
generated by disassembly of either yVLPs or bVLPs exhibited a
T, of 46 °C (Fig. 2A). In vitro reassembly of pentameric VP1
from yVLPs resulted in VLPs with a temperature midpoint of
denaturation (T,; = 50 °C) lower than the original yVLPs and
similar to that of bVLPs, demonstrating a fundamental differ-
ence between in vitro reassembled VLPs and in vivo assembled
yVLPs.

To analyze the influence of disulfide bonds on thermal sta-
bility, we reduced yVLPs with TCEP, which led to complete
reduction of all disulfide bonds as determined by nonreducing
SDS-PAGE (data not shown). Reduced yVLPs showed only a
slightly lower thermal stability (T, = 53 °C) compared with
original yVLPs, but still a much higher thermal stability com-
pared with bVLPs (Fig. 2) and reassembled VLPs. Reoxidation
of reduced yVLPs resulted in thermal stabilities comparable
with original yVLPs, and tandem mass spectrometry once again
revealed the yVLP-specific disulfide pattern in reoxidized
yVLPs not found in bVLPs (Table 1). These data suggest that
additional structural elements stabilize in vivo assembled

VLPs were cleaved with pepsin under reducing and nonreducing conditions (where cystines are maintained) and analyzed by tandem mass spectrometry. Sequence
coverage was analyzed according to found peptides of VP1, and additionally data were screened for disulfide cross-links. Location of cysteines within a VP1 molecule is
shown in Fig. 1. MS/MS spectra of cross-links can be found in the supplemental material.

In vitro assembled bVLPs

In vivo assembled yVLPs

Sequence coverage of reduced samples (% of 384 amino acids) 97

Sequence coverage of nonreduced samples (% of 384 amino acids)
including/excluding disulfide cross-links

Disulfide cross-links (present under nonreducing conditions only)

Cys

93/84

Cys'"*~Cys'? or Cys'® or Cys*™

e.g (Asp"?~Thr'"”) to (Lys''~Leu®°)
274_ (274

e.g (Leu*®-Leu®”) to (Leu***~Gly*”®)

98
93/84

Cys''®~Cys'? or Cys'® or Cys*

e.g (Asp"?>~Thr'") to (Lys''~Leu®)
Cys?"*—Cys>*

e.g. (Leu**®~Leu®”) to (Leu®**-Gly*”®)
Cys12—Cys*

e.g (Gly’-Glu*®) to (Cys*°~Leu®®)
Cys'®_Cys®

e.g (Lys*>~Leu) to (Met'~Thr'”)

APRIL 11,2014 +VOLUME 289-NUMBER 15
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yVLPs compared with in vitro assembled VLPs and are main-
tained in yVLPs even after disulfide reduction, guiding correct
disulfide bond formation upon reoxidation.

AUC:
e WILPs VLPs dialysis
bly buffe
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FIGURE 2. Temperature-induced denaturation of VP1 pentamers and
VLPs. 600 nm of differently treated VLPs or VP1 pentamers were incubated in
PBS at a heating rate of 1 Kmin~"', and the protein fluorescence (A.,. = 280
nm, Aem. = 340 nm) was monitored. A, yVLPs were treated with 20 mm TCEP
(red), 20 mm TCEP, and 10 mm EDTA (black), or without TCEP/EDTA (green). As
a control, bVLPs (blue) were incubated with 20 mm TCEP and 10 mm EDTA for
2 h at 20 °C. Analytical ultracentrifugation (AUC) showed that only the sam-
ples treated with TCEP and EDTA disassembled completely into pentameric
subunits. B, all samples were dialyzed 48 h at 25 °C against assembly buffer to
allow reassembly and/or reoxidation. Reassembly to homogeneous VLPs was
again verified by analytical ultracentrifugation. T,, values of each transition
are indicated by arrows above the graphs. Pentameric subunits of both
yVLPs and bVLPs (T,, = 46 °C) as well as their reassembled VLPs (T,, = 50 °C)
show a lower thermal stability compared with untreated yVLPs (T,, = 56 °C).
The thermal stability of reduced VLPs was only slightly decreased (T, =
53°C), and the reoxidized VLPs show a thermal stability similar to original
yVLPs.
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FIGURE 3. Disassembly kinetics of yVLPs. A, yVLPs were disassembled with
200 mm DTT and 50 mm EDTA at pH 7.4 and 25 °C, and the reaction was
monitored by light scattering. Data were fitted by monophasic (green) and
biphasic (red) exponential regression. The residuals for both fits clearly dem-
onstrate a biphasic disassembly of yeast VLPs. The biphasic fit extrapolates to
a final signal of relative light scattering of 0.25 after 12 h. B, disassembly
kinetics of bVLPs measured under identical conditions exhibit a single first-
order reaction (green line).

TABLE 2

Disassembly of VLPs— Another possibility to gain insight into
the stability of VLPs is to monitor the kinetics of the disassem-
bly into their subunits, whereby the temperature dependence
provides information about enthalpic and entropic contribu-
tions to this reaction.

The disassembly reaction was started by addition of DT'T and
EDTA and monitored by light scattering. The disassembly
kinetics of bVLPs could be fitted to a comparably fast and
monophasic reaction (k = 0.015 s~ * at 25 °C, Fig. 3B), whereas
the disassembly reaction of yVLPs was much slower and exhib-
ited at least two phases (Fig. 34). As it is known that in vivo
assembled VLPs contain nucleic acids (12, 25), here RNA, the
disassembly was also monitored in the presence of a nuclease.
Addition of an excess of RNase A to the disassembly reaction
still resulted in a biphasic reaction, with rate constants similar
to the reaction in the absence of RNase, but the amplitude of the
slow phase decreased significantly (Table 2), and the amplitude
of the fast reaction increased in a compensatory fashion. Fur-
ther analyses of the purified yVLPs indicated that the majority
of particles contained nucleic acids of a size between 100 and
500 bases (average 300 bases) that could be digested completely
by RNase A but not by DNase I, indicating incorporation of
RNA into the yVLPs (data not shown). We therefore conclude
that the slower yVLP disassembly reaction (k, = 0.0002 s " at
25°C) is dominated by RNA-VLP interactions and thus does
not describe a specific molecular process upon disassembly.
However, the fast yVLP disassembly reaction corresponds to
the disassembly of nucleic acid-free VLPs (k, = 0.0028 s~ ' at
25 °C), which is still about 2 orders of magnitude slower than
that of bVLPs or in vitro reassembled yVLPs.

In addition, the temperature dependence of the rate of disas-
sembly reaction 1 (k;, Fig. 4) indicated a very high activation
enthalpy of AH* = 103 k] mol ' but a favorable activation
entropy. This is quite different for the disassembly of bVLPs,
which exhibited a strongly unfavorable activation entropy (Fig.
4 and Table 3). These differences in activation enthalpy AH*
and activation entropy AS* indicate that the energy barrier of
the disassembly reaction is governed at least in part by different
molecular interactions in yVLPs and bVLPs.

To find out if the observed disulfide bond Cys*’*~Cys*”*
contributes significantly to the stability of the VLPs, we com-
pared wild type yVLPs with a cysteine variant C274S yVLPs and
could detect no significant differences in thermal stability or
disassembly kinetics (Table 3 and Fig. 5).

Trypsin-induced Disassembly of VLPs—Commonly, disas-
sembly of polyoma VLPs can be induced chemically by addition
of chelating and reducing agents, such as EDTA and DTT. As
described previously, bVLPs can also be disassembled into pen-
tameric VP1 by addition of trypsin (14). In contrast, yVLPs
proved resistant to trypsin both in the absence (14) and pres-

Effect of RNase A (10 ug/ml) on disassembly of 0.1 mg/ml yeast VLPs with 200 mm DTT and 50 mm EDTA at pH 7.4 and 25 °C
The reaction was monitored by light scattering, and data were fitted with a biphasic exponential regression. The rate constants k; and k, refer to the fast and slow phases

of disassembly, respectively.

RNase A k, (s7")1073 ky(s™')1073 Relative amplitude phase 1 Relative amplitude phase 2
With 1.9 = 0.057 0.3 = 0.009 0.51 0.49
Without 2.8 = 0.162 0.2 = 0.012 0.30 0.70
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FIGURE 4. Eyring plot of disassembly reactions of VLPs. VLPs were disas-
sembled by addition of 200 mm DTT and 50 mm EDTA at different tempera-
tures, and the reaction was monitored by light scattering. Rate constants
were determined by mono- (bVLPs) or biexponential (yVLPs) fits, and k
(bVLPs) and k, (“"RNA-independent” rate of yVLPs) were plotted according to
Eyring. All fitted parameters are listed in Table 3. Black symbol and black line,
WT yVLPs; open circle and dotted line, C274S yVLPs; gray symbols and gray line,
bVLPs.

TABLE 3

Kinetic stability of VLPs

For A, “RNA-independent” rate constants of disassembly (k;) of 0.1 mg/ml VLPs
were induced with 200 mm DTT and 50 mm EDTA at pH 7.4 and 25 °C and moni-
tored by light scattering. Data were fitted with a monophasic (bVLPs) or biphasic
(yVLPs) exponential regression. For B, mid-points of temperature-induced dena-
turation of VLPs at pH 7.4 were monitored by fluorescence (A,,. 280 nm and A,
340 nm). For C, thermodynamic parameters of the disassembly reaction were cal-
culated from the temperature-dependent disassembly of VLPs analyzed according
to Eyring (Fig. 4).

yVLPs
VLPs, VP1 WT tC274S  bVLPs WT
A k1073 (s ") at25°C, pH7.4 3 =0.171 (k) 3 +0.177 (k) 15+ 0.03
B T,,(°C),pH 7.4 56 + 0.1 56 + 0.2 50 + 0.2
C AH* (] mol™) 103 + 1.2 101 + 0.1 70 * 0.07
AS* (J mol 1KY 51 * 0.6 47 +0.05 —46 * 0.05
AG* 37°C (IJ mol ™) 87 + 1.04 87 + 0.09 84 + 0.08

ence of EDTA (data not shown) but not in presence of DTT
alone (Fig. 5). Trypsin accelerated the disassembly of yVLPs in
the presence of DTT and EDTA (Fig. 5), however. Following
this disassembly process by reducing SDS-PAGE revealed a
time-dependent degradation of full-length VP1 to a stable
product of about 35 kDa (Fig. 5B, species 4) via two dominant
intermediates. The time course of the occurrence of this pro-
teolytic end product parallels complete disassembly. We
excised the four distinct bands, performed an in gel digestion
with chymotrypsin, and analyzed the peptide mixture by
nano-HPLC/nano-ESI-LTQ-Orbitrap-MS. Species 1 (Fig. 5B)
showed 99.74% sequence coverage of VP1, missing only the
start methionine, so that any missing peptides in the remaining
species can be attributed to trypsin proteolysis and not to the
experimental procedure. The respective cleavage sites of the
different species are shown in Fig. 5C; only species 4 corre-
sponds to completely disassembled VLPs. Proteolysis in species
4 takes place in the N-terminal clamp structure of VP1 that
fixes the C-terminal arm of the neighboring pentamers (Fig.
5C). Whereas these cleavage sites are accessible to trypsin in
bVLPs, they are only cleaved in yVLPs in the presence of at least
DTT, suggesting that the N-terminal peptides in yVLPs possess

APRIL 11,2014 +VOLUME 289-NUMBER 15

Murine Polyomavirus Stability

an ordered structure that is protected by disulfide bond
formation.

Structural Analysis by Cryo-EM Image Reconstruction—We
used cryoelectron microscopy to obtain more information on
the structure of the yVLPs. Single particle cryo-EM reconstruc-
tions show the expected icosahedral arrangement of the 72 pen-
tameric subunits with typical 5- and 3-fold symmetries at a
nominal resolution of 20 A. The density corresponds well to the
x-ray structure of in vitro reconstituted bVLPs (Fig. 64, Protein
Data Bank code 1SID (1)), but reveals additional foot-shaped
structural features in the interior of the particles (Fig. 6B). Each
foot (whose volume is consistent with ~100 amino acid resi-
dues) originates at the converging positions of the N-terminal
Cys®° residues of three adjacent pentamers surrounding the
5-fold axis (“pentavalent pentamers,” Fig. 6B), and proceeds
toward the N-terminal Cys®° residues of two adjacent pentam-
ers surrounding the 3-fold axis (Fig. 6C). The reconstruction
therefore suggests that the cysteine-rich N termini form a glob-
ular domain by inter-digitating to link adjacent 5-fold symmet-
ric hexamers of pentamers.

DISCUSSION

Previous crystal structures of icosahedral polyoma VP1
virus-like particles (1), which consist of 12 pentavalent and 60
hexavalent pentameric subunits, have demonstrated that the
capsids are stabilized in three ways as follows: through forma-
tion of a clamp-like structure from the N- and C-terminal pep-
tides of individual pentamers, through Ca%* binding, and
through intermonomeric/intrapentameric disulfide bond for-
mation between Cys®® and Cys''” (in hexavalent pentamers
only). Despite the similarity in morphology of in vitro assem-
bled bVLPs and yeast-derived yVLPs, there exist marked differ-
ences between the two preparations. Compared with bVLPs,
yVLPs are more stable and rigid and disassemble at a slower
rate, with a higher activation enthalpy and entropy. MS/MS
data of yVLPs revealed the presence of disulfides (Cys'*~Cys>°
and Cys'®~Cys'®) that presumably link the N termini of VP1 of
different pentamers. Such disulfides were not observable in the
previous crystal structure, which shows no electron density for
the first 17 amino acids (1). Our data on bVLPs suggest the
absence of these disulfides in in vitro assembled material. We
further found evidence for the presence of disulfide bridges
between Cys''® and either Cys'* or Cys'® in both bVLPs and
yVLPs, as well as a nonquantitative Cys*’*~Cys>"* linkage. The
cryo-EM  reconstruction clearly shows additional highly
ordered electron densities at the N-terminal regions of VP1 in
the VLPs, with sufficient volume to encompass three to four
VP1 N termini from neighboring pentamers, providing space
for the formation of the above described intrapentameric disul-
fide bridges. Within the pentavalent pentamers, the highly con-
served Cys'"” (which is not cross-linked with Cys®° here) lies in
close proximity to the N-terminal cysteines Cys'* and Cys'® of
adjacent monomers, providing an explanation for the observed
Cys'"®~Cys'?/Cys'® disulfide. Because the distance between
the “pentavalent” Cys**/Cys'"® thiol groups and those sur-
rounding the 3-fold axes are ~40 A in the crystal structure, the
observed disulfide bridges (and densities) cannot simply be a
covalent linkage connecting neighboring pentavalent and
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FIGURE 5. Disassembly of yVLPs with trypsin. A, yVLPs were treated with trypsin (black), trypsin, 20 mm DTT, 10 mm EDTA (green), or trypsin/20 mm DTT (blue),
respectively, at pH 7. 4 and 37 °C. B, samples of the disassembly reaction in the presence of trypsin, 20 mm DTT, 10 mm EDTA were taken at the indicated time
points and analyzed by reducing SDS-PAGE. C, four gel bands corresponding to degradation products of VP1 were excised and analyzed by LC/MS/MS. The
schematic view shows only the N and C termini of VP1 (black), omitting the B-barrel domain (gray). Solid lined boxes depict B-sheets, and boxes with dashed lines
depict a-helices of the assembled VLP (modified after Ref. 30). The gray lines above the sequence of the termini demonstrate the sequence coverage of the
respective degradation product (species 1-4), and the numbered scissors indicate the trypsin cleavage sites for each species. Cleavage sites of band 4 are located
in the clamp structure of the VLP. Cleavage at position 4 mediates disassembly of VLPs.

hexavalent pentamers. Instead, we suppose that the N-terminal
peptides intertwine to form defined globular domains with
intermonomeric disulfide linkages.

Disulfide bonds are known to increase the thermal stability of
viral capsids (26, 27). In this study, reduction of disulfide bonds
only slightly decreased thermal stability of yVLPs compared with
the original yVLPs. The additional interpentameric contacts rep-
resented by the foot-like structures are likely to be responsible for
the higher stability in yVLPs, with the observed yVLP-specific dis-
ulfides providing additional rigidity to these structures, as disulfide
reduction is required for trypsin-mediated yVLP disassembly;
bVLPs, however (which exhibit no cross-links between N-termi-
nal cysteines), are not protected against proteolysis in the absence
of any reducing agent. However, disulfide bonds in bVLPs (and
yVLPs) protect the VLPs against chemically induced disassembly
under chelating conditions.

Alternatively, the cross-links may represent deviations from
icosahedral symmetry within the VLPs. Although we deem this
to be unlikely, the presence of the Cys*”*~Cys*”* disulfide can-
not be explained by either the published crystal structures or
the EM structure presented here. This bond does not seem to
affect the stability of VLPs, as we found no differences in ther-
mal stability, disassembly, or disassembly activation barrier for
the C274S variant VP1 yVLPs. Conversely, Cys*’* is (along with
Cys''®) the most conserved cysteine in VP1 of all polyomavi-
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ruses, and mutations lead to a tremendous decrease in virus
infectivity as has been shown previously for the related poly-
omavirus SV40 (28). The presence of this bond in substoichio-
metric quantities may therefore be an indication of significant
local deviations from strict icosahedral symmetry.

The higher stability of VLPs recombinantly expressed in
eukaryotes was already reported qualitatively for expression in
Saccharomyces cerevisiae and insect cells (13, 29). Because
yVLPs exhibit a stronger association of pentameric subunits
compared with bVLPs, we assume that intertwining of the
N-terminal regions, complemented by N-terminal disulfide
cross-links, supplements the previously described clamp struc-
ture (30). The existence of N-terminal disulfide linkages has
long been thought to cross-link different VP1 pentamers (4),
and similar interpentameric N-terminal cysteine linkages have
been discussed for VP1 in polyomavirus SV40 (22-24).
Although we are unable to distinguish between cystine for-
mation occurring in the course of in vivo yVLP assembly or
extracellularly/post-purification, in vitro assembly of VP1
into bVLPs under well defined redox conditions shows that
disulfide bond formation takes place only after VLP assem-
bly.? Furthermore, a VP1 variant in which all cysteines have

3T.Klose and H. Lilie, unpublished data.
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Data Bank code 1SID (1)). Each hexamer of pentamers (consisting of one pentavalent pentamer in yellow) and five adjacent “hexavalent” pentamers (blue in the
foremost asymmetric unit) are colored differently for orientation purposes. The overlaid red pentagon and triangles depict the icosahedral 5- and 3-fold axes,
respectively. A, view from the outside of the particle down the 5-fold axis demonstrates the excellent overall agreement between the cryo-EM reconstruction
and the bVLP crystal structure. B, viewing the interior of the particle by rotating 180° about a vertical axis from A reveals additional foot-shaped densities that
connect pentamers around the 5-fold axis with pentamers surrounding the 3-fold axes (C). The spheres, corresponding to individual sulfur atoms of cysteine
115 (orange) and cysteine 20 (yellow), serve to mark the positions of the N termini (prior to cysteine 20) not present in the bVLP structure (1). D and E,
magnification of the density feature, oriented D as in C or rotated 90° about a horizontal axis. E shows that the density originates at the confluence of three N
termini surrounding the pentavalent VP1 pentamer (the “ankle”) and progresses toward at least one N terminus near the 3-fold axis (the “toe”). The volume of

the foot density (ankle, heel, and toe) is consistent with a total of ~100 amino acid residues. The white bars in the panels represent 50 A.

been substituted by serine is still able to form VLPs (31),
clearly indicating that disulfides are not essential for the
assembly process. However, it is conceivable that the very
high local concentration of cysteines resulting from ordering
of the N-terminal VP1 structure in the in vivo assembled
yVLPs could induce disulfide formation, even under intra-
cellular reducing conditions. We observed that in vitro reas-
sembly of disassembled yVLPs results in particles of lower
stability, similar to that of bVLPs, suggesting a role for host
cell factors during intracellular assembly in yeast. Such cel-
lular “assembly helpers” might include the following: (i)
interaction of VP1 with cellular RNA and assembly of VLPs
in the yeast nuclei (12), as the natural virus assembles in
so-called “nuclear cell factories” (3); (ii) cellular chaperones
or protein isomerases, which are known to interact with VP1
in vivo (32) and can induce assembly of VP1 into VLPs in
vitro (33); and (iii) cytoskeletal and nuclear matrix proteins,
which have been shown to interact with VP1 during expres-
sion (12, 34). Even though the assembly of VLPs in vitro is a
spontaneous process (10) under appropriate conditions, cel-
lular factors might control and direct this process to increase

APRIL 11,2014 +VOLUME 289-NUMBER 15

the efficacy of assembly and the structural homogeneity of
viral capsids.
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