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Summary

Maturation via proteolytical processing is a comniait in the viral world, and is
often accompanied by large conformational changdsr@arrangements in the capsid.
The adenovirus protease has been shown to playlardle in the viral infectious
cycle: (a) in maturation, as viral assembly stavith precursors to several of the
structural proteins, but ends with proteolyticaiyocessed versions in the mature
virion; and (b) in entry, because protease-impaivedises have difficulties in
endosome escape and uncoating. Indeed, viruselsabamnot undergone proteolytical
processing are not infectious. We present the 30ctsire of immature adenovirus
particles, as represented by the thermosensitivearmhiAd2 ts1 grown under non-
permissive conditions, and compare it with the meatapsid. Our 3DEM maps at
subnanometer resolution indicate that adenovirusimragon does not involve large
scale conformational changes in the capsid. Diffeeemaps reveal the location of
unprocessed peptides pllla and pVI and help tondeffineir role in capsid assembly
and maturation. An intriguing difference appearstlwe core, indicating a more
compact organization and increased stability ofithmature cores. We have further
investigated these properties Iy vitro disassembly assays. Fluorescence and
electron microscopy experiments reveal differerioethe stability and uncoating of
immature viruses, both at the capsid and core devat well as disassembly

intermediates not previously imaged.
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I ntroduction

The icosahedral, non enveloped adenovirus capsiongposed of at least 11 different
polypeptides plus the dsDNA genome. Crystal stmestufor only the major coat
protein (hexon) and the vertex proteins (pentore s fiber) are availabfe? % 4
The positions of minor capsid components llla, VIl and IX in the virion have
been defined by hybrid electron microscopy (EM)-fay crystallography studies®
"8 There is at present no detailed structural infifom about the disposition of

DNA and DNA-binding proteins (V, VlIy) in the viral coré.

Like many other viruses, adenovirus undergoes a fimaturation step driven by a
virus encoded protease (reviewed . Pulse-chase experiments established that
several of the viral structural peptides are sysiesl in a precursor form, while the
mature, infective particle contains the cleaveddpots. The agent responsible for
proteolytic maturation is the viral L3 23 K protein adenovirus protease (AVP)
AVP recognizes (M/I/L)XGX-G and (M/I/L)XGG-X sequea motifs to cleave minor
capsid proteins llla, VI and VIIl, as well as DNAnding proteins VIl,u, and the
terminal protein (TPY? Such cleavages result in a total mass of mone éh&IDa
cleaved peptides in the 150 MDa viriohaple 1), that might be expected to change
location or organization during virion maturatidrhe putative scaffolding protein L1
52/55K has a sequence cleavage motif at residugl3%5&T-G) and also appears to
be cleaved during maturation; however, whether ANP is responsible for L1
52/55K processing is not clear, as this proteiabisent from the mature particles and
present in very few copies in immature, DNA conitagnvirions *>. The C-terminal

peptide of precursor polypeptide pVI (Y released upon cleavage by AVP, and the



viral dsDNA, act as cofactors and increase theejs# catalytic rate by several orders
of magnitude** ** % 7 |t has also been reported that precursor pVI nmitmature
VI, acts as a carrier to transport newly synthesihexon to the nucleu¥, via
interaction of a nuclear localization signal lochte the pVE peptide with importin

ao/B.

A classic human adenovirus type 2 (Ad2) thermosemsimutant (Ad2tsl) is
deficient in proteolytic processind. When grown at the non-permissive temperature
(39°C), Ad2tsl does not package the viral protedSe and produces capsids
containing the unprocessed protein precursors. | Vganome packaging is
unimpaired, but the virus is not infectious. It hasen shown that the defect in
infectivity is linked to a defect in uncoating. Inatre Ad2tsl attaches to the host
cell and follows the same internalization procesthe wild type virus, but is not able
to escape the endosome and is recycled to the raembr degraded in lysosonfés
22_0On the other hand, wild type virus treated withtease inhibitors can proceed all
the way to the nuclear pore, but fails to rele&s®NA 2. Coimmunoprecipitation of
fiber with hexon after different periods of endaxsis indicated that fiber release is
much less efficient in immature Ad&l than in wild type virus, even after treatment
with protease inhibitor$?, while kinetics studies indicated that immature2Asl
accumulated a disassembly intermediate containiog @omponents™. Proper
release of polyeptide VI from the uncoating virgeems to be required to disrupt the

endosomal membrarié

Other large icosahedral dsDNA viruses, most notab&rpesvirus and tailed

bacteriophage, undergo maturation by proteolytiocessing®®. This process is



generally coupled with DNA packaging, and involMasge rearrangements of the
capsid building blocks. On the other hand, no sowturation process has been
described for the structural counterpart of ademsvin the bacteriophage world, the
membrane-containing PRD1, or any other of the PR@dnovirus lineage members
% The only changes reported for PRD1 correspondartoincrease in capsid-

membrane contacts upon DNA packagifig®

Here we report comparison of the structure and aiieg behavior of immature Ad2
tsl and wild type viruses, studies undertaken to etdiiee following questions: what
are the structural rearrangements involved in pigtie maturation? What is the
location of the uncleaved peptides in the capsid®d,Ahow do the structural

differences relate to differences in infectivity?



Results

Sructure of mature and immature capsids

Using cryo-electron microscopy (cryo-EM) data, wavér obtained 3D density maps
for wild type and immature (Ad&1 grown at 39°C) adenovirus at approximately 9 A
resolution Fig. 1). To detect possible fine changes in the relapesition of
capsomers between the mature and immature paytibkegrystal structures of hexon
and penton base were independently fitted to the type andtsl maps, to obtain a
quasi-atomic model for each viral speciEg(1). The RMSD between the molecules
fitted to the wild type andsl maps was 2.64 A for the 11048cCatoms in the
icosahedral asymmetric unit (AU). This RMSD was myadue to a ~2 A shift along
the virus radius of the whole AU, consistent witte tfitting accuracy on a 9 A
resolution map. There were no evident large scedgrangements, or significant

changes in the relative rotation between capsomers.

Difference mapping: localization of unprocessed peptides

Detailed inspection of the 3DEM maps revealed twaindifferences between the
mature and immature virus capsids. First, a welindd feature appeared beneath
some hexons in thésl map, at the interface between capsid and coree (fyp
difference;Fig. 2, boxes). Second, diffuse extra density filled theeincavities of all
hexon trimers irtsl (type 2 differenceFig. 2, circles; also visible ifrig. 1A). These

differences were better interpreted by making Udsdifterence maps. The difference



map between the wild type cryo-EM map and its ga&simnic model, containing only
the hexon and penton base structures, revealeddlezular envelopes corresponding
to minor coat proteins IX, llla, and VIII, as wels fiber and hexon loops not present
in the crystal structureF{g. 2B and D, yellow). Overlaying this map with that
calculated by subtracting the wild type from tis& virus cryo-EM mapsKig. 2 B
and D, red) showed the location of the main differencesvben the mature and
immature capsids with respect to the densitiegyassdi to minor capsid components

in the current model for the wild type vir(is

Sixty copies (one per AU) of type 1 difference dgng§Fig. 2, boxes) were found
underneath the vertex region, intercalated betwkerfive arms of a star formed by
the densities corresponding to polypeptide llla and of the two independent copies
of polypeptide VIII in the AU. At this position, éhtype 1 difference is within contact
range of multiple capsid components: polypeptidda bBnd VI, hexons 1
(peripentonal) and 2 (close to the 2-fold axispire AU, and hexon 4 in the adjacent
AU across the icosahedral ed@eg; 2B). The type 1 difference is therefore making a
bridge between two icosahedral facets, and betwleeming of peripentonal hexons
and those making the central plate of the facedwknas the group-of-nine (GON).
Because of its position, the type 1 difference doatise from the uncleaved C-
terminal fragments of polypeptide VIII or llla. Theass of the type 1 difference
peak, when measured at 1.2%ontour level, is 2.1 kDa. This is much closethe
expected value for the C-terminal polypeptide pieptide (lllg, 1.8 kDa) than to the
expected value for the polypeptide VIII C-termifi@gment (12.6 kDaT able 1). At
the same contour level, the calculated mass foNterminal fragment of VIII Eig.

2B, star) is 10.8 kDa, in reasonable agreement with theeebgal value (12.1 kDa).



Furthermore, no similar difference density was fbatose to the second independent
copy of polypeptide VIII in the AUKig. 2B, star). This evidence indicates that the
type 1 difference is more likely to correspond tpaat of the pllla precursor that to

the C-terminal fragment of pVIII.

Extra density (type 2 difference, circleskig. 2) was found inside all hexon cavities
in thetsl-wild type difference map. This is the position posed for polypeptide VI

in the current adenovirus capsid mofleThe average mass of the 4 independent type
2 peaks in the AU is 0.9 + 0.2 kDa. Therefore, tgpdifference can be attributed to
either the uncleaved pVI C-terminal peptide (1.3akDable 1), or to a larger
structural order in the precurses. the processed polypeptide. For hexons 2, 3 and 4,
this extra density appears at medium height in dhety, close to a hexon loop
previously shown to be involved in interaction with *8. In the peripentonal hexons
(green inFig. 2B and D), however, type 2 difference reaches to the inostmegion

in the cavity Fig. 2D). This region of the hexon trimer is highly acidiig. 2E),
suggesting a role for electrostatic interactionsvbeen capsid components. Similar
charge-rich regions (although basic in this cas@glbeen found in the internal cavity
of the trimeric major coat protein of bacteriophd&j@D1 andParamecium bursaria
Chlorella virus type 1 (PBCV-1), both members of the adenmsvstructural lineage,
and proposed to interact with minor capsid comptméh *° Interestingly, both
polypeptide VI and its precursor pVI present basaelectric point values (9.6 and
9.9 respectively), while the AVP cofactor pvhas an even more basic character

when considered separately (pl=11.7).



Apart from those underneath the vertex region asdle the central hexon cavities,
no other significant differences were observed betw the wild type andsl
icosahedral protein shells. There was no differaatche external side of the capsid,
nor was there any negative difference density stgh-wild type map that could

account for the presence of protease in the maturs.

Core organization

Adenovirus cryo-EM maps do not provide informatiom the organization of DNA
and DNA-binding proteins in the viral core, becattss part of the particle does not
follow icosahedral symmetry. Nevertheless, a défee was observed between the
wild type andisl 3D maps at the core level. While in the wild typap the weak core
density follows the icosahedral profile of the ddpshetsl core presents a somewhat
more spherical profileHig. 1). Radial average plots showed that core density is
stronger fortsl than for wt, particularly in the first layer beriedhe icosahedral shell
(Fig. 3A). This indicates a more compact or more orderat $or the immature core.
Further evidence for a difference in core orgamraand stability was found from
the occasional observation of disrupted viriongsincryo-EM preparations. In these
particles the icosahedral protein shell peels av@gying behind a well defined
spherical particle of approximately 650 A diametEhis disruption pattern is not
observed for the wild type virus, where the cordesftbroken capsids show a much

more diffuse aspecF{g. 3B).

Disassembly assays



Some broken viral particles like those describedvabappear routinely in virus
preparations, but the reason for their disrupt®mot known. Therefore, we tried to
characterize the different disassembly patternsrfature and immature virions under
more controlled conditions. Structural changes iuses subject to increasingly
higher temperatures (15 to 80°C) were monitoredwwy different techniques. DNA
exposure to the solvent was measured by the irelieaBuorescence of propidium
iodide (Pl) when bound to DNA, while disassemblyducts were imaged by

negative staining electron microscopy.

When DNA release was measured as a function of éeatyre, the fluorescence
pattern of mature and immature viruses indicateliffarent behaviorig. 4A). The
first sharp increase in fluorescence occurred &C4for wild type virus, but was
delayed until 47°C fotsl. Fluorescence became more intense at a consyssémler
rate fortsl than for wild type, until a plateau was reache®@C for wild type and
65°C fortsl. Our results differ from previous fluorescencedsts on DNA release, in
which very little change in TOTO-1 fluorescence widiserved fotsl under a range
of pH and temperaturé. Our experimental conditions vary from those régmry
Wiethoff and collaborators in the lower ionic sigém (15vs. 100 mM NacCl) and the
presence of EDTA. Low ionic strength has been shmweduce adenovirus stability
31 while chelation of divalent cations by EDTA loasecore compactiof. Both

conditions may have facilitated detectioninfvitro disassembly intermediates not

previously observed, as shown below.

When the disassembly products were examined bytrefeecnicroscopy, the most

conspicuous difference between wild type ésidappeared for samples heated in the
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45-50°C rangeHig. 4B). In wild type sample, we observed broken capfidsiing
planar, open hexon arrays of different sizes, whitdes appeared as untidy
filamentous bundles with a relatively compact cen@onversely, irisl preparations
at 45 and 47°C the protein shell retained its sphlearrangement, with openings
consistent with loss of pentons and the peripettoeson ring, or of larger parts of
the capsid. These holey shells contained a sphedoempact core, from which a
single filament projected. This filament is thickd2.3 + 2.3 nm, N=50) that those
protruding from wild type cores (5.3 + 1.5 nm, N8} 0indicating a different protein

coating for the released DNA.
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Discussion

Viral capsid components fulfill many different releduring the infectious cycle,
among them recognition of assembly partners in dt@mvded host cell, virion
stabilization against conditions in the extraceliuhilieu, and release of viral genome
upon entry. Changes in their organization during thaturation process are often
used for switching among functions and ensure #meegation of a final, infectious
particle. In tailed bacteriophage, and the stradlyrelated herpesvirus, this process
has been extensively studied and shown to invadvgel rigid body movements of
capsomers, together with capsid expansion requoeaccommodate the packaged
genome?. Other DNA viruses, like papillomavirus, seem tildw the opposite
direction, with a compaction of the procapsid reegiito achieve stability. Finally,
the bacteriophage representative of the adenolimeage, PRD1, maintains capsid
size and organization during the transition from émpty protein-membrane shell to
the final virion®" % It is therefore not surprising that the capsidcature of immature
adenovirus, as revealed here by a 9 A resolutioBENDnap of the Adasl mutant,

presents only relatively small differences withttbithe wild type, mature virus.

What, then, are the changes produced by protegdyticessing of many adenovirus
polypeptides that result in an incorrect uncoatuepavior, and therefore a lack of
infectivity? We observed differences in the struetwf immaturevs. mature

adenovirus at two levels: as additional orderednel@s in the icosahedral protein
shell, and as a general reorganization of the cldrese differences may act together
to produce the differential uncoating behavior twat have observed by biophysical

methods and by direct imaging using the electracroscope.

12



AVP cleaves minor capsid proteins llla, VI, andlVWe find difference peaks in our
tsl-wild type maps at two positions in the capsid: gegiphery of a highly helical
structure forming a cartwheel underneath the vertg}on, and inside the hexon
trimer cavity oriented towards the virus core. Aating to the current adenovirus
capsid model, the rim of the cartwheel underneath the vertefoimed by a tight
overlap of polypeptides llla and VIII. Our type iffdrence density, located at this
rim, could arise from either of the two proteinowever, the peak size, and the fact
that a similar difference peak does not appeaedioshe second independent copy of
polypeptide VIl in the AU, indicates that type iffdrence is most likely originated
by the pllla peptide. This structural element must play a rolencreasing the
network of interactions required for capsid ass@mbhd in hindering adequate
uncoating of immature virus. Its position suggesist it is acting as a molecular
stitch, riveting together two adjacent facets ia tbosahedrons, as well as fastening
the peripentonal ring to the GONs. As in the cdsa surgical stitch, this structure
would be removed by the protease action when ngeloneeded, allowing uncoating
to proceed. Evidence for the importance of polyeptlla in adenovirus capsid
architecture has already been reported. 822 mutant, with three point mutations
in llla, accumulates empty particlé® ** and only small, unstructured peptides were
tolerated as N-terminal extensions in fil@Dur findings reveal one more aspect of the

key, multifunctional role of this minor coat prateduring assembly.

The current adenovirus capsid model locates polygeVI in the internal cavity of
the hexon trimer, which would attribute our typaliference peak to its precursor

pVI. The assignment of polypeptide VI to a locatioside the hexon trimer is

13



problematic, since the copy number of VI, estimadesund 360, is too low to have
one molecule of VI per hexon monomer (copy numl&g),7and too high to have one
VI per hexon trimer (copy number 240). The weaKedénce density between the
wild type cryo-EM map and the quasi atomic modeltlds position has been
interpreted as arising from partial occuparicin a 1:1 hexon-VI interaction. The
appearance of a difference peak inside the cavigll dour hexon trimers in the AU
of our tsl-wild type map, at reasonably high density levéislicates an increased
icosahedral ordering in the pVI precursor. Thergjroegative charge of the hexon
cavity, together with the basic character of g\dnd the type 2 difference peak size,
make it very tempting to interpret this differendensity as the 11-residue peptide.
However, such a sequestered location would apmedinder interaction of AVP
(packaged with the DNA) with its second cofactor'’, as well as the proposed
interaction with the nuclear import machinery td & hexon nuclear imporf. On
the other hand, one could hypothesize that thiatjwat electrostatic interaction would
be important for the carrier function of pVI, whiles perturbation by cleavage of

pVlc would be the trigger to facilitate polypeptide iélease and therefore endosomal

escape.

Apart from polypeptides Illa, VI and VIII, AVP alsdeaves core proteins VI, and
TP. Since the viral core does not follow icosahkedyametry, it is not possible to
analyze differences in this region using icosahednyo-EM reconstructions.
However, both analysis of thisl 3D map and direct observation of virions by
electron microscopy indicate a different, more cttited and stable core organization
for the immature particle. These properties mayltesat least in part, from

differences in the interactions of protein VII ait&l precursor with the viral genome:
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an N-terminal sequence of pVIl, but not of matun®t@in VIl can efficiently
crosslink to viral DNA in intact particle¥. Another core component, polypeptide
is extensively proteolyzed from its 80 residue preor to a final 19 residue peptide.
Studies showing that mature polypeptidecan precipitate dsDNA from solution
suggested that this small peptide could have ainot®ndensing the viral genome to
fit it into the capsid shelf’. It is possible that this function is enhanced thg
uncleaved pre: amino and carboxy-terminal extensions, eitherdiact interactions
with the viral genome or with other core compongtdskeep the viral genome in a
stable form during morphogenesis. Further connecbetween pre- and virus
stability has been found in an Ad5 variant lackipglypeptide V, where a
thermosensitive phenotype was rescued by a claosterutations in the N-terminal

fragment of the immature polypeptifﬁe

The differences in capsid and core structure wemascorrelate with a differert
vitro disassembly behavior for mature and immature dapand cores when the
virion is subject to heat treatment. An “all or Imioiy” disruption pattern was found
for wild type virus, with completely disordered sas and cores at 45 °C. The
immature virus, on the contrary, seemed to follosl@ver, sequential disassembly
process, going through loss of pentons and peopahthexons and partial, well
ordered unraveling of protein-coated DNA. This wetang pattern is consistent with
the asymmetric DNA packing determined by the lagatof packaging specific
sequences at the left end of the viral gendiheand may also correlate with the
presence of a singular, specialized vertex stradtuthe otherwise icosahedral shell
0 There is currently uncertainty regarding the mofl@denovirus DNA packaging,

since evidence exists to support both concerted semluential assembly and

15



packaging'" *2 One intriguing question arises from our obseoration the immature
core: how can such a compact organization be rdednevith DNA packaging

through a single vertex into the empty procapsid?

In conclusion, our findings indicate that three mplayers participate in modulating
the stability switch required to go from adenovimssembly to uncoating. First, a
molecular stitch formed by plldaincreases capsid stability during assembly by
riveting together adjacent facets and the ring efigentonal hexons. Second,
electrostatic interactions between p\and hexon may hamper release of polypeptide
VI and therefore endosomal escape. And third, htdigorganization of DNA and
DNA binding proteins pVIl and prg-in the core would hinder passage through the
nuclear pore and bar access of the cellular trgptgmal machinery to the viral

genome.
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Note: while this manuscript was under review, a 10.5e8ofution cryoEM study of
Ad2 tsl was reported®, These authors also note a stronger core signahen
immature virus, compatible with increased icosahkedrder or with higher density.
They also observe that in thest 3D map the density gap usually found between the
icosahedral shell and the non-icosahedral coreppéess. This is interpreted by
Silvestry and co-workers as the immature core beimgre ordered, but less
condensed, than the mature one. This is at variaitbeour results, where the same
gap is present in the wild type atgl 3D maps, and images of disrupted virions

clearly show a much more condensed state in theaiome core.
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Materialsand Methods

Virus production and purification. We used as control wild type, mature virions the
El-deleted human adenovirus type 5 (Ad5) variardS@L, Ad5Lucl-HFplila, and
Ad5GLflagllla, previously described iff and® Ad5GL is completely wild type for
all structural polypeptides, while Ad5Lucl-HFplidend Ad5GLflagllla encode small
peptides (approximately 20 residues) fused to therhinus of polypeptide llla.
Viruses were propagated in HEK293 cells, purifiedpaeviously describei and
stored at -70°C in PBS (8 mM PP Oy, 2 MM KH,POy, 137 mM NaCl, and 2.7 mM
KCI [pH 7.4]) plus 10% glycerol. Virus titers webs10"? (Ad5GL), 1x13? (Ad5Luc-
HFpllla), and 4x1& (Ad5GLflagllla) part/ml. Immature virus was obtaih by
propagating the Ad2sl mutant in HelLa cells at 39.5°. Particles were fiadiby
equilibrium centrifugation in CsCl gradients, désdlon a 10DC column (Bio-Rad)
and stored in 20 mM Hepes pH 7.8, 150 mM NaCl do% glycerol at -70°C at a

final concentration of 1x18 part/ml.

Cryo-electron microscopy. Virus samples were dialyzed for 1 hour at 4°C agjain
PBS, applied to freshly carbon-coated, glow disghdrQuantifoil R2/4 300 mesh
Cu/Rh grids, and vitrified in liquid ethane using-eica CPC plunger. Grids were
mounted in a Gatan 626 cryostage and examinedrEl &ecnai G2 FEG microscope
operating at 200 kV. Micrographs were recorded auak SO-163 film under low
dose conditions at a nominal magnification of 50))0and digitized in a Zeiss

Photoscan TD scanner using a step size of 7 pmi(in4he sample).
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Three-dimensional reconstruction. All image processing and three-dimensional
reconstruction tasks were performed using the swévpackage XMIPP %6 except
for determination of micrograph contrast transfemdtion (CTF) parameters which
was done with CTFFIND'. Micrographs free of drift and astigmatism (290 \ild
type, 297 fortsl) were selected and downsampled to a final pixa sif 2.8 A/px.
Particles were manually picked, extracted into 4@ pixel boxes, normalized, and
corrected for the phase oscillations of the CTF ageh flip). Images were
automatically sorted into defocus groups coverirrgraye between -0.5 and -5.8 pm
for wild type, -0.5 and -5.1 um foisl. Iterative projection matching against a
previously obtained 14 A resolution wild type Adspf was carried out using an
algorithm designed to efficiently calculate thettesentations for very fine angular
steps (Marabini, Scheres al., in preparation). Orientation searches were peréad
with decreasing angular steps, from 2 degreesfittah0.2 degrees; correction of the
CTF amplitudes was performed using Wiener filteringd 3D reconstruction was
performed using interpolation in Fourier sp4tdcosahedral symmetry was imposed
throughout the refinement process. The final dédaseluded 9018 (wild type) and
9621 (sl) particles. Fourier shell correlation (FSC) withthmeshold of 0.3 gave a
resolution of 8.9 A (wild type) and 8.7 As{). At FSC = 0.5, the corresponding
resolution values were 9.7 and 9.5 A. A temperafaceor of approximately -450 %A
was calculated according t6 and applied to the final maps to enhance high
resolution features. Enhanced maps were low-palésrefi to the calculated
resolution, and grayscale normalized within ra@i 2o 490 A, roughly enclosing the
icosahedral capsid shell. The mature and immatimes BDEM maps have been

deposited at the Macromolecular Structure DatabaséMSD,
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http://www.ebi.ac.uk/msd with accession codes EMD-1579 and EMD-1586,

respectively

Fitting of high resolution structures and calculation of difference maps. Starting
from the previously reported adenovirus quasi-atomodel (PDB ID 2BLDY), the
crystal structures of four hexon trimers and onet@e base molecule were fitted into
our wild type and immature virus maps using UBDwith icosahedral symmetry
enforced. Since the Ad5 and Ad2 hexon structuregeactically identicaf, the Ad5
hexon (PDB ID 1P30) was used for both maps. Thée szathe maps was refined
during fitting, giving a final pixel size of 2.76.AThis scale was used to calculate the
various difference maps. RMSD values between tiedfiAU for wild type andsl
were calculated with LSQMAR!. A 9 A resolution density map was calculated from
the fitted hexon and penton base crystal structuisiiyg EMAN PBD2MRC®?
Difference maps revealing those capsid compondhts than hexon and penton base
were calculated by subtracting this map from th@-&M reconstructions. Another
difference map was calculated by subtracting tHd type cryo-EM map from that of
the ts1 mutant. Surface rendering figures were createtl WIESF Chimera®, using
the Hide Dust tool to remove small, unconnectedblivom the difference maps. All
maps were contoured at the same level @ &fter grayscale normalization within the
icosahedral shell). Difference peak mass value® walculated by measuring their
volumes at 1.25 level with Chimera, and considering an averageegmadensity of
1.33 g/cmi. The electrostatic potential of a hexon trimer veasculated with the

PyMol (http://www.pymol.org/) APBS plug-irf and visualized with Chimera.

20



Disassembly assays. Mature and immature virus samples (5¥1@art/ml) were
incubated at different temperatures in 8 mMMNRO,, 2 MM KH,PO,, 15mM NacCl,
0.1mM EDTA, pH=7.4 with 1 mM propidium iodide (Maelar Probes).
Fluorescence emission spectra were obtained empglayiHitachi Model F-2500 FL
Spectrophotometer equipped with a cell holder agltid? temperature control device.
A 10-min equilibration time was used at each terapge before data acquisition.
Sample volumes of 0.150 ml were examined in seqledtz cuvettes. The sample
was excited at 535 nm and the emission was moditfsoan 580 to 700 nm using
excitation and emission slit widths of 8 nm. Thaoflescence intensity near the
wavelength of maximum fluorescence intensity focheapectrum (607 nm) was
plotted as a function of temperature. The specteeworrected by subtraction of the
buffer spectrum at each corresponding temperaRIrenaximum intensities for each
temperature are presented as a fraction of thalimtaximum (I/lo) with standard
errors (N=3). For imaging of disassembly produstanples were adsorbed to glow
discharged, collodion/carbon coated EM grids, negt stained with 2% uranyl

acetate, and observed in a Jeol 1200EX-II transomsdectron microscope.
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Figure Legends

Fig 1. 3DEM maps and quasi-atomic models. Central sestairthe wild type(A)
andtsl (B) maps, both filtered at 8.9 A resolution. The kepresents 200 A. Higher
density is white(C) Resolution assessment. Fourier shell correlationes for the
wild type (wt) andtsl 3DEM maps(D) Surface rendering showing the wild type AU,
as seen from outside the virion. The 4 indepentiexbn trimers are labeled 1-4.
Hexon 1 and its symmetry mates form the periperntong; hexon trimers 2, 3 and 4
form the GONs. The bar represents 100(B) Ribbon representation showing the
wild type quasi-atomic AU model. The four hexomrters have been labeled as in (D)
and depicted in different colors to facilitate mpietation. One penton base molecule
is shown in dark blue(F) A slab of the AU showing the good correspondence
between the cryoEM density (semitransparent surfaicea-helices at the base of the
hexon trimers, colored as in (E). Black filled syitsindicate the 5-fold (pentagon),

3-fold (triangle) and 2-fold (oval) icosahedral syetry axes.
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Fig 2. Differences between mature and immature capéisDetails of sections (42
A away from the virion center, looking along a 2dfaxis as in Fig. 1 A and B) of the
wild type (wt) andtsl 3DEM maps, as indicated. The positions of extrasdes
appearing in thésl map are indicated with a white square (type lediffice, at the
capsid-core interface) and circle (type 2 diffeesnmside the hexon cavity]B)
Surface rendering of the wild type-quasi atomic elo@ellow) andtsl-wild type
(red) difference maps superimposed on the quaskatomodel density map
(semitransparent). Note that the AU is shown ar feen inside the virus, i.e. rotated
180° around a horizontal axis with respect to E@, E and F. The four independent
hexon trimers and one penton base molecules apeecbas in Fig. 1E. Black boxes
and circles indicate the location of type 1 ancet@pdifference densities. Black filled
stars indicate the position of the second indepeingelypeptide VIII copy (the first
one is located underneath the peripentonal ringckBfilled symbols indicate the 5-
fold (pentagon), 3-fold (triangle) and 2-fold (oyvatosahedral symmetry axelC)
Schematics showing an AU in the same orientatioim éB). The four hexon trimers
are represented as hexagons, and the penton baseeastagon. Black and grey
shapes indicate the current model assignmentsolgpgptides llla, VI and VIII. Red
boxes and circles indicate the location of tlewild type type 1 and 2 differences.
(D) A section across the icosahedral edge showingntiex cavities of hexon trimers
1 (green) and 2 (purple). External density in th&d wype-quasi-atomic difference
map (yellow) corresponds to the fib&y &énd hexon looph(). Colors and symbols as
in (B). (E) Electrostatic surface coloring for a hexon triméhe front half of the
molecule has been clipped away to reveal chargdsmnwihe cavity. All scale bars

represent 50 A.
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Fig 3. Differences between mature and immature cqresRadial average profile of
the wild type andsl 3DEM maps(B) Examples of disrupted virions found in cryo-
EM preparations of wild typent) andtsl samples, as indicated. An arrow indicates

an intact particle. The scale bar represents 100 nm
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Fig 4: Disassembly assayfA) Analysis of DNA release for wild type ansl virus
measured by extrinsic Pl fluorescence at 607 nma dsnction of temperature.
Average values and error bars indicating standasviatons for triplicate
measurements are plott€B8) Negative stain electron microscopy images of ik
andtsl disassembly intermediates obtained at 45 or 4@80Gndicated. The scale bar

represents 200 nm.
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Table

Table 1. Adenovirus polypeptides cleaved by AVP. Residue numbers refer to Ad2 sequence.

Shadowed rows indicate peptides with a strong tendency to structural disorder, as predicted

by FOLDINDEX **.
Polypeptide Precursor Cleaved Peptide | Approximate Total Disorder
length (aa) peptides mass copy number peptide prediction
(kDa) mass in (FOLDINDEX)
virion (kDa)

IIa 585 570-585 1.8 60 108 yes

VI 250 1-33 3.6 360 1296 no

239-250 1.3 360 468 yes

VIl 198 1-24 2.6 800 2080 yes

VIII 227 112-227° 12.6 120 1512 no

0 80 1-32 3.4 100 340 yes

51-80 29 100 290 no

TP 653 Not clear' 32° 2 64 ?

! Four potential sites predicted by PattinProt >°.

? Estimated from the difference in mass between the precursor (87 kDa) and the final product

(55 kDa).

3 The C-terminal fragment of polypeptide VIII is considered, as the N-terminal fragment has

previously been assigned to ordered density in the wildtype capsid . PattinProt predicts two

more cleavage sites, at residue numbers 131 and 157.




Figurel

Cosf
5
3
£ 06
=
§ 03
= |
i —_
— =]
0
1740 1540 /12 /8

spatial frequency (14A)


http://ees.elsevier.com/jmb/download.aspx?id=434943&guid=c697c5aa-5814-4301-a0cc-8edc46745d81&scheme=1

Figure2



http://ees.elsevier.com/jmb/download.aspx?id=434937&guid=259681b1-47a1-4119-b64e-11842ecb4384&scheme=1

Figure3



http://ees.elsevier.com/jmb/download.aspx?id=434938&guid=a0026b6e-5430-415a-9b84-93bda3a921b7&scheme=1

Figure4

3.75 =
3.5
3.25 =
3 -
275 =
2.5 =

Illo

2.25 =

1 1 1 1 ] ] 1 1 1 1 J 1
15 20 25 30 35 40 45 50 55 60 65 70 75 80

Temperature (C)




	NIHMS136575.html
	YJMBI_61549.pdf
	NIHMS136575_1.html



