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Summary

Minor coat protein llla is conserved in all adenoviruses and reqtarezbrrect viral assembly,
but its precise function in capsid organization is unknown. The latesbvwdes capsid model
proposes that llla is located underneath the vertex region. To @fparimental evidence on
the location of llla and further define its role, we engineetieel llla gene to encode
heterologous N-terminal peptide extensions. Recombinant adenovirus variarttavatitoding
six-histidine tag (6-His), 6-His and FLAG peptides, or 6-kh&dd to FLAG with a (GlySer}
linker were rescued and analyzed for virus yield, capsid incorporatfiheterologous peptides,
and capsid stability. Longer extensions could not be rescued. Westernhblysis confirmed
that the modified llla proteins were expressed in infecteld eald incorporated into virions. In
the adenovirus encoding the 6-His-linker-FLAG-Illa gene, the 6-dliswas present in light
particles but not in mature virions. Immuno-electron microscopy ofvinis showed that the
FLAG epitope is not accessible to antibodies on the viral parti€l@®e-dimensional electron
microscopy (3DEM) and difference mapping located the lllarNitgal extension beneath the
vertex complex, wedged at the interface between penton base erkripentonal hexons,
therefore supporting the latest proposed model. The position of thid-tdeminus and its low
tolerance for modification provide new clues for understanding the role of this maigorotein

in adenovirus capsid assembly and disassembly.

Keywords: Adenovirus, polypeptide Illa, minor coat protein, virus structure, three-dimensional

electron microscopy



Introduction

Adenovirus (Ad) has been found in every class of vertebrates includimgnals, birds, fish,
amphibians and reptile’s In humans they cause common respiratory, gastrointestinal and eye
infections, with 51 different serotypes described so far. Althoahghmost common type of
adenovirus infection is subclinical, adenovirus-induced diseases ansése for significant
morbidity in immuno-compromised patients and children in underdevelopesl’arBaey are
widely used as vectors for gene therapy, and have showed promisecinevdelivery and
oncolysis® %. Because of this dual relationship between adenoviruses and humaash@genic
agents and therapeutic tools), accurate knowledge of capsid strigctunelamental to both the
discovery of anti-adenovirus drugs and the design of new, efficiealt wactors for gene
therapy.

At least 11 structural proteins combine to form the non-envelopedhstisl adenovirus
capsid that contains the dsDNA-protein core complex. The virion hatiameter of
approximately 900 A not counting the fibers, and a particle ma$s®f1§ Da®. Each capsid
facet has 12 trimers of the major coat protein, hexon. At eatbxydive penton base subunits
form the penton base, which is complexed with a trimer of the poojgcting fiber. The crystal
structures of hexon and the vertex proteins (penton base and fiber) have beefi $6ived

Atomic resolution structures are not presently available foohttye adenovirus minor coat
proteins (polypeptides llla, VI, VIII and IX). These proteins dreught to play a dual role in
stabilizing the virion while allowing the flexibility necesgdor its disassembly during infection
19 However, the specific role of each minor coat protein in capsid assembly is not known.

Polypeptide llla is conserved in all adenoviruses describear $pviith an estimated copy

number of 60° 2 In human adenovirus type 5 (Ad5) the 585 amino acid precursor plila is
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cleaved by the viral protease during particle maturation, remgo¥b residues from its C-
terminus and giving rise to the 570 amino acid, 63.5 kDa mature pf6téinPolypeptide Illa
has a role in capsid assembly, as shown by studies on thislJA@2nutant. When grown at the
non-permissive temperaturts112 contains similar amounts of llla as the wild type virus, but it
produces mainly low density particles depleted in core compofierfteese are reminiscent of
assembly intermediates blocked at a late stage of assembly, probablgriapsidation.

Early experimental work produced somewhat conflicting evidence #imidcation of llla.
On one hand, co-immunoprecipitation and cross-linking assays indicatéidtiveds interacting
with core polypeptide VII, and was thus probably internally plaéetf. On the other hand, a
serum raised against Illa was able to immunoprecipitate ivitians *°, suggesting exposure on
the outer capsid surface. Assays estimating the degradationofgpesteins in the virion by
Argon plasma etching found that llla and polypeptide VI are degrat@ctermediate rates,
suggesting a position inside the capsid but not deep in thécdxanodel based on combined
electron microscopy (EM)/X-ray imaging studies on Ati2fulfilled both requirements by
placing llla at the facet edges, with about 2/3 of the protein butkeexternal capsid surface,
while the rest was assigned to an inner density region diredddyvbelowever, recent studies
have challenged this and other assignments of minor coat protein localizatioesapsid.

First, reconstructions of polypeptide IX-deleted mutants showed that the lxckestilted in
loss of density at both the positions assigned to IX and the expemadf llla'’” *2 While Fabry
and coworkers interpreted their maps in terms of Illa beieggmt only outside the capsid and
destabilized in the absence of IX, Scheres and coworkers showednataieling data
suggesting that llla is not exposed at the virion surface. Second, a 3DEM map of radenihki

GFP fused to the C-terminus of IX showed extra density abovextkenal position assigned to
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llla, raising the possibility that either the density on tepsid surface assigned to llla
corresponds to the C-terminal region of IX instead, or that modditatto IX result in the
ejection of Illa*®. Third, a 6 A resolution adenovirus map interpreted with the help of dagon
structure predictions has proposed new locations for all minor cotings, reassigning llla to
an internal position close to the vert€x Whereas all these interpretations are plausible and
consistent with their respective data, the need for direct expetatevidence for minor capsid
protein locations is clear. A recent study on the structure mheaadenovirus supports the
location of the C-terminal domain of IX at the capsid edfesut there is at present no
experimental confirmation regarding the position of llla or any of the otimasr coat proteins.
Here we describe the design, construction and characterizatidd5omutants containing
heterologous peptide extensions at the N-terminus of protein hab&havior of the different
constructs regarding viral rescue, extension incorporation and capbiditys is evaluated.
3DEM analyses reveal the location of the Illa N-terminakesion within the capsid. The
implications of our findings for the role of polypeptide Illa in viral assembtydisassembly are

discussed.



Results

To investigate the role of polypeptide llla in adenovirus capsieitddg, we constructed
recombinant Ad genomes encoding heterologous peptide extensions at tineindgeof Illa
(Fig. 1). The N-terminus was selected because the pllla C—termsnakeaved off by the
adenoviral protease during virion maturation Peptide extensions were incorporated into llla
between the first two methionines and included a 6-His tag (Atd&H an 18-residue extension
comprised of a 6-His tag and a flexible FLAG-containing linked5lucl1-HFpllla), and a 31-
residue extension containing a 6-His tag, a flexible linker congithree GS repeats and a
FLAG peptide (Ad5GLflagllla). To explore the capacity of tlia Icapsid locale to tolerate
more structurally complex moieties, we introduced a 60-residusng®h containing a 37-
residue (45A) alpha helix spacéf between the 6-His and FLAG sequences (Ad5Lucl-
H45Fpllla). We have previously incorporated fluorescent proteins to o#pesid components
thereby allowing direct imaging of vector particlés ** To explore the compatibility and
function of this moiety at the llla locale, we inserted the eGp€h reading frame between the
FLAG and 6-His tags (Ad5Lucl-HeGFPFpllla).

Following construction and verification of recombinant Ad genomes containing eabii&,
Pacl-linearized genomes were transfected into 293 cells for viagiee Three of the genomes,
Ad5Hgllla, Ad5Lucl-HFpllla, and Ad5GLflagllla produced viral propagatiamd ecytopathic
effect (CPE). However, introduction of AdS5Lucl-H45Fpllla and Ad5LHEGFPFpllla
genomes into 293 cells did not result in CPE after multiple ater®n this basis, we concluded
that these llla species were not compatible with the formatiomew viral particles and

represented a block to Ad propagation.



The rescued Ad5#ila, Ad5Lucl-HFpllla, and Ad5GLflagllla constructs were progiagl
in 293 cells and analyzed for capsid incorporation of heterologous peptjgenses. The
expression of modified llla genes in the context of AglBd, Ad5Lucl-HFpllla, and
Ad5GLflagllla genomes was validated by Western blot using mondckméodies (mAb)
specific for 6-His or FLAG peptides. As shownkig. 2A, multiple polypeptides containing 6-
His or FLAG tag were observed in the lysates of 293 cellstefewith Ad5HiIlla, Ad5Lucl-
HFpllla, or Ad5GLflagllla virus but not with control AD5GL vector. Thetetgion of major
protein bands with molecular mass of 65 kDa, as expected for the edoddlypeptides llla,
confirmed the synthesis of full-size protein llla containing theeiiinal FLAG and/or 6-His
tags upon Ad infection. To study incorporation of modified llla protems the capsid,
Ad5Hgllla, Ad5Lucl-HFpllla, and Ad5GLflagllla viruses were purified 68Cl gradients. Both
the upper viral band containing defective viral particles and ther Ibaed representing mature
virions separated during the first centrifugation were collectet purified on a second CsCl
gradient. We have not observed significant differences betweenprgparations in amount of
defective particles relative to mature virions. The totaldgedf mature virions purified from
equal number of cells infected with Ad8Ha, Ad5Lucl-HFpllla, Ad5GLflagllla, and Ad5GL
were estimated as 3.4 x'£01.7 x 10% 3.9 x 16% and 5.8 x 1¥ viral particles, respectively.
The capsid incorporation of modified llla polypeptides was assessbd oontext of defective
and normal virions using Western blot analysis for the presenti&aehcorporated 6-His and
FLAG peptides as described above. As can be se&ngir2B, the 6-His tag was present in
Ad5Hgllla defective particles, while both the 6-His and FLAG tagsendetected in immature
Ad5Lucl-HFpllla and Ad5GLflagllla virions as was expected frév Hlla gene modifications

introduced into the corresponding viral genomes. When mature virionsawalged, positive
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signals were detected for both Ad5Luc1-HFpllla and Ad5GLflaglllemvprobed with an anti-
FLAG mADb, as well as for AdS#illa and AdS5Lucl-HFpllla with an anti-Penta-His mADb.
However, no 6-His-containing protein was detected in mature Ad5GL#agirions. While
confirming the presence of intact 6-aa and 18-aa peptide extensitms lda N-terminus in
mature AdSHIIla and Ad5Lucl-HFpllla viral particles, these data indidatieat a part of the
31-aa extension that includes the 6-His tag is absent from Ad5fhldlgarticles, even if the
complete extension is correctly expressed and incorporated into immatickepar

Since previous evidence indicated a role for polypeptide llla in capsambly, we tested
the thermostability of Ad5Lucl-HFpllla and Ad5GLflagllla viriotes see whether extensions of
the llla N terminus affected the efficiency of virus infeati The relative stability of Ad5Luc1l-
HFpllla, Ad5GLflagllla, and Ad5GL was assessed based on reductigxd-ohediated gene
transfer levels subsequent to virus incubation at 45°C which werelatelt with respect to
untreated virus samples. These experiments did not revealguifycant changes in infectivity
of Ad5Lucl-HFpllla and Ad5GLflagllla viruses as compared to th&@ld control (Fig. 3)
thereby indicating that the N-terminal extensions introduced irdteipr llla do not interfere
with viral capsid integrity required for cell infection.

We then used Ad5GLflagllla for studies aimed to elucidateottegibn of the N-terminal Illa
modification in the capsid. We first performed immuno-electronresmopy (immuno-EM)
using a gold-conjugated secondary Ab for visual detection of thermiital tag. As positive
controls, we included Ad5EZ-pIX-Flag-45A-6His F5/3 and Ad5EZ-plIX-Fl@g-6His F3/3
vectors that encode modified I1X proteins displaying both FLAG andsGsétjuences separated
by either 45A or 10A alpha helix spacers, respectively. No signif label was detected on

Ad5GLflagllla viral particles, neither intact nor broken, in expentaeperformed with either
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anti-6-His—tag or anti-FLAG antibodies. Both antibodies successfuigognized the
corresponding epitopes when displayed at the polypeptide IX C-terfkiigigl), even showing
quantitative label differences related to the different adwéss of the 6-His tag when two
constructions with different linker lengths were compar€db(e 1). This indicates that the
FLAG epitope in the llla extension, while present in the capsishag/n by Western blot, is
masked by other viral components.

To localize the N-terminus of polypeptide Illa in the capsid, aleutated a difference map
between three-dimensional cryoEM reconstructions of the modifasGAflagllla and of the
original Ad5GL vector encoding native llla. Special care wa&®rtato use similar imaging
conditions for both datasets, thereby minimizing differences cabgethe effect of the
microscope contrast transfer function. Both maps were caldulagi®g a similar number of
images and the same image processing procedures, and filt¢éhedsaime final resolution (14
A). Since the only difference between both specimens is the Natrraxtension in llla,
positive difference peaks in an Ad5GLflagllla-Ad5GL differencapnshould reveal the position
of the extra residues, and therefore of polypeptide llla hiters.Fig. 5a shows a central cross
section of the Ad5GL and Ad5GLflaglila maps, and of the differencevadmat them. The
strongest positive difference peaks (over&ove noise level) appear inside the protein shell,
close to the vertices. Vertex density was weaker than thHaxahs in the Ad5GLflagllla map,
which originated a negative difference peak encompassing the pentorAdblad flaglila
penton occupancy was only 45% that of the control Ad5GL. This inditteiesn average, more
than 6 pentons are lost per particle. It was therefore necdssamestigate the possibility that
the positive difference peaks close to the penton arose as a consegfiestactural

rearrangements due to the absence of some vertex components.
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Since it is not possible to differentiate particles lackiag of their pentons directly in the
experimental images, we resorted to a single particle reacheh (SPR)-based classification
method'®. SPRs were obtained for all particles in the Ad5GLflaglltasiet, using an algorithm
previously shown to reduce the SPR artifacts at the symmeéy. §wo subsets containing
approximately 30% of the complete original image dataset each sedected, and used to
calculate two 3D maps corresponding to those particles with highdéSGLflagllla_high) and
lowest (Ad5GLflagllla_low) penton densities. These maps were substy compared to a
map calculated from a similar number of Ad5GL particlescsete at random throughout the
defocus groups (Ad5GL_subset). Penton occupancy was 71% and 7% for the
Ad5GLflagllla_high and Ad5GLflagllla_low maps, respectively. Diffisce maps calculated
between either Ad5GLflagllla_high or Ad5GLflagllla_low, and the Ad5GL_sulvegt, at 18 A
resolution, are shown ifkig. 5c. The (Ad5GLflagllla_high minus Ad5GL_subset) map was
noisier than the others, but it showed the same positive differeeded] adjacent to the
innermost region of penton. A difference map between Ad5GLflagllla_hagid
Ad5GLflagllla_low showed no significant difference at this position gtawn). Therefore we
conclude that the positive difference peak is not related to penobubso the presence of the
llla N-terminal extension. The (Ad5GLflagllla_low minus Ad5GL_subseap did not show
any significant negative difference peaks other than the pengdh itslicating that even in the
lowest penton occupancy particles no other icosahedrally ordered componentstwere los

A surface rendering of the 14 A resolution difference map contetr@ sigma level over
the Ad5GL 3D map is shown iRig. 6a, c. There were no significant difference peaks outside
the capsid. The strongest peaks above noise level are locatedionethshell surface, close to

the interface between penton base and the peripentonal hexons. The®esaoh peaks in the
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difference map, in agreement with the biochemically determinggeplide Illa copy number
1512 The difference peak is nestled within a cany@ig.(6c), and is seen to be masked by other
densities when the contouring threshold of the Ad5GL map is sligiviigred (not shown)This
may explain why there was no label in broken particles in ourumeriEM studies. Fitting of a
FLAG peptide crystallographic model into one of the differen@kpashows that its volume is
just large enough to contain the FLAG t&gg 6b). Fitting of the high resolution structures of
penton baséand hexorf onto the Ad5GL map provides a clearer view of the position of the Illa
N-terminus with respect to these capsid componéhts €d, €). The llla N-terminal extension
is located at the opening of a crevice defined by the penton base@adjacent peripentonal
hexons. The center of the difference peak is approximately 15a§ &em the closest atoms
present in the penton base and hexon structures. Five residues inmeauhstef hexon, and 51
residues at the penton base N-terminus, are not present in treal @tyuctures, but are in
regions oriented towards the core. The N-terminus of polypeptide @8 located by our

difference mapping, is within reach of interactions with some of thesenermesidues.
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Discussion

We have tested the effect of modifying adenovirus minor coat ipidigeion capsid assembly
and stability. The N-terminus of llla was chosen for incorporagxtgnsions, due to proteolysis
of the C-terminus during virus maturation. We have determined thegposftithe N-terminus of
adenovirus minor coat protein llla by peptide-based difference mapging’yoEM 3D
reconstructions. The power of this technique was first demonstrdied the N-terminus of
hepatitis B virus capsid protein was localized by addition of eeglitaneous residues, which
were visible in the difference map even at moderate (20 A)utimof>. Our results emphasize
once more the potential of this methodology, by locating a sim#anigll extension in the much
larger adenovirus capsid (~950 vs. ~300A diameter, 20 times larger in mass).

The Ad5GLflagllla recombinant virus encodes a 31-residue extensibe &i-terminus of
llla. Western blot analyses showed that the entire 31 residue-atbtif protein was expressed
in infected 293 cells and incorporated into low density Ad5GLflaghidaticles representing
defective virions. However, the llla protein contained in maturengridoes not contain the N-
terminal 6-His tag. The most likely explanation of this findin¢hest the 6-His tag is cleaved by
the adenoviral proteasé during Ad5GLflagllla particle maturation, since (M/l/L)XGX-G and
(M//IL)XGG-X consensus sité8 are present in the flexible linker between 6-His and FLAG
sequences in the engineered N-terminal Illa extension.

The only part of the 31-residue extension that was unequivocally preseabGLflaglila
virions was the FLAG peptide. Since there are no detectablepepiin the flexible linker, it is
not possible to determine the exact extension length(s) ofnlitaese virions. The difference
peak corresponding to the llla N-terminal extension in the 3DERrdifice map is just large

enough to accommodate a structured FLAG peptide. This would agteeithier the FLAG tag
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being the only part of the extension present in most of the viral particles, dhe/i#.AG being
the only extension element ordered enough to appear in an averageldedcalba symmetric
3D map. This would be expected, as the FLAG tag is the regitineofieterologous peptide
closest to the protein native N-terminus.

The positions of adenovirus minor coat proteins in the capsid webdiststd in one of the
first combined X-ray/3DEM imaging studiés Recently, a new model has been proposed based
on an improved 3DEM map (6 ¥s. 25 A resolution) and secondary structure predictfSns
Experimental confirmation on the location of as many capsid compomasnisossible will
facilitate interpretation of any future adenovirus structuréh.d@ur difference map places the
llla N-terminal extension close to the newly predicted positionlifar at the inner interface
between penton base and the peripentonal hexons, and therefore supporte tnedeé
Previous evidence indicated that at least part of llla would be espms the capsid surfacg
Both the model by Sabaa al. ° and the results reported here refer only to the position of the N-
terminal region of polypeptide llla, so there might still be a goef whether the C-terminal
region of llla is actually exposed. Several lines of evidence sugimhypothesis that it would
also be internally located, possibly in contact with the viral .cBnest, 15 residues at the C-
terminus of pllla are cleaved by the adenoviral protease upon wirgburation*>. The protease
is packaged together with the viral genome and uses DNA asetadf, so presumably the
cleavage region has to be close to the core. Second, previous immuno&ld assig a
polyclonal serum against llla showed labeling of broken particlgs'@nThis indicates that not
only the N-terminal region, but epitopes throughout the polypeptide chaimoa accessible to

antibodies from the outside.
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Our results show that there is little tolerance for incorpmratf extensions at the N-terminus
of llla, such that only the shortest and less structured ones beutdscued. This implies a
relevant role for this region of the protein during assembly. Althoogat treatment assays
indicated no detectable difference in infectivity between esuntaining wildtype or modified
llla, it is interesting that the penton density in our Ad5GLflegBDEM map is weaker than that
of hexons, indicating that in these viruses there is a tendenclessaevertex proteins. This is
not an uncommon occurrence in adenovirus preparations, depending on the aparticul
purification protocol or storage condition§ '° and so it must be interpreted with caution.
However, it is tempting to relate partial penton loss withntleglifications introduced in the llla
N-terminus, which we have mapped to the interface between penterabdghe peripentonal
hexons on the inner capsid surface.

It has been reported that the A212 mutant, with just three amino acid changes in
polypeptide llla, accumulates light particles with little or nNAwhen produced at the non-
permissive temperatuf& %2 This is a sign that llla has a role in correct genome pauiabike
Ad5GLflagllla, Ad2ts112 has a tendency to lose pentons, as shown by gaps in the capsid in
negatively stained EM imagé8 Structural studies have revealed a striking similarity batwee
adenovirus and the bacterial virus PRE1%” 3! In the PRD1 crystal structure, the position
under the vertex at which we find the llla N-terminus is occupiethb small (117 residues)
capsid protein P16% P16 links the icosahedral PRD1 capsid to its internal membrane, a
structural feature that does not exist in adenovirus. Neverthblkessye show here for the Illa
N-terminus, five copies of P16 are present at each vertex. Thegahtvith the PRD1 penton
base P31, the peripentonal P3 capsomers, and the small cementany lpeoieath the capsid

edges P30. PRD1 mutants lacking P16 can assemble and package tieneina with as much
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efficiency as the wild type virus, but upon purification they Itise DNA and the vertex
structures, much as seen for the AgP12 mutant®. It seems therefore likely that llla is the
adenovirus counterpart of PRD1 P16. Both proteins would be required forzstadmil of the

vertex and the packaged genome, and may be involved in coordination ofddd&e events

during infection.
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Materials and Methods

Construction of recombinant Illa-modified Ad genomes. To achieve the genetic
modifications of the N-terminus of llla we clonedPanill-Hincll DNA fragment (2820 bp)
including the Illa open reading frame (ORF) from plasmid pTG3808ontaining the Ad5
genome betweefimal and Hincll sites in pBluescriptlISK plasmid (Stratagene, La Jolla, CA)
generating plasmid pBsllla. To introduce a unique restrictionrgtehe 5’-end of the llla gene,
PCR primers plllaN6His.U (5'-cac cat cac cat cac catGATAA GAC GCA AC) and
plllaN6His.L (5-atg gtg atg gtg atg gtg CAT CTG ATAGA AAC ATC) were designed to
encode six consecutive histidines (6-His tag, low case letters) folloyvatlidel recognition site
(underlined). The pBslila plasmid DNA was used as a templampify two DNA fragments,
740-bp and 261-bp long, using the following pairs of primers: plllaN.FC(BC GAG GAG
GTG GCT ATA GAC TGA) and plllaN6His.L, plllaN6His.U and EN.R (5-TTC GGC CAG
CGC GTT TAC GAT C), respectively. DNA fragments were padfand then joined by a
second PCR using plllaN.F and plllaN.R primers. The resultant fP&ffent (983 bp) was
digested withBsml and Mlul and the 738-bp DNA fragment was ligated with 8enl-MIlul
fragment of pBsllila plasmid generating plasmid pBs6HlIlla. Plasmid encodes llla with both
a 6-His tag andNdel site between the first two methionine residues, and formed tie dfaall
subsequent llla modifications.

To incorporate a FLAG octapeptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp)lgownstream of
the 6-His tag in the N-terminus of llla, 5’-phosphorylated oligonuestAgelFLAG-F (5'-T
ACC GGT GAT TAT AAG GAT GAC GAT GAC AAG AGC GG and AgelFLAG-R (5-T
AGC GCTCTT GTC ATC GTC ATC CTT ATA ATCACC GG) were annealed to form a

DNA duplex encoding a FLAG peptide with Agel site upstream of the FLAG (in bold) and an
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Afel site downstream (underlined). This oligo contaNdel-compatible 5’-cohesive ends, and
was ligated withNdel-digested pBs6HIlla to generate shuttle plasmid pBs6HisAgeGiillla,
which encodes an 18aa N-terminal Illa extension. To insert alidal spacef? between the
6-His tag and FLAG sequence, plasmid pBs6HisAgelFLAGpllla digssted withAgel, cutting
the plasmid between the 6-His and FLAG sequences. The 45 A \limlsePCR amplified with a
forward primer  containing an Agel restriction site (in bold) (5-
AGCTAACCGGTGAGACGCGG) and a reverse primer containingxamal site (in bold) (5'-
GCTCAGCCCGGGTGGGATCT). A cDNA clone of APOE4 vector from human skin
(GenBank 1.D.: BC072022, BU839307; I.M.A.G.E. Clone ID:6263100) in pOTB7 vector from
ATCC (#8291716) was used as a PCR template to amplify the 45cArsgquence. The spacer
PCR product was then digested whbel/Xmal to createAgel cohesive ends, and ligated into
Agel-digested pBs6HisAgelFLAGplIIIa, resulting in shuttle plagm
pBs6HisAgelFLAGplIla45A, which encodes a 60aa extension. To incorporateia®RRe llla
N-terminus, the eGFP ORF was PCR-amplified with forward preoataining andigel site (in
bold) (5-CTAGTACCGGTATGGTGAGCAAGG) and a reverse primer containing >amal
site (in bold) (5-CTGGACCGGGCTTGTACAGCTCGT), digested witiAgel/Xmal to create
Agel cohesive ends, and ligated inégel-digested pBs6HisAgelFLAGpllla to create shuttle
plasmid pBs6HisAgelFLAGplllaeGFP, which encodes a 256aa extenBmnncorporate a
flexible linker and FLAG octapeptide downstream of the 6-His tathe N-terminus of llla,
oligonucleotides 5- TAT TGG TGG AGG CGG TTC AGG CGG AG@GG CTC TGG CGG
TGG CGG ATC CGA TTA TAA GGA TGA CGA TGA CAA GGA and 5TAT CCT TGT
CAT CGT CAT CCT TAT AAT CGG ATC CGC CAC CGC CAG AGCAC CTC CGC CTG

AAC CGC CTC CAC CAA were synthesized. The oligos were amdet form a DNA duplex
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encoding the (GlySer)} flexible linker followed by the FLAG peptide while containing the
Ndel-compatible 5’-cohesive ends and ligated wlittel-digested pBs6Hllla to generate plasmid
pBs6HIIFlagllia.

To generate genomic plasmids, @&ml-Hincll DNA fragment isolated from pBs6HIlla
(2675 bp) or pBs6HIIFlagllla (2750 bp) was used for homologous DNA recondnnaiih Ad5
genome plasmids pTG360Z or pAd5GL * linearized with Pmel within the Illa ORF,
respectively. For Illa N-terminal modifications of 18aa (6-&sl FLAG), 60 (containing also a
helical linker) and 256 (encoding eGFP), shuttle vectors pBs6HisR4€pllla,
pBs6HisAgelFLAGpllla4d5A and pBs6HisAgelFLAGplllaeGFP  weraligested  with
EcoR1/Xhol/Xmnl, and theEcoR1/Xhol fragments containing the modified llla ORF were
isolated. These fragments were then used for homologous recombingtth Pmel-linearized
genome plasmid pAdEasylCMVLU®pllla. This is a pAdEasyl-based Ad5 genome that
encodes a CMV promoter/firefly luciferase expression cassette E1, but contains a deletion
of the N-terminal region of llla, encoding the C-terminal 833 bthefllla ORF as well as the
nativePmel site in the Illa region.

The resultant pAdSdHla, pAd5GLflagllla, pAd5Lucl-HFpllla, pAd5Lucl-H45Fpllla
pAd5Lucl-HeGFPFpllla genomic plasmids were digested Wwétl to release viral genomic
DNA and transfected into 293 cells as described elsewffer€ to rescue the replication
competent Ad5kKllla and all other replication-deficient constructs. All llladified viruses and
the previously described Ad5GT® control vector were propagated on 2@8s, purified by
centrifugation on CsCI gradients, and dialyzed against PBS (N&MPQ,, 2 mM KHPQ,,
137 mM NacCl, and 2.7 mM KCI [pH 7.4]) containing 10% glycerol. The tfephysical viral

particles (v.p.) was determined by the methods of Maizail 2.
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Construction of recombinant I X-modified Ad. Ad vectors AdSEZ-plIX-Flag-10A-6His F3/3
and Ad5EZ-pIX-Flag-45A-6His F5/3 were constructed based on the Ad5sidizekbone with
deletedEl andE3 regions. Both viruses were replication defective and had a cgtlowrus
(CMV) promoter-driven firefly luciferase reporter gene (leassette placed in tHel region.
Each virus carried an 8 aa FLAG sequence at the C-terminpslydeptide IX fused to a
GSRGS(Hy sequence motif via a spacer. While Ad5EZ-pIX-Flag-10A-6His F3isvrad a 10
aa spacer sequence P(FApetween the FLAG and the GSRGS(Hnotif, Ad5EZ-pIX-Flag-
45A-6His F5/3 virus carried a 37-aa long spacer (EETRARLSKELQARLGAD
MEDVCGRLVQYRGEVH) with ana-helical structure also known as the “45A spaé&rEach
spacer was connected to the polypeptide IX-FLAG via a two-aatitbLA linker encoded by
the sequence of thiehel site, 3'- adjacent to the FLAG sequence. The viruses also gesses
modified fiber protein chimeras with the Ad3 serotype fiber knob domains either Ad5
(Ad5EZ-pIX-Flag-45A-6His F5/3) or Ad3 (Ad5EZ-plX-Flag-10A-681iF3/3) serotype fiber
shaft domains.

A conventional PCR-based approach followed by cloning of the PCR madtactheNhel
site of the shuttle plasmid pShipIX Flag was used to gendeatierivatives carrying the 1X-
FLAG sequence fused to the 6-His containing motif via two diffespaters. To amplify the 10
aa spacer with the GSRGSgH)motif a shuttle plasmid pNEB.pk.RGS6HSL containing Ad5
fiber gene withGSRGS(H} at the C-terminus was used as a PCR templated the following
sense and anti sense PCR primers, respectively: 5’-TGA CARS8C CCC ATC AGC CTC
CGC ATC T; 5-GCG TTA GCT AGCITA GGA TCG GGT TTA TTA G. The following sense
and anti-sense PCR primers were used to amplify the 45A-spacer seqitar@8RGS(Hy: 5'-

TGA CAA GCT AGC CGA GGA GAC GCG GGC ACG GCT GTC CAA GGA G; 5-ATG
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GTG ATG CGA TCC TCT CGA TCC ATG CAC CTC GCC GCG GTA Another anti-sense
primer 5-TTT AAA GCT AGCTTA TTA GTG ATG GTG ATG GTG ATG CGA TCC TCT
CGA TCC was used in the second step PCR with the same sanse fariextend the product of
the first step reaction and add the sequence corresponding toSIR&SEH). Nhel site
recognition sequences are underlined. A cDNA clone of APOE4 veaior human skin
(GenBank 1.D.: BC072022, BU839307; I.M.A.G.E. Clone 1D:6263100) in pOTB7 vector from
ATCC (#8291716) was used as a PCR template to amplify the 45 A spacer sequence.

To introduce the above protein IX modifications into the AdEasy-1 backbamging either
F5/3 or F3/3 fiber genes, the corresponding pShuttle plasmids werarited withPmel
(between the homology arm sequences) and recombined with AdEa8ydrFAdEasy-1F3/3
backbone plasmids in BJ5183 strainEofcoli as described previousfy. In order to generate
AdEasy-1 backbones with F5/3 or F3/3 fibers we first generateda®\dE with fiber gene
replaced by a unigu8wal site and then recombined tBeal-linearized fiberless backbone with
two shuttle vectors pKAN3.1F5/3 and pKAN3.1F3/3 as described elseWheFee fiberless
AdEasy-1 was constructed by recombination of the commercial $ydEavector with
pZeroAE3.6.9, which in turn was derived from the parental pZero2E3.6.9 plasnudlétyon
of the E3 region by a two step PCR approach. Briefly, in tise dtep two pairs of PCR primers
were used to generate a couple of PCR fragments, amplifyingrid5800 bp size fragments of
the Ad5 sequence located between and adjacent to the uniqueAg#tesand Swal in
pZero2E3.6.9. The sense primer of the 160 bp (upstream) PCR fragment aattithense
primer of the 300 bp (downstream) PCR fragment contained sequendgmlodnd Swal,
respectively. The other PCR primer pairs contained an aatifiajeneratedlal site. The PCR

products from the first step reaction were digested ®iti and ligated together to serve as a
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template for PCR amplification with the external ser&gal) and anti-senseS(val) primers
used in the first step reactions. The 450 bp chimera product wagligeested withApal and
Swal and used to replacapal-Swal restriction fragment in pZero2E3.6.9 thereby deleting E3
sequence. The resulting E3 deletion (Ad5 nts: 28,133-30,817) contains extree@ides at
each side of the deletion as compared to the one in the comnfedEiasy-1 (deletion of Ad5
nts: 28,130-30,820).

Protein electrophoresis and Western blot. Samples of CsCl-purified Ad5Lucl-HFpllla,
Ad5GLFlagllla, Ad5Hillla, and Ad5GL virions, or lysates of infected cells, were boiled
Laemmli loading buffer and subjected to 4-20% gradient SDS-polyatdéa gel
electrophoresis (SDS-PAGE) to separate viral proteins. To an#tgz N-terminally modified
llla expressed during viral infection in 293 cells, the cell moreskywere inoculated with
Ad5Lucl-HFpllla, Ad5GLFlagllla, Ad5HlIla, or Ad5GL at a multiplicity of infection (MOI) of
100 v.p./cell. Uninfected and infected cells were harvested 24 hours pattenf solubilized at
1 x 10 cells/mL in lysis buffer (1% NP-40, 20 mM Tris [pH 8.0], 137 M\Cl, 10% glycerol,
2 mM EDTA, and 50 pl/mL protease inhibitor cocktail (Sigma, St. LoM®)) by gentle
rocking at 2 - 8° C for 30 minutes, centrifuged at 14,000 x g for 5 minutes, and 20-ul supernatant
aliquots were used immediately for SDS-PAGE. For Westerrablalysis, proteins resolved via
SDS-PAGE were transferred to PVDF membranes and probédettiter anti-Flag M2 mAb
(Sigma, St. Louis, MO) or Penta-His mAb (Qiagen, Valencia,.@®und M2 and Penta-His
mADb were detected with a secondary goat anti-mouse antibody cagugat alkaline
phosphatase (Sigma, St. Louis, MO) by developing the membranes lksihgeaphosphatase
conjugate substrate kit (Bio-Rad Laboratories, Hercules, CA) eesnmmended by the

manufacturer.
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Gene transfer assay. Monolayers of 293 cells grown in a 24-well plate (3 - 5 % délls/well)
were inoculated with 0.2-ml aliquots of Ad vectors that were inculzité&C for different time
intervals or untreated control virus at MOI of 100 v.p./cell. Ad vectoesevallowed to be
internalized for 30 min and then, infection medium was aspirated, iseware washed with
PBS, and incubated in growth medium at 37°C to allow expression oéraséf reporter gene.
Cells were lysed 20 h postinfection and luciferase activity avedyzed by using the Promega
(Madison, Wis.) luciferase assay as we previously descifbed

I mmuno-electron microscopy. Samples of Ad5GLflagllla and Ad5GL to be used for electron
microscopy were stored at -70°C in small aliquots, to avoid repdegezing and thawing.
Viruses were adsorbed for 5 min onto glow-discharged, Formvarfcarbated nickel grids.
The Ad5GL vector, which is structurally wild type, was used aggative control. ADSEZ-plX-
Flag-10A-6His-F3/3 and AdS5EZ-pIX-Flag-45A-6His-F3/3 vectors with 68-Hind FLAG-
containing extensions of different lengths at the C-terminal eqblgpeptide IX, were used as
positive controls. Grids were rinsed in TBS (20 mM Tris-HCI pH Z5) mM NacCl) for 2 min
and unspecific binding blocked with TBG (1% cold water fish gelatin, Obti’ine serum
albumin (BSA) in TBS) for 15 min. Grids were then incubated for 50 wiih mAb against
either the 6-His tag (Clontech ref. 631212) or the FLAG peptide (Sigi2g in dilutions
ranging from 1:25 to 1:100 in TBS/BSA (100:1). Grids were rinsegkethlimes with TBG and
incubated with 15% 10 nm goat anti-mouse IgG-gold conjugate (BritigbeBB International
EM.GAF10) in TBS/BSA for 30 min. After three rinses in TBG, aneé¢hin TBS, grids were
stained with 2% uranyl acetate and examined in a JEOL 1200 EMdtron microscope. For
gold particle count, micrographs were taken at 25x magnification &was selected at low
magnification.
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Cryo-electron microscopy. Ad5GL and A5GLflagllla virus samples were dialyzed for 1 hour at
4°C against 10 mM phosphate buffer pH 7.2, 150 mM NaCl, applied to freshiyneeoated,
glow discharged Quantifoil R2/4 300 mesh Cu/Rh grids, and vitrifiedgindi ethane using a
Leica CPC plunger. Grids were mounted in a Gatan 626 crycstagexamined in a FEI Tecnai
G2 FEG microscope operating at 200 kV. Micrographs were recomébdak SO-163 film
under low dose conditions at a nominal magnification of 50,000x, and diginzedZeiss
Photoscan TD scanner using a step size of 7 um (1.4 A in the sample).

Three-dimensional reconstruction and difference mapping. Image processing and three-

42; 43 5nd

dimensional reconstruction were performed using the software packaggp
SPIDER **. The contrast transfer function (CTF) parameters of eachogmaph were
determined from its rotationally averaged power spectrum, obtanyegbatch averaging.
Micrographs free of drift and astigmatism were selected andisinwpled to a final pixel size of
4.2 Alpx. Only those micrographs within a common underfocus range (1.7ut) or both
Ad5GL and Ad5GLflagllla were further used for calculation of the 3D maps (6@gnaphs for
Ad5GL, 89 for Ad5GLflagllla).

Initial sets of 3120 (Ad5GL) and 3870 (Ad5GLflagllla) particlesevmanually selected,
extracted into 275x275 pixel boxes, and normalized. Images were sadekfocus groups and
iterative projection matching was carried out within each group, usirayraodel the 3D map
calculated in the previous iteration, affected by the correspor@itg®. For every iteration,
separate 3D reconstructions were calculated in each defocus grdupesm combined into a
Wiener filter CTF corrected maf3. The initial model for the first projection matching iteration
was a previously obtained Ad5 3D mé&p Particles giving the worst correlation coefficient

values during projection matching were rejected. A total of 2%X85GL) and 3171

23



(Ad5GLflagllla) particles were included in the final 3D reconstructions.r&kelution of the 3D
maps was estimated using the FSC=0.5 criterion, considering shigilldoosely containing the
icosahedrally ordered part of the capsid (radii 294 to 504 A). Icosalsgdrmetry was imposed
throughout projection matching and reconstruction.

Single particle reconstruction (SPR) based classification. A 3D map was calculated from
every single image in the Ad5GLflagllla dataset filtered3at A, using the orientations
determined by projection matching, and with icosahedral symmeifgroed. We have
previously shown that the use of the iterative reconstruction itlgprART *7 with a low-
resolution starting volume considerable reduces artifacts in SRfstieularly critical feature
when the region of interest for classification falls closeh® itosahedral symmetry ax&s
Therefore, we calculated SPRs with ART using a starting wwlemeated from a dataset
containing two images from each defocus group (44 images in totabedito 30 A resolution.
SPR calculations were carried out in an HP Proliant clugter32 nodes and 2 Intel Xeon 3.06
GHz CPUs per node. The average density value of each SPR witlaekacovering the penton
was calculated and used to select two SPR subsets, each conégipioximately 1/3 of the
complete dataset, with either the strongest or the weakest peetasity values. The
corresponding experimental images were then used to calculat@@wmaps, one with the
highest penton density images and another one with the lowest (977 and &F@s im
respectively). For the AA5GL control, 980 experimental images were réyndelacted covering
a defocus range similar to that of the SPR-selected Ad5@LU#a subsets, and a 3D
reconstruction calculated. Penton occupancy for each map was definkd penton/hexon

density ratio, with the value for Ad5GL taken as 100%. The ratios eadcalated for all maps
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by comparing their average density values within masks thatesegd either the penton or one
of the peripentonal hexons.

Difference maps. To calculate the various difference maps, 3D maps to be compared w
filtered to a common resolution limit, grayscale normalizedhiwitadii 294 to 504 A, centered,
and brought to a common scale before subtraction. The difference vauesnormalized to
average 0 and standard deviation 1 within the same radii.

Fitting of high resolution structures. A FLAG peptide structure model was taken from the
crystal structure of peptidylglycan hydrolase ALE-1 (PDB IIR77) and fitted to the
Ad5GLflagllla-Ad5GL difference peak, using UCSF ChimétaThe structures of penton base
and the peripentonal hexons from a previously reported Ad5 quasi-atasdiel th (PDB ID
2BLD) were obtained from the VIPERDB virus structure dataBagsfter manually placing the
models onto the AA5GL 3D map, the fit was refined using UCSF Cairerfaces for the high
resolution structures were calculated and displayed with theFUZfaimera Multiscale Models
tool.

3DEM database submission and entry IDs. The Ad5GL and Ad5GLflagllla 3DEM maps have

been deposited at the Macromolecular Structure Database (M§D/www.ebi.ac.uk/msd

with accession codes EMD-1489 and EMD-1490, respectively
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Figure Legends
Fig 1. Schematic representation of modified llla proteins indicating-nadive N-terminal

extensions size and structure.

Fig 2. (A) Detection of 6-His- or FLAG-tagged llla proteins expressed bygt#merated Ad
variants. Samples of 293 cells infected with Ad5GL (lane 2), At&H(lane 3), Ad5Lucl-
HFpllla (lane 4), or Ad5GLflagllla (lane 5) were analyZeg Western blot using anti-6-His
Penta-His (upper panel) or anti-Flag M2 mAb (lower panel). Mos masses of marker
proteins (lane 1) indicated in kilodaltons on the I@). Detection of modified protein llla in the
Ad capsid. Samples of defective particles of Ad5GL (lane 2), AlBH(lane 3), Ad5Lucl-
HFpllla (lane 4), and Ad5GLflagllla (lane 5) or mature Ad5Gan@ 6), Ad5HIlla (lane 7),
Ad5Lucl-HFpllla (lane 8), and Ad5GLflagllla (lane 9) virions pwdiby centrifugation on
CsCl gradient were analyzed by Western blot using anti-@diga-His (upper panel) or anti-
Flag M2 mAb (lower panel). Molecular masses of marker protdmse (1) indicated in

kilodaltons on the left.

Fig. 3. Thermostability of Illa-modified Ad vectors. Aliquots of Ad5Lucl-HFpllla,

Ad5GLflagllla, and Ad5GL vectors were incubated at@3or different time intervals and then
used to infect 293 cells. Results are presented as the percasftagiferase activity detected in
the cells infected with a heat-treated viral sample withaetsto luciferase activity determined in
the cells infected with untreated virus (100%). Each bar reprebentaimulative mean + SD of
triplicate determinations. Some error bars depicting standandties are smaller than the

symbols.
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Fig 4. Immuno-EM of Ad5GL, Ad5GLflagllla, and Ad5EZ-pIX-Flag-45A-6His BSlabeled
with anti-FLAG mAb diluted 1:25. Arrows indicate gold particles the Ad5GL and

Ad5GLflagllla panels, both practically devoid of label. The bar represents 200 nm.

Fig 5: (A) Central sections of the Ad5GL and Ad5GLflagllla 3D maps and thierence, as
indicated. Highest density is white. Arrows point to the strongestiymglifference peak,
located underneath the penton. White symbols indicate the icosafddlal(pentagon) and 2-
fold (ovals) symmetry axes. Sections are perpendicular to aahedsal 2-fold symmetry axis.
The scale bar represents 100 @) Fourier shell correlation curves for the Ad5GL and
Ad5GLflagllla reconstructions. Both maps were filtered to the &hwemmon resolution (14 A)
before calculating the difference mafC) Central sections of the Ad5GLflagllla maps
calculated with those particles with highébktgh) or lowest(low) penton density, and their
difference with the Ad5GL_subset mapigh-subset and low-subset). Arrows indicate

difference peaks at the same position as that in the global difference jnap (A

Fig 6: (A) Surface rendering of the Ad5GL 3DEM map contouredaatelel (grey) and the
Ad5GLflagllla — Ad5GL difference map contoured aif &ed). The view is looking at the
penton (indicated with a pentagon) from inside the capsid. The basegps 100 A. One of the
60 difference peaks attributed to the polypeptide Illa N-termemégnsion is indicated with a
black circle.(B) A zoom in the difference peak indicated with the circle in ¢A)h the atomic
structure of the FLAG peptide (blue sticks) fitted into the dgr{sgd mesh)(C) as in (A), but

showing a transversal section of the capsid across the penton. The Ipasgofb) and two
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peripentonal hexongl) are labeled(D) and (E) show the crystal structures for penton base
(yellow) and peripentonal hexons (light blue) represented as ssirtaue fitted into the Ad5GL
map, with the difference map in red. The views are as in1{d)(&), respectively. A slab of the

Ad5GL map is shown in transparent grey in (E).
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Table

Table 1. ImmunoEM assay quantitation

Number of gold labels per virus particle

Anti-6-His Anti-FLAG
Intact virions | Disrupted virions Intact virions | Disrupted virions

Ad5GL 0.04 +£0.20 0.11+0.33 0.00 +£0.00 0.21+0.49

(N=100) (N=9) (N=100) (N=53)
AdS5GLflagllla 0.10+0.30 0.48 +£0.94 0.02+0.14 0.38+0.77

(N=100) (N=27) (N=100) (N=40)
AdSEZ-pIX-Flag-45A- 6.79 £2.30 5.35+1.97 4.92 £2.04 3.60+2.51
6His-F3/3 (N=100) (N=17) (N=100) (N=35)
AdSEZ-pIX-Flag-10A- 3.12+1.67 3.64£1.69 4.52 +1.93 3.77+2.01
6His F3/3 (N=100) (N=14) (N=100) (N=26)




Figure

Extension size (aa) / virus rescue Ad5 pllla
Ad5GL -Iyes |MMQDATDPA. ...585 aa
6-His tag
AdSHgllla 6/yes M[HHHHHH][MQDATDPA. .....585 aa |
Flag peptide
Ad5Luc1-HFpllla 18 / yes M|HHHHHH|TG|DYKDDDDK|SA|MQDATDPA ______ 585 aa |
Flexible linker
Ad5GLflagllla 31/yes M|{HHHHHH|1| (GGGGS), ||DYKDDDDK|D| MQDATDPA......585 aa |
Ad5Luc1-H45Fpllla 60/ no M|HHHHHH|TG[ 45A a-helix || DYKDDDDK|SA|MQDATDPA ...... 585 aa |
Ad5Luci-HeGFPFplila 256 / no MTG DYKDDDDK]SA [MQDATDPA......585 aa |
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