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1. Introkuction

The proteinic capsid of adenovirus has been shown

ta be in the form of an icosahedron 65 —80 nm in diam-

eter, and composed of 252 morphological subunits,
the so-called capscmeres. Of these capsomeres, 240
are located at the faces znd edges of the icosahedron,
and, since they have 6 neighbours, they are called
hexons. Each of the 12 vertex capsomeres is sui-
recundad by 5 neighbouring hexons and is calied
penton [1,2}.

The hexons are produced in large excess by the
infected cetl and can be isolated as soluble free sub-
viral components [3--7]1. The human adenovirus
type 2 hexon is mol. wi 300 000360 000 for the
intact native capsomere, which is composed of three
identical polypeptide units of 100 000—120 GO0
[8-10]. _

Under mild conditions of disruption with dater-
gents or chenzicals [11—13], the adenavirus particie
releases a nucleoprotein core and groups of nine
hexons arranged with a 3-fold symmetry [14].In
this hexon ninemer, 6 hexons originate from an
icosahedral trianguiar face, and 3 from its adjacent
edges [15].

The aim of the present study was to compare the
optical properties of free hexon capsomeres and of
interlocking hexons in ninemers, in ordes to ceter-
mine possible changes of conformational structure of
the prstein chain upon capsomere assembly, and
also to elucidate the nature of the amino acid residues
involvad in their linkage within this ninemeric edifice.
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2. Experimenial

2.1, Cell and virus

Human adenovirus type 2 was propagated on KB
cells maintained in spinner culture in Eagle’s basal
medium supplemented with 5% horse serum,

2.2. Isolation of free adenovirus hiexon capsomeres
The isolation and purification of adenovirus
type 2 soluble hexons from infected cell extracts have
been described in detail [7]. It comprises a fuoro-
carbon extraction of cell lysate, ammeonium sulfate
precipitation, DEAT-Sephadex and hydroxyapatite
chromatography. The final product was homogeneous
as regavd to the following criteria: two-dimensional
immunoelectrophoresis, analytical ultracentrifugation,
analytical acrylamide gel electrophoresis, and eleciro-
pho.esis on sodium dodecy! sulfatecontaining acryl-
amids gel afier denaturation of the protein with 1%
sodium dodecyl suifate (SDSj—2% 2-mercaptoethanol.

2.3. Isolarion of groups of nine kexons

Hexon ninemers were isolated from purified adeno-
virus pacticles. Adenovirus were purified from flucro-
carbon extract of cell lysate by two successive cycles
of CsCl bandings, as in conventional techniques [16].
The virus band from CsCl gradient was dialysed
against 5 mM Tris—HCl buffar, pH 7.8, and dissociated
by heating at 56°C with 0.5% (w/v) sodivm decxy-
cholate for $0 s. The dissociation was evidenced by
the sudden disappearance of the opalescence of the
virus suspension [121. The clearsd virus susgension
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(0.5 -1 mi) was then layered on top of a 10—40%
{wiv) glycerol gradient in [ I ml 5 mM Tris—HCl
buffer pH 7.8 and cenirifuged at 35 800 and 4°C for
20 min in a MSE-G X 14 ml swinging-bucket rotor. A
1 o cushion of 80% (w/v) glycercl was placed at the
bottom of each gradient. ach gradient fraciion

(0.6 ml) was monitersd by A g and Aagp and the
different peaks thus obiained examined in electron
microscopy. Fach fraction was also anatyzed by SDS-—
polyacrylamide gel electrophoresis after reduction by
2-mercapicethanol and SDS-denaturation.

The fractions containing groups of nine hexons
were pooled, dialysed against 50 mM sodium phios-
phate buffer, pil 6.8, and groups of nine further
separated from contagminating free capsomeres by
chromatography on DEAE-Sephadex A-50 equil-
ibrated in the same buifer. Proteins were eluted
with 2 linear gradient of NaCl made in the same
buffer and ranging from 0.0—¢.6 M NaCl.

2.4. Circular dichroism (CD) measuremenis

The CD spectra in far and near ultraviolet were
recorded with a Jobin-Yvon K. J. Mack III Dichro-
graph, at 24°C, under 2 stream of dry N, with a cell
path length of 0.01 cm, 0.05 cm andé C.1 em. Mono-
meric and ninemeric hexons were dissolved in 10 mM
Na phosphate buffer, pH 6.8. Protein concentrations
were adjusted to give absorbances beiween 0.5 and
1.0. The protein estimations were cairicd out by the
technique described [17] ., using bovine serem albumin
as standard. The molar eliipticity {27 expressed as
degrees X em? X dmol ™ was calculated on the basis
of a mean residue weight of 111 for hexon protein,
valae obtained from the aming acid composition
[5.6]. A nonlin program, NLG version [18] was used
tg resolve the intrinsic CIY curve into gaussian bands.

3. Results

3.1. Lolation of edenovirus 2 hexon ninemers

As shown on fig. 1, groups of nine hexons sedi-
mented with an apparent sedimentation ceefficient
cf 5060 5, intermedinte between adenovirus cores
{185-200 S) and free capsomeres {30—12 S}). The
fractions 11—16 of the gradients, containing the
hexon ninemers were pooled, dialysed against 50 mM
sodium phosphate buffer, pH 6.8, and chromato-
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Fig.1. Isolation of groups of nine hexons from deoxycholate-
disrepted adenovirus on a 10—40% linsar glycerol gradient.
The presencs of DNA in the adenovirus cores is evidenced by
the higher 4,,,-

graphed on DEAE-—Scphadex A-50. The hexon
ninemers eluted in the exciuded pealc, whereas the
ather contarninating viral soluble componenis vere
retained on the ion-exchanger {not shown}. Pen ‘ons
were cluted at 0.1 M Na{l 14 frec hexons at 0.35 M
NaCt [7].

3.2. CD spectra of free and assembled hexons

The shapes and intensities of the intrinsic dicareic
spectra from 1802350 nm were identical for both
kinds of hexons {not shown: see the CD spectsa of
free hexons [19,20] ). Resolution of the CD curves
into gaussian bands yielded positive tnaxima at
191 nm and negative maxima at 198, 267, 214 and
222 nm. The a-helix confent was estimated from the
AT transition, i.e., the band centered at 220 nm,
according to [21], takirg the value of — 35 000 for
the helix as standard. The amount of § structure was
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Fig.2. Circular dichroism specira in near ultraviolet of free
hexon cupsomeres (------ } and of hexon capsomeres
assembled iu groups of ine generzting the faces and part
of the edges of the adenovirus icosahrdron (— ). The

naiure of the linkage between the hexons affected the
maznitude of the dichroic bands beiween 283 nm and
302 nm, speci¥ic for the chromophore group of tryptophan.

estirnated in a similar way, using the band at 214 nm,
and taking — 9200 for the § standard [21]. This
vesulted in about 16% a-helix and about 25% S-struc-
trre. The rest of the polypeptide backbone was appar-
ently in aperiodic loop and bend conformation,

The CD spectra for hexon monomers and ninemers .

from 23530—-320 nm are given in fig.2. All bands were
negativs and showed siight but significant differences
between both samples. More specifically, a shoulder
was ohsarved at 302 nm for ninemers, which was not
foundin the hexon monomer spectra. At 290 nm, and
283 am the dichroic bands were more intense for the
hexon ninemers than for the monomesrs. In addition, a
dichreic hand wasvisible at 275 nm, oniy in the ninemer
wpectra. Since the amino acid compaosition of both
samples was identical, these changes of amplitude in
the ninzmer CD spectra were likely due to a stronger
crganization of the protein chains within the
oligomers.

The CD bands concerned could be correlated to
spacific residues involved inn the assembly of hexons.
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The marked shoulder at about 300 mum suggested that
iryptophan residues were in 2 disturbed electronic
environment within the pinemers [22]. The band atr
290 nm was also induced by tryptophan indole rings
and corresponded & the so-called 0-0F,, band [22].
In some cases a companion CD band with the same
sign can oceur from 6—8 nm on the short wave-
Iength side {22]. This band at 283 nm was also pro-
bably due to t:vptophan residues, but this was
difficult o assess, since the tyrosyl CD maximum is
tocated between 275 um and 282 am: tyrosyl bands
could therefore superimpase the trypiophan band in
this specirum domain.

£ [iscussion

Adenovirus type 2 hexon is a trimeric protein [9]
which c¢an assemble in more complex edifices such as
groups of nine hexons and virus shells §23]. Hexons
have a natural tendency to self-aggregaie spon-
taneously or after limited proteclysis [24] . Cross-
linking in vitro with glutaraldehyde, as well as limited
proteolysis, seems io generate a preferred hexon
multimeric species, hexon trimers [9,10].

Groups of nine hexon have been shown to be
constituted of the regular arrangement of three groups
of three hexons with a 3-fold symmetry [14]. The
mechanisin of adenovirus capsid construciion and the
resulting bonds beiween the different capsomeres arc
still unclear. Lavr molecular weight viral proieins have
been assigned as cementing material between the
major capsid subuniis. The polypeptide IX, according
to the accepted nomenclature {or adenovirus proteins,
of mol. wt 12 500 is associated with groups of nine
hexons [25]. Scanning of ithe analyiical SDS—acrvi-
amide gel of hexon ninemers stained with Coomassie
blue or autoradiogrzphed afier Iabeling with [*H] -
valine revealed that [X accounted for fess than 5% of
the total protein material (not shown).

Comparative analysis of the TD specira of free and
assembled hexons capsomeres has been made to cluei-
date the nature of the bonds between the hexons and
the possible consequences of hexon interlocking o
the conformational siructure of the protein. Both
experimental and theoretical considerations indicatz
that some particular amino acid side-chain interae-
tions cause more intense CD than others. Forexample,
from a qualitative point of view, it has been estab-
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lished that when a tyrosyl or tryptophanyl side chain is

at less than 10 A from another aromatic side chain,
the near ultraviolet CD may be particularly intense,
due to u—u coupling. Coupling between the near
wltraviolet transition of a tyrasyl or trypiophanyl
side chain and the w—#™® transitions of peptide bonds
within about 8 A may also give important CD
infensity.

The CD specira in near ultraviolet of free and
assembled hexons showed discrete but significant
differences. Marked negative bands at 300, 290 and
283 nm suggested that some critical tryptophanyl
side chains were involved in the hexon bonding
within the ninemers without important pertubations
of the tertiary structure of the hexon molecule upon
assembly. The same kind of bonding has been found
implicated in the aggregation of tobacco mosaic virus
piotein [26]. The contrivution of the minor hexon-
associated polypeptides IX to the change of ellipticity
ampliiude in the 300—253 nm domain of hexon
ninemers, compared to free hexons, could not be
established since the tryptophan content IX is still
unknown. The trypiophan content of hexon protein
is i.2—1.5% [5.6] and the ultraviolet spectrum of the
native protein shovs a shoulder at 293 nm, chasrac-
teristic of tryptophan ([26], personal observations).
The absence of appreciable variation in the intensiiy

of far ultraviolet CI spectra between free hexons
and hexon ninemers,. suggested that the assembly of

hexons inio groups of nine was not accompanied by
any folding or alteration of the secondary siructure
of the hexon molecule. Hexon protein has been shown
1o have a iow bhelical content [19,20] - no madifica-
tion of this a-helix structure was found.

Mild disrzption of a virus capsid and analysis of
~esulling subviral compcenents offers therefore an
interesting routs to study the interactions beiween
the capsomers at different stages of assembly. Groups
of nine hexons mainiained by tryp tophan-mediated
hydrozsen bonds seem a rather stable and pr=ferred
edifice of the adenovirus complex capsid. Hexon
ninamers can also re-aggregate in viiro at low pH values
into icosshedral shells {23} . As infarred from bio-
chemical [11-—15] and siruciural data [27] the
bonding beiween two neighbouring hexon ninemers
in the capsid iz wealker than bonding within a group
of nine hexons. The nature of this interninemeric
‘Gonds remains to b2 sludicated.
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