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Papainic hydrolysis of adenovirus type 2 hexon capsomers was apparently
limited and induced self-aggregation of hexons in a preferred oligomeric species,
hexon trimers, sedimenting at about 19S, and retaining their immunological
properties. These hexon trimers were composed of two classes of trimer mole-
cules with different electric charges. The relevance of this trimer aggregation
phenomenon to the adenovirus assembly process is discussed.

The hexon capsomer is the main structural
subunit of the adenovirus capsid (17) and car-
ries both a group-specific complement-fixing an-
tigen and type-specific antigen (12, 16, 18). Hex-
ons are produced in large excess by the infected
cell and can be isolated as soluble structural
antigen (2, 3, 13, 17, 19). The molecular weight
is 300,000 to 330,000 for the intact native pro-
tein, which is composed of three identical poly-
peptide units of 100,000 to 110,000 (4, 8, 9). The
hexons have a natural tendency to self-aggre-
gate, spontaneously or after limited proteolysis
(2, 12). A study of the mode of assembly of
hexon capsomers can be a valuable clue for
elucidating the mechanism of adenovirus cap-
sid assembly. The aim of the present work was
to analyze the hexon aggregates occurring after
a limited proteolysis of the hexon molecule;
although no evidence has been reported for pep-
tide bond cleavage of the main capsid compo-
nents during assembly of adenovirus particles,
this remains a possible mechanism, as demon-
strated for other viruses (7, 10).

The isolation and purification of adenovirus
type 2 soluble hexons have been described in
detail elsewhere (3). The protease used was
papain (EC 3.4.22.2), as the sodium acetate sus-
pension (20.7 ug of protein per ml, 18 a-N-ben-
zoyl-L-arginine ethyl ester units per mg) of twice-
crystallized papain (Sigma Chemical Co.). Papa-
inic digestion of hexons were conducted at 37 C
for 24 h in 0.12 M potassium phosphate buffer,
pH 6.8, 0.4 ionic strength, with 1% 2-mercapto-
ethanol, at a ratio of enzyme to substrate rang-
ing from 1:100 to 1:10. The substrate concentra-
tion ranged from 1 to 4 mg per ml. The hexon
digests were analyzed immediately after hydrol-

ysis on nondissociating and sodium dodecyl sul-
fate (SDS)-containing acrylamide gels.

After papainic hydrolysis of hexons at an
enzyme-to-substrate ratio of 1:50, acrylamide
gel electrophoretic analysis of the papain digest
revealed two major equal components of
slightly different electrophoretic mobility,
whose migration could correspond either to
hexon breakdown products more basic than the
initial protein or to hexon multimeric aggre-
gates (Fig. 1). Denaturation of these digested
hexons with SDS and subsequent analysis on
dissociating SDS-containing acrylamide gels
showed that papain left a hexon core of about
85,000 molecular weight, suggesting that only
25 to 30% of the hexon polypeptide subunits
(110,000 in average molecular weight) was re-
moved as low-molecular-weight peptides, visi-
ble as fast-moving bands behind the bromo-
phenol blue marker (Fig. 2). However, the band
85 K was faintly stained in comparison to the
band of control hexon, taking into account that
the same amount of protein was loaded onto
each gel. This could signify that papain core of
hexon had a lower affinity for Coomassie blue
than native hexon or that only a minor fraction
of the papain cores contained a 85,000-molecu-
lar-weight polypeptide unit. It seemed more
likely that most hexons had polypeptides with
several nicks but retained a quasi-normal con-
figuration because of strong hydrophobic bonds,
explaining their acrylamide gel pattern under
nondenaturing conditions (Fig. 1c—e), as well as
their immunological properties.

When analyzed by the agar double-diffusion
technique, the papainic digest of hexons elic-
ited a normal immunological reactivity against
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Fic. 1. Analytical acrylamide gel electrophoresis
of papain digestion products of adenovirus type 2
hexons. Hexons (4 mg/ml) were digested with papain
at a ratio of enzyme to substrate of 1:50 and run on
nondissociating 4.5% acrylamide gels buffered at pH
8.9 (6). Gels a and b: control hexons with respective
loads of 20 and 40 ug of protein; gels c, d, e: papain
digestion hexons with respective loads of 20, 40, and
80 pg of protein. Two neighbouring components were
visible on these three gels. Anode is at the bottom.

a rabbit anti-hexon immune serum (Fig. 3a). In
contrast, after papainic digestion at high en-
zyme concentration ratio of enzyme to substrate
of 1:10, the papainic-digested hexons gave a
reaction of partial identity with both control
undigested hexons and papain-digested hexons
at a lower enzyme-to-substrate ratio of 1:50,
with a spur indicating the loss of an antigenic
determinant (Fig. 3a). The immunodiffusion
test using adenovirus type 5 hexons as control
indicated that adenovirus type 2 hexons di-
gested by papain at high enzyme concentration
had lost the group-specific antigenic determi-
nants (Fig. 3b), confirming previous studies on
digestion of hexons with chymotrypsin, subtili-
sin, or papain at relatively high enzyme concen-
tration (12).

The papainic digest of hexons was analyzed
by analytical ultracentrifugation. A unique ho-
mogeneous peak was observed, corresponding
to components of one single class in molecular
weight. The sedimentation coefficient of these
components was found to be 19.3S. The sedimen-
tation coefficient of control undigested hexons
centrifuged in the same buffer conditions and at
the same protein concentration was found to be
10.4S. This value was somewhat lower than
that expected for native type 2 hexons, which
has been found to sediment at 10.6 to 12.2S (14,
18), but no extrapolation to zero in protein con-
centration was made here. If it was assumed
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Fic. 2. Dissociating SDS-polyacrylamide gel anal-
ysis of the papain digestion products of hexons. Pa-
pain digestion products of hexons presented in Fig.
Ic-e were heated at 100 C for 1 min in 2% SDS-5%
mercaptoethanol and analyzed on SDS-containing
gels in the discontinuous buffer system of Laemmli
(10). The gels were composite gels, made of a lower
gel of 18% in acrylamide concentration, 5 cm in
height to retain the low-molecular-weight products of
papain cleavage, overlayered by a 10% acrylamide
gel, 10 cm in height. (a) Control undigested hexons;
load, 100 ug of protein; (b) hexon papainic digestion
products; load, 100 ug of protein; (c) mixture of 100
ug of control hexons and 100 ug of hexon papain
digest. The gels were run for 15 h at 3 V per cm.
Anode is at the bottom. Low-molecular-weight pep-
tides were visible in the highly concentrated acrylam-
ide gel; the remaining hexon core was about 85,000
molecular weight as indicated by comparative migra-
tion on gel slab with adenovirus polypeptide
markers.

that papain degraded the hexon polypeptide
unit to a size of 85,000, the value of 19.3S was
compatible with the sedimentation coefficient
value for trimers of these partially digested
hexons, since the Schachman relation (15),
which neglects shape factors, gave theoretical
values of 21.6S for trimers of intact hexons
(330,000 molecular weight; 10.4S) and 18.2S for
trimers of trimeric papain cores of hexons
255,000 molecular weight; 8.75S). Thus the two
neighboring bands visible in acrylamide gel
pattern (Fig. 1c—e) corresponded to components
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F16. 3. Immunodiffusion tests. Control and papain digested hexons were analyzed by the double-diffusion
technique against a rabbit anti-adenovirus type 2 hexon immune serum (central wells). (@) Wells 1 and 4,
control type 2 hexons; wells2 and 5, type 2 hexons digested with papain at a ratio of enzyme to substrate of 1:10;
wells 3 and 6: type 2 hexons digested with papain at a ratio of enzyme to substrate of 1:50. A pattern of partial
identity, evidenced by the spur, was observed between control hexons and hexons digested at high enzyme con-
centration. A pattern of complete identity was demonstrated between control hexons and hexons digested with
low concentration of papain. (b) Wells 1 and 4, control type 2 hexons; wells2 and 5, type 2 hexons digested with
papain at a ratio of enzyme to substrate of 1:10; wells 3 and 6, control adenovirus type 5 hexons. A pattern of
partial identity was demonstrated between control type 2 and type 5 hexons and between control type 2 hexons
and papain-digested type 2 hexons. A reaction of complete antigenic nonidentity was evidenced between
adenovirus type 5 hexons and papain-digested type 2 hexons, demonstrating the loss of common group-specific
antigenic determinants from papain-digested hexons. The faint spur between control type 2 and control type 5
hexons corresponded to the type 2 type-specific determinants, and the spur between control type 2 and papain-
digested type 2 hexons corresponded to the group-specific antigenic determinants. The precipitation lines of
wells 2 and 5 thus represented the remaining type-specific determinants of the papain-digested type 2 hexons.

having the same molecular weight and differ-
ent electric charges. -

The type of oligomeric species occurring dur-
ing and after papainic hydrolysis of hexons was
examined under the electron microscope. Fig-
ure 4 shows that the trimerization was the
prevalent mode of association of the hexon cap-
somers. Beside a number of hexon trimers,
many irregular aggregates were also seen,
which likely represented a secondary associa-
tion of hexon trimers, since these aggregates
were neither observed in ultracentrifugation
nor in the top of low-concentrated acrylamide
gels. Although the morphology of the digested
hexons was somewhat altered by the proteoly-
sis (Fig. 4, inset a) when compared to native
hexons, these hexon trimers were reminiscent
of the groups of three hexons arranged in three-
fold rotational symmetry to form groups of nine

obtained upon disruption of the adenovirus cap-
sid (Fig. 4, inset b).

The hexon papainic digest containing the
19.3S multimeric components was chromato-
graphed onto Sephadex G-75 to eliminate the
low-molecular-weight peptides released by pa-
pain from the hexon molecule. The peak elut-
ing in the void volume of the column was con-
trolled in electron microscopy and was found to
contain the hexon trimer aggregates. Amino
acid composition of these trimer aggregates of
hexons, compared with the control hexons,
showed no significant modification but an en-
richment in basic amino acids and particularly
in lysine (Table 1). This drastic increase in
lysine content (about 70%) could not be ex-
plained if papain digestion was limited, leaving
a hexon core of 85,000 molecular weight, and
confirmed the hypothesis of multiple nicks pro-
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Fic. 4. Electron microscopic control of papain-digestion products of hexons. The hexon papain digest,
analyzed on acrylamide gel (Fig. 1c-e) and ultracentrifugation (19.3S), was negatively stained with 1.5%
potassium phosphotungstate and examined in the electron microscope. A number of hexon trimer aggregates
were visible (circles). Irregular aggregates were also present, which could result from a secondary aggregation
of preformed trimers (x 180,000). (Inset a) "Papain-generated trimers” of hexons at higher magnification
(X 500,000). (Inset b) Isolated hexons; groups of three and groups of nine hexons obtained after disruption of

adenovirus capsids (x 270,000).

voked by an enzyme with a broad specificity of
peptide bond cleavage on the hexon polypeptide
chain, as suggested by the SDS-acrylamide gel
pattern (Fig. 2b).

Thus, the proteolysis of native hexons with
papain at the usual ratio of enzyme to substrate
of 1:100 to 1:50 was apparently limited, with no
detectable alteration of either group- or type-
specific antigenic determinants. The quasi-in-
tegrity of these partially digested hexon capso-
mers in electron microscopy, and the absence of
stainable peptides migrating with the buffer
front in the nondissociating acrylamide gels,
suggested that strong hydrophobic bonds main-
tained the cleaved peptides generated by pa-
pain hydrolysis associated altogether, thus pre-
serving the immunological properties of the
hexon antigen. A minor fraction of the hexon
papain cores contained a large polypeptide unit
of 85,000 molecular weight, the smaller cleaved
peptides belonging mainly to the hexon moiety
involved in the group-specific determinants, as
indicated by the results of a more extensive
papainic degradation at higher enzyme concen-

trations. This apparently limited proteolysis of
the hexon capsomers, although not greatly mod-
ifying the whole amino acid composition of the
remaining protein molecules, their immunologi-
cal properties, and their morphology, was never-
theless sufficient to provoke some physicochemi-
cal modifications which promote their polymeri-
zation in a preferred type of association, viz.,
hexon trimerization. Two classes of trimer mole-
cules were thus obtained, slightly differing in
their electric charges.

Although no higher-molecular-weight precur-
sor for hexon polypeptide unit has been yet
demonstrated in vivo (1), the results of the pres-
ent study in vitro of the self-assembly patterns
of the papain proteolysis products from adenovi-
rus hexon capsomers substantiates in a certain
way the hypothesis that, within the cell, assem-
bly of preformed hexon capsomers into viral
capsids could proceed through some limited
cleavage of externally located critical peptides
by cellular or virus-induced protease(s). This
would unmask the trimer bonding sites of the
hexons (4, 5, 20) and provoke their assembly
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TABLE 1. Amino acid composition of control hexons
and of papain-generated hexon trimers®

Ami Control hexon Papain-generated
mino hexon trimers
acid
(a) (b) (a) (b)

Asp 14.0 26.4 14.1 25.2
Thr 6.8 12.8 6.7 11.9
Ser 7.4 13.9 6.7 11.9
Glu 8.3 15.6 7.8 13.9
Pro 6.0 11.3 6.2 11.1
Gly 7.6 14.3 7.8 13.9
Ala 1.7 14.5 6.5 11.6
Cys traces traces

Val 5.3 100 5.6 100
Met 2.2 4.1 2.1 3.7
Ile 3.2 6.0 3.6 6.4
Leu 7.8 14.7 7.2 12.8
Tyr 5.0 9.4 5.7 10.2
Phe 4.5 8.5 4.1 7.3
Lys 4.7 8.8 8.0 14.2
His 2.0 3.8 1.7 3.0
Arg 6.3 11.9 5.4 9.6
Trp 1.2 2.2 0.8 14

¢ Samples of 300 to 600 ug of protein were hydro-
lyzed for 24 h at 110 C in 5.6 N HCI in sealed tubes
under nitrogen with the addition of 1 mg of tryp-
tamin per ml to prevent tryptophan degradation
(11). The results obtained from the average of three
different analyses are expressed as moles per 100
moles of amino acid (a) and in number of moles per
10 moles of valine (b).

into trimers which in turn assemble into highly
specific groups of nine with a threefold rota-
tional symmetry. Alternatively, hexons could
be in a metastable state, and some peptide bond
cleavage would provide energy for a self-assem-
bly process. However, the application to condi-
tions in vivo remains to be demonstrated.
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