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ABSTRACT.- The circular dichroic (CD) spectra of adenovirus DNA were 
compared within the intact virion and in deoxycholate and sarcosyl cores. 
It was found that the viral DNA was in highly condensed and packed con- 
formation in both intact virus particles and deoxycholate cores, as in 
chromatin nucleosomes. Minor but significant CD spectral differences with 
eucaryotic chromatin indicated that the adenovirus nucleosome-like struc- 
tures had specific conformational features. Adennvirus DNA only complexed 
with protein VII in sarcosyl cores elicited a CD spectrum reminiscent 
of a relaxed DNA, suggesting that the adenovirus sarcosyl cores were no 
longer organized in nucleosome subunits. 

In parallel to CD analysis, the nature of the bonds invol- 
ved in core structure was investigated by in u&&n selective labeling of 
some critical amino acids. I4C-dansyl was thus used to probe the accessi- 
bility of lysyl and tyrosyl residues in adenovirus core proteins. The data 
siggested that core protein V was associated with protein VII mainly via 
hydrophobic bonds, and had a major role in the maintainance of the nucleo- 
somal structure of the viral core. 

INTRODUCTION 

The capsid of human adenovirus type 2 contains an internal core, con- 

sisting of a single linear DNA duplex, with a molecular weight (t%J) of 

25 x lo6 (1) and at least two core proteins, numbered V and VII (Z-5). 

It is generally accepted that about 180 copies of core protein V (MW48,500 

(Z)), and 1070 copies of the arginine-rich protein VII (MW 18,500 (2)) are 

present within the virion (3-6). 

However, conflicting results have been published concerning the nucleo- 

some-like organization of the adenovirus core (6-10). Moreover, adenovirus 

cores can be isolated after various treatments of the virus particles, such 

as heat shock (ll), acetone (12), deoxycholate at 56°C (13), pyridine (14) 

and sarcosyl (5). The polypeptide composition, and hence the physical and 

biochemical properties of the cores, vary with the procedure used. Deoxy- 
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cholate and pyridine cores contain both core proteins V and VII (5, 15), 

whereas sarcosyl and acetone cores lack protein V (5, 16). 

In the present study, the conformational structure of viral DNA within 

intact virion and within adenovirus cores of different protein contents 

was investigated by two different approaches, biophysical and biochemical. 

The circular djchroism (CD) data were correlated with selective labeling 

of basic and aromatic amino acid residues of capsid and COP? proteins. 

MATER1 ALS AND METHODS 

Cc&In and uLhti.- KB cells were grown in suspension culture at 
3 x 105 cells/ml in Eagle's medium supplemented with 5 % horse serum. 
Wild-type of human adenovirus type 2 was propagated on KB cells, and was 
extracted and purified in CsCl gradient as previously described (17). 

Ph&,Oahafion 06 vih& matekia~ 6oh dichhoic htudieh .- 

Dialysis of a virus particle suspension isolated in CsCl gradient against 
a buffer of low ionic strength is known to provoke aggregation and preci- 
pit.ation of virions, and also the loss of vertex subunits of the virus 
icosahedron (18). In order to avoid such an alteration of the biological 
material in low salt medium, the virus band at density 1.345, freshly 
obtained from a self-generating CsCl gradient, was diluted to 1:lO (v/v) 
with 0.01 M Tris-HCl, pH 7.8, and analyzed as such in the dichrograph, or 
further treated with detergents (deoxycholate or sarcosyl). This virus ma- 
terial, usually contained 0.3 to 0.6 mg/ml protein, in 0.27 M CsCl, 0.01 M 
iris-HCl, pH 7.8. 

Adenovihw c0he.b and DNA.- Two types of nucleoprotein cores we- 
re analyzed : deoxycholate and sarcosyl cores. Dilutions of adenovirus 
preparations (at 0.3 to 0.6 mg/ml protein in 0.27 M CsCl) were brought to 
O.!; % sodium deoxycholate at room temperature and analyzed in thermosta- 
ti;:ed cell at temperatures ranging from 25" to 56°C. 56'C has been found 
to be critical for the capsid integrity in 0.5 % deoxycholate (13, 15). 
Adenovirus sarcosyl cores were prepared by treatment of the virus suspen- 
sion with 0.7 % sarcosyl-for 30 min at room temperature (5), and analyzed 
in the dichrograph at 25°C. Adenovirus DNA was obtained by treatment of 
adenovirus particles with sarcosyl (0.5 %, w/v) and pronase (1 mg/ml) for 
3 II at 37"C, followed by centrifugation in self-generating CsCl gradient, 
in a Beckman SW 50-l rotor, at 45 krpm for 72 h at 4°C. The concentrations 
of DNA were determined spectrometrically, using E260 = 6600 cm-1 mol-l for 
a nucleotide residue. 

CiaCUtUh dickhoihm (CD) anaeysin.- The CD spectra were recor- 
ded using a Jobin-Yvon dichrograph Mark III in thermostatized cell of 
0.01 cm path-length. The CD spectra of each sample were recorded at selec- 
ted temperatures between 250 and 300 nm, the domain in which the ellipti- 
city depends upon the conformation of the DNA. The baseline for each buf- 
fet- was recorded before and after the measurement of each corresponding 
sample, and automatically subtracted. The ellipticity was expressed as 
mean residual molar ellipticity [o] in degree.un2.dmol-I. The mean residue 
weight was 330 for a nucleotide. 
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Dand yLaLion 0 5 vifL.ion ptloXc.ina . - 14 C-labeled dimethylamino naph- 
talene sulfonyl chloride (dansyl chloride, DNS-Cl) solution in acetone 
(104 mCi/mmol, 0.5 mCi/ml) was purchased from the Commissariat a 1'Energie 
Atomique (Saclay, France). 14C-DNS-Cl was reacted with four types of virus 
samples : (i) Intact virus particle suspension at 0.3 to 0.6 mg/ml in 
0.27 M CsCl (native virion) ; (ii) virus treated with 0.5 % deoxycholate 
at 56°C for 90 set (DOC-disrupted virion) ; (iii) virus treated with 0.7 % 
sarcosyl for 30 min at 25°C (sarcosyl-disrupted virion) ; (iv) control dis- 
integrated virus obtained by heating with 2 % SDS for 2 min at 100°C (SDS- 
disrupted virion). 

50 ul of virus sample was mixed with 50 ul of 0.1 M ammonium bicarbonate, 
pH 8.9, and incubated with 10 ul of 14C-DNS-Cl in acetone for 20 h at room 
temperature and in the dark. Virus material was then precipitated by addi- 
tion of 15 ~1 of 100 % (w/v) trichloroacetic acid (TCA) and washed twice 
with 5 % cold TCA and once with 0.1 % cold TCA followed by cold ethanol. 
14C-DNS-labeled virus was kept dried until further analysis. The degree of 
labeling of each virus protein was determined by analytical SDS-polyacryla- 
mide gel electrophoresis and the accessibility of c-amino groups of lysine 
and of phenolic hydroxyl groups of tyrosine to dansylation in virion was 
determined by two-dimensional thin-layer chromatography of hydrolyzed samples. 

ldenti6icatiun 06 dannyLa-ted amino aci 
of the adenovirus proteins are N-acetylated (19), 
the available side chains of certain amino acids such as lysine and tyrosine, 
and yield mainly I4C-DNS-c-lysine and I4C-DNS-0-tyrosine, detectable in aci- 
dic or proteolytic hydrolysates. 

DNS-imidazolium-histidine being unstable, the histid 1 residues will 
escape this type of investigation. Total proteolysis of {4C-DNS-labeled ma- 
terial was preferred to acidic hydrolysis, in order to minimize the degrada- 
tion of dansylated amino acids into DNS-NH2. I4C-DNS-labeled virus samples 
were denatured with 0.2 % SDS at 100°C for 2 min and hydrolyzed by pronase 
(Calbiochem, 0.1 mg/ml) at 37°C for 24 h. The samples were heated again at 
100°C for 5 min to inactivate the pronase and hydrolysis was achieved by 
aminopeptidase M (Boehringer, 0.1 mg/ml) for an additional 24 h at 37°C. 
Hydrolysates were dried in a vacuum dessicator before thin-layer chromato- 
g why. 

I4C-DNS-labeled amino acids were redissolved in 20 % pyridine-2 % ace- 
tic acid and spotted onto 5 x 5 cm polyamide sheet in the following solvents. 
First dimension : 1.5 % formic acid. Second dimension : benzene-acetic acid 
(90:10, v/v). A third migration in the same dimension was performed in 
ethyl acetate-methanol-acetic acid (20:1:1, v/v) in order to separate DNS- 
0-tyrosine from DNS-OH. After being dried the thin-layer plates were auto- 
radiographed. The spots corresponding to 14C-DNS-0-tyrosine and' I4C-DNS-c- 
lysine were cut off the plate and radioactivity counted in a liquid scin- 
tillation spectrometer with OCS fluid (Amersham) as scintillator. 

AllaCq-t.icalZ pu&qackqeamidc gel? CCCcX?tophohehi4.- 14C-DNS- 
labeled virus material was denatured by heating at 100°C for 2 min in SDS- 
containing sample buffer (62.5 mE1 Tris-HCl buffer, pH 6.8, containing 4 % 
SDS, 10 % 2-mercaptoethanol, 6 M urea and 0.005 % bromophenol blue as mar- 
ker). I4C-DNS-labeled virus polypeptides were analyzed in SDS-containing 
15.5 % polyacrylamide slab gel (acrylamide : bisacrylamide ratio of 
50:0.235)in the discontinuous buffer system described by Laemmli (20). 
The gels were stained with Serva Blue R (Serva), dried under vacuum and 
autoradiographed on Kodak Royal-X-Omat S film. 

Pho-tein .- Protein was determined by the method of Lowry eh uJ. 
(21) using bovine serum albumin as standard. 
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I I I I I 

260 280 300 
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Figure l.- CD spectra of intact and disrupted adenovirus particle in the 
wavelK#h range of DNA (250-300 nm). Curves : (a) intact adenovirus ; 
(b) virion treated with 0.5 % deoxycholate (DOC) at 25°C ; (c) virion 
treated with DDC at 37°C ; (d) virion treated with DOC at 56°C ; (e) virion 
treated with 0.7 % sarcosyl at 25°C ; (f) virion denatured with 2 % SDS for 
2 min at 100°C ; (g) protein-free adenovirus DNA obtained after sarcosyl 
pronase-treatment of virions, analyzed in 0.27 M CsCl, 0.01 M Tris-HCl, 
pH 7.8, as samples (a-f). Each ellipticity value corresponds to the auto- 
matic computerized averaging of 4 measures at each wavelength. The diffe- 
rence spectra are as follows : (0) intact virion minus protein-free DNA 
(g) ; (A) deoxycholate core minus protein-free DNA (g). 

RESULTS 

Citicudatl dichtoinm ( CD] o,j adenvvihun DNA in intact and din - 
hull-ted pahl-ticteh 

The ICD spectrum of the adenovirus DNA within the intact virus particles 

showed a positive maximum of 1270 deg.cm2.dmol 
-1 

at 285 nm, a value for el- 

lipticity which corresponds to a highly condensed DNA, such as in chromatin. 

However, the negative maximum of about - 200 deg.cm2.dmol 
-1 

at 294 nm, 

exptzcted for a DNA in eucaryotic cht-omatin (22) was not observed (Fig. la). 
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The DNA released from virus particles by low concentration of sarcosyl (0.7%) 

and still complexed with protein VII (5) elicited a positive maximum of 

4150 deg.cm*.dmol -1 at 275 nm (Fig. le). 

Adenovirus DNA deproteinized by SDS-treatment of the particle had a ma- 

ximal ellipticity of 6090 deg.cm*.dmol -1 at 275 nm (Fig. If), a value signi- 

ficantly lower than that usually observed for protein free DNA (22-24), and 

that found for sarcosyl pronase-treated DNA analyzed in the same ionic con- 

ditions (9460 deg.cm*.chnol -1 at 275 nm, with a shoulder of 8330 at 285 nm ; 

Fig. Ig). It is known that adenovirus DNA obtained after treatment with de- 

tergents without protease still remains associated with a terminal protein 

covalently bound to both 5' termini (25). 

The CD spectrum of virus core DNA between 250 and 300nmremained unchan- 

ged in the presence of 0.5 % deoxycholate at 25, 37, and up to 5O"C, when 

compared with that of intact virus (Fig. 1). At 56"C, a shoulder of 1090 deg. 

cm*.dmol -1 appeared near 272 nm and the value of the maximum at 286 nm de- 
-1 creased slightly to 910 deg.cm*.dmol . The curve affected therefore the 

shape of a plateau between 285 and 272 nm and might be interpreted as a 

linear combination of the two spectra defined above : the CD spectrum of a 

highly constrained DNA and that of a relaxed DNA. This was confirmed by 

difference CD spectra calculated between the protein-free DNA spectrum 

(Fig. If) and the spectrum of deoxycholate nucleoprotein core (Fig. Id). 

The negative band exhibited at 275 nm, was characteristic for $ DNA (23). 

The difference CD spectrum calculated by substracting free DNA from intact 

virion showed a negative maximum at 272 nm, which did not correspond to the 

Q type band (23), and could imply a contribution of capsid proteins in DNA 

conformation. 

In w&w dansylation of lysyl and tyrosyl residues was used to deter- 

mine the amount of free e-amino groups and phenolic hydroxyl groups, non- 

engaged in DNA-protein or protein-protein interactions. As shown in Table I, 

in intact virion the 14C-DNS tagged mainly the lysine c-amino groups (98.7 %), 

suggesting that most of the phenolic rings were deeply buried in hydrophobic 

domains, or engaged. Complete denaturation of the adenovirus proteins by 

treatment with SDS at 100°C rendered more tyrosines accessible to dansylation. 

However, the dansylation of aromatic residues was still incomplete if it is 

considered that lysine and tyrosine are equally represented in the whole vi- 

rion (26). The reorganization of proteins induced by SDS (27) might explain 
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Figure 2.- SDS-polyacrylamide gel analysis of 
14 

C-DNS-labeled adenovirus 
polypeptides in intact and disrupted particles. (a) control virion labeled 
in uivo with I4C-valine ; (b) I4C-DNS-labeled intact adenovirus ; (c) ade- 
novirus labeled with 14C-DNS after treatment with 0.5 % deoxycholate at 
56°C for 90 set ; (d) adenovirus labeled with 14C-DNS after disruption with 
0.7 % sarcosyl ; (e) adenovir s heated at 100°C for 2 min in the presence 
of 2 % SDS and labeled with &-DNS 

Note that 14C-DNS label'in the protein bands VI and IX decrea- 
sed significantly in SDS-denatured sample (e), whereas labeled high molecu- 
lar weight (MW) material appeared on top of the gel, over the hexon band 
(polypeptide II). These high MW bands likely corresponded to strongly dansy- 
lated polypeptides II, VI and IX, which are neighbors in the adenovirus cap- 
sid (4), and which could associate in ternary complexes, via hydrophobic 
bonds resisting the 0.1 % SDS-environment present within the gel. 

the fact that certain tyrosines remain inaccessible. Sarcosyl treatment of 

the virion seemed to unmask preferentially tyrosines (Table 1). 

The amount of I4 C-DNS label in the different polypeptide bands of intact 

or disrupted adenovirus was determined by SDS-polyacrylamide gel electropho- 

resis. As shown in Figure 2, intact virus was poorly labeled in core proteins 

V and VII and in hexon, as compared with control virus labeled in ULWO with 
14 

C-valine (Fig. 2a). No significant difference was observed in 14C-DNS-labe- 

led polypeptides of intact (Fig. 2b) and sarcosyl-treated virus (Fig. 2d). 

On the contrary, SDS-treated adenovirus was heavily labeled on the hexon and 

protein VII (Fig. 2e). In deoxycholate-treated virion (Fig. 2c), the core 

protein VII appeared as the only band whose label increased, compared with 

intact vi rion, and revealed as strongly labeled as SDS-denatured VII (Fig. 2e) 

Correlated with the data of Table 1, this suggested that deoxycholate tr-eat- 
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merit had a major denaturing and unfolding effect on protein VII, resulting 

mainly in unmasking of lysines. Since protein VII was still associated with 

virus DNA in deoxycholate core, this also suggested that all the lysines 

contained in VII (28) are not required to bind the protein with the DNA or 

that other types of bonds are involved (e.g. arginyl bonds) or both. 

DISCUSSION 

Despite a number of biochemical and biophysical studies (10, Z&31), 

the nucleosome-like organization of the adenovirus core still remains a mat- 

ter of controversy. By using micrococcal nuclease as a biochemical probe for 

chromatin structure, it has been first claimed that pentonless virus parti- 

cles and pyridine cores presented a nucleosome-like protection pattern resem- 

bling that of eucaryotic chromatin (6), a result which has not been confirmed 

by others (7). Based on the absence of detectable nucleosome repeat pattern 

typical of cell chromatin, the hypothesis has been recently formulated that 

the intranuclear adenovirus DNA late in infection has a nucleosome subunit 

organization similar to that of virion core DNA, but different from that of 

cellular chromatin (8, 9). The discrepancies observed in the literature 

prompted us to investigate the conformational structure of the "native" core, 

i.e. the nucleoprotein core contained within the intact adenovirus particle, 

by using methods which do not alter the structure of the virus capsid, such 

as circular dichroism (CD) analysis. The DNA spectrum of native cores was 

then compared with COWS released by two different procedures of virus dis- 

ruption : deoxychol ate and sarcosyl. 

In the light of our knowledge of the structural features and physical 

properties of the chromatin (22, 32, 331, the CD data thus obtained might be 

interpreted as follows. (i) Adenovirus DNA within the intact virus particle 

is in a highly condensed structural conformation similar to that of nucleo- . 

solral DNA. (ii) However, the absence of shoulder near 275 nm and of negative 

maximum at 294 nm, two signals characteristic for eucaryotic chromatin (22), 

suggests that the structure of the adenovirus core within the virus particle 

differs significantly from that of the chromatin. This result would thus 

corfirm recent observations (7-9). (iii) Adenovirus DNA only complexed with 

prctein VII in the sarcosyl core behaves as long DNA in relaxed conformation 

(22). (iv) At the opposite, the DNA in deoxycholate core, which is associa- 

tea with both proteins V and VII has an ellipticity magnitude corresponding 

to that of a DNA in a collapsed conformation. In addition, the negative band 

at 275 nm obtained in difference CD spectrum between protein-free DNA and 

deoxycholate core is consistent with the existence of J, DNA, as in euca- 

ryotic chromatin (23). (v) Nevertheless, in the deoxycholate core, a signi- 
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ficant fraction of the DNA molecule appears as relaxed DNA, giving its CD 

spectrum the profile of the long chromatin, i.e. nucleosomes plus linkers 

(22). (vi) Lastly, the difference in molar ellipticity between protein- 

free DNA andviral DNA still bound with its terminal protein suggests that 

this protein, which circularizes the viral DNA molecule (25), also affects 

its global conformation, and hence its dichroic signal. 

The CD spectrum of the sarcosyl core, which lacks protein V, is there- 

fore completely different from that of the histone Hl-depleted chromatin 

(22). The CD data would rather indicate that the adenovirus DNA-protein 

VII complex in sarcosyl core is not organized in nucleosomes, but that the 

DNA complexed with core proteins V and VII, as in the intact virion or 

deoxycholate-released core, affects a nucleosome-like structure. This would 

suggest that adenovirus core protein V has a role fundamentally different 

from that played by histone Hl which is thought to bind to linker DNA. 

It has been proposed that the interactions between histones and DNA 

involve ionic bonds between basic amino acid residues in histones and aci- 

dic phosphate groups in DNA (32, 33). Thus, interaction between adenovirus- 

core protein VII with DNA in vitiu has been shown to be sensitive to ionic 

environments (34). It was therefore of interest to determine the degree of 

involvement of lysines and also of tyrosines in the interaction of core 

proteins with DNA in intact virion and in cores released by deoxycholate 

or sarcosyl : non-engaged lysines and tyrosines would be accessible to dan- 

sylation. Unfortunately, arginyl residues escape this type of investigation 

which does not signify that arginines are not involved in such interactions. 

Considering the data summarized in Table 1 and the results of T4C-DNS 

polypeptide labeling shown in Fig. 2c, it might be assumed that deoxychola- 

te unmasked mainly lysyl residues of the core protein VII, either engaged 

in bonds with DNA or proteins, or deeply buried. However, in spite of the 

deoxycholate-induced structural alterations of core protein VII, the presen- 

ce of protein V seemed to be sufficient to maintain the nucleosome-like 

structure of the deoxycholate core. Sarcosyl treatment of the virion, which 

releases the core protein V from its complex with core protein VII and DNA, 

did not significantly enhance the 14 C-DNS-labeling of any virion protein, 

except COE protein V, but enhanced the accessibility of the bulk of tyro- 

sines (Table 1). This suggested that core proteins V and VII are associated 

via hydrophobic bonds, in which at least some tyrosines participate. 

Taken together, the CD and dansylation data suggest that adenovirus 

protein V plays a crucial role in maintaining the integrity of the 

adenovirus nucleosome-like structures existing in the virion core. Isola- 
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tion of adenovirus mutants carrying a thermosensitive lesion on either one 

or the other core protein is now in progress in our laboratory to elucidate 

the respective role of proteins V and VII in the chromatin-like structure 

of the adenovirus core. 
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