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Complementation analysis assigned the mutations of strains H5tsll5 and
H5ts116, two hexon-minus mutants, to the 100,000-dalton (100K) protein gene.
Heterotypic marker rescue (i.e., type 5 adenovirus [Ad5] temperature-sensitive
mutants DNA x EcoRI restriction fragments of Ad2 DNA) confirmed the results
of previous marker rescue mapping studies, and the heterotypic recombinants
yielded unique hybrid (Ad5-Ad2) 100K proteins which were intermediate in size
between Ad5 and Ad2 proteins and appeared to be as functionally active as the
wild-type 100K protein. Phenotypic characterization of these mutants showed
that both the hexon polypeptides and the 100K polypeptides were unstable at the
nonpermissive temperature, whereas fiber and penton were not degraded, and
that the 100K protein made at 39.50C could not be utilized after a shift to the
permissive temperature (3200). The role of the 100K protein in the assembly of
the hexon trimer was also examined by in vitro protein synthesis. Normally,
hexon polypeptides synthesized during an in vitro reaction are assembled into
immunoreactive hexons. However, this assembly was inhibited by preincubation
of the cell extract with anti-100K immunoglobulin G; neither anti-fiber immuno-
globulin G nor normal rabbit immunoglobulin G inhibited hexon assembly. It is
postulated that an interaction between the 100K protein and hexon polypeptides
is required for effective assembly of hexon trimers.

The isolation and characterization of condi-
tionally lethal, temperature-sensitive (ts) mu-
tants of type 5 adenovirus (Ad5) (6, 29, 45) have
revealed many mutants with mutations affecting
the structure and function of hexons (the major
capsid protein). Initially, these mutants were
classified into a number of complementation
groups, but collaborative studies have suggested
that they should be partitioned into only two
nonoverlapping complementation groups (11).
Classical recombination analyses (6, 16, 46) and
heterotypic recombinations (Ad5ts x Ad2ts) fol-
lowed by analyses of restriction fragment pat-
terns (13, 14, 22, 30, 43) have clearly indicated
that the mutations of these two groups of mu-
tants occur in noncontiguous regions of the ge-
nome. Marker rescue studies have confirmed
these findings (2, 9). Moreover, in vitro transla-
tion of mRNA's selected by hybridization with
specific DNA fragments (21, 22, 24, 28) and
DNA-RNA hybrid arrest of in vitro mRNA
translation (24, 26) have demonstrated that the
hexon gene, which is affected in one set of mu-
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tants, is located between 50 and 60 map units on
the viral genome, whereas the mutations of the
other mutants are situated between about 65
and 80 map units. This latter region encodes a
late, nonstructural, 100,000-dalton viral protein
(100K protein), a nonstructural 33K protein, and
the pVIm protein, whose processed product (pro-
tein VIII) is associated closely with hexons in
virion capsids (1, 7, 8).
The studies reported here were initiated to

determine whether the mutations of strains
H5tsll5 and H5tsll6, which were mapped by
heterotypic recombination between 65 and 80
map units (11), were mutations involving the
100K protein gene or the neighboring gene for
the pVIII protein. In this paper we show that
H5tsll5 and H5tsll6 are results of mutations in
the gene encoding the 100K protein. In addition,
we characterize the phenotypes ofthese mutants
and suggest that the 100K protein, which is
essential for hexon maturation, may serve as a
"scaffolding" protein.

MATERIALS AND METHODS
Cells and virus. KB cells were grown in a suspen-

sion culture in Eagle minimal essential medium
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(GIBCO Laboratories) supplemented with 10% horse
or human serum. Before infection with adenovirus,
the cells were suspended in the same medium contain-
ing 5% calf serum. Monolayer cultures of KB cells
under maintenance medium (infecting fluid) were used
in some experiments (10). HeLa cells were grown in
monolayer cultures in Eagle basal medium (GIBCO)
supplemented with 10% calf serum.
The derivations of the AdS wild-type strain and

mutants which we used have been described previ-
ously (6). Ad2+NDlts4 was kindly provided by T.
Grodzicker. Plaque-purified stocks of ts mutants were
tested for viral titers and reversion frequencies before
use. A plaque assay (44) or an indirect immunofluo-
rescence focus assay (27, 36) was used to quantitate
viral infectivity.

Preparation of virus. Ad5 and Ad2 were purified
as previously described (19).
Immunofluorescence. Indirect immunofluores-

cence procedures were performed as described previ-
ously (25).
Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis was performed by the
method of Laemmli (18) in a slab gel apparatus, as
described by Studier (33).

In vitro synthesis. The in vitro system of Wilhelm
et al. (42) was used. Cytoplasmic extracts of wild-type
Ad5-infected KB cells were prepared by Dounce ho-
mogenization. Nuclei and unbroken cells were re-
moved by two cycles of centrifugation at 1,000 x g for
10 min; the supernatants were adjusted to 0.02 M Tris-
hydrochloride (pH 7.6), 0.005 M magnesium acetate,
and 0.08 M KCI and then applied to a Sephadex G-25
column (15 by 25 cm). The column was eluted with a
solution containing 0.02 M Tris-hydrochloride (pH
7.6), 0.005 M magnesium acetate, 0.08 M KCI, and
0.006 M ,-mercaptoethanol. The material in the void
volume was collected and adjusted to a concentration
of 40 units of absorbance at 260 nm per ml. For amino
acid incorporation studies, reaction mixtures con-

tained 0.6 volume of cytoplasmic extract, 0.50 M Tris-
hydrochloride (pH 7.6), 0.0035 M magnesium acetate,
0.148 M KCI, 0.001 M dithiothreitol, 0.001 M ATP,
0.002 M GTP, 0.0066 M creatine phosphate, 100 ug of
phosphocreatine kinase per ml, and 2.5 ,uCi of mixed
3H-amino acids per ml.

Immunoprecipitation. Immunoprecipitation re-

actions were performed as previously described (25).

RESULTS

Genetic studies. In previous studies (6, 16;
P. Luciw and H. S. Ginsberg, manuscript in
preparation), it was shown that two sets of ts
mutations which affect hexons map at noncon-

tiguous regions of the genome. One group, con-

taining the mutations in strains H5ts115 and
H5tsll6, appeared by genetic recombination to
map in the region assigned to the gene for the
100K protein. Ad2+NDlts4, a strain with a mu-
tation which has been mapped physically within
the coordinates 69 to 71 on the adenovirus ge-
nome (30), has phenotypic characteristics simi-

lar to those of H5tsll5 and H5tsll6 (11). There-
fore, complementation studies were performed
(6) to determine whether the Ad5 ts mu-

tants were in the same complementation
group as Ad2+NDlts4. Table 1 shows that
neither H5ts115 nor H5ts116 complemented
Ad2+NDlts4. H5ts142, a strain with a mutation
in the fiber gene (6; C. C. Cheng and H. S.
Ginsberg, manuscript in preparation), was used
as a control for positive complementation. These
complementation data indicated that H5tsll5
and H5tsll6 also have mutations in the 100K
protein gene. It should also be noted that
H5tsll5 and H5tsll6 complement strains with
mnutations in the hexon gene (11, 16).
Analysis of ts+ heterotypic recombi-

nants. Heterotypic marker rescue of H5ts116
with Ad2 EcoRI-B fragments yielded ts+ viruses
whose DNAs showed that a recombination event
had occurred between coordinates 59.5 and 70.7
when the DNAs were examined by restriction
endonuclease digestion (unpublished data).
These findings implied that the functional 100K
proteins produced by these recombinants were

either hybrids or Ad2 proteins. Since the Ad2
100K protein migrates faster than the related
Ad5 protein during sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (i.e., it is slightly
smaller or differs in phosphorylation), it was

possible to determine whether the recombinants
expressed the Ad2 100K protein or an intertypic
hybrid protein. This analysis was performed by
using sodium dodecyl sulfate-polyacrylamide
gels to electrophorese the polypeptides synthe-
sized in KB cells infected with each ofthe recom-
binants, H5tsll6, and Ad2 wild-type virus. The
100K polypeptides of the host recombinants had
mobilities that were intermediate between those
of the parental 100K polypeptides; all of the
other viral polypeptides had characteristics of
Ad5 proteins (Fig. 1). These data confirmed the
genetic evidence that the mutations of H5ts116
and H5tsll5 were in the gene encoding the 100K
protein, and in addition they demonstrated the

TABLE 1. Complementation between ts mutantsa
Complementation index

MutantAdN
H5ts116 H5ts115 H5ts142 AD2t4N

H5ts116 (0.(X4)b
H5ts115 0.67 (0.091)
H5ts142 796 (0.083)
Ad2+ND1ts4 0.192 0.792 310 (0.048)

a The degree of complementation is expressed as the com-
plementation index (CI), which was determined by the follow-
ing fornula: CI = (yield per cell of mixed infection)/(sum of
yields of single infections).

bThe values in parentheses indicate the yields of single
infections, expressed as focus-forming units per cell.
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FIG. 1. Autoradiogram of sodium dodecyl sulfate-
polyacrylamide gel containing p5SJmethionine-la-
beled polypeptides from lysates of cells infected with
H5ts116, wild-type Ad2 (Ad2WT), and intertypic re-
combinants generated by marker rescue. KB mono-
layers were infected at a multiplicity ofapproximately
20 PFU/cell with wild-type Ad2, H5ts116, and the
three intertypic recombinants (B21, B22, and B23)
produced by marker rescue crosses between H5ts116
and Ad2 EcoRI B fragments B21, B22, and B23; then
the monolayers were incubated at 39.5°C. At 16 h
postinfection, the medium was removed from each
dish and replaced with methionine-depleted minimal
essential medium containing 50 1Ci of [35S]methio-
nine per ml. The samples were pulse-labeled for I h
at 39.5°C. The cells were scraped from the dishes,
washed once withphosphate-buffered saline, and sus-

pended in gel sample buffer at a concentration of 10l
cells per ml. The samples were sonicated, boiled for
2min, applied to a 10%polyacrylamidegel containing
0.1% sodium dodecyl sulfate, and subjected to electro-
phoresis for 3.5 h at 100 V. Ad5WT, wild-type Ad5.
Labels at the sides of the gel indicate the specific
viral proteins; subscripts denote viral types.

unusual finding that the hybrid heterotypic
100K protein functioned as a wild-type protein
in that it produced structurally sound hexons.
Phenotypic characterization. We exam-

ined the patterns of synthesis and stabilities of
virus-specific polypeptides in cells infected at
the nonpermissive temperature to determine
what effects the ts defect had. It is thought that
the affected ts polypeptides may not fold
properly at the nonpermissive temperature and,
therefore, that the affected proteins may be
more subject to proteolytic cleavage at 39.5°C
(12, 17, 29, 34, 35).
KB cells in a suspension culture were infected

with H5tsll5, H5tsll6, H5ts142 (fiber mutant),
H5ts147 (hexon mutant), or wild-type Ad5.
Mock-infected cells were also examined. At 16 h
postinfection, the cells were pulse-labeled for 15
min with [3S]methionine at 39.50C, and then
they were incubated at 39.50C in a nonradioac-
tive medium containing a 10-fold excess of un-

labeled methionine. At different times samples

were withdrawn from the cultures and analyzed
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Figure 2 shows the patterns of
synthesis and the stabilities of polypeptides in
wild-type virus- and mutant-infected cells. It is
clear that both the hexon polypeptides and the
lOOK polypeptides were unstable at 39.5°C in
H5tsll5- and H5ts116-infected cells during the
chase period, whereas the remaining viral pro-
teins (e.g., the fiber and penton polypeptides)
were not degraded. Indeed, it is striking that the
hexon polypeptide chains were degraded to a
greater extent than the mutated lOOK proteins.
Densitometry tracings of the autoradiograms
(data not shown) confirmed the visual observa-
tions. In contrast, in H5ts147-infected cells, in
which hexon trimers assembled but accumulated
in the cytoplasn, the lOOK and hexon polypep-
tides were both stable at 39.5°C, although the
defect of H5ts147 is in the hexon gene (15, 21).
Viral multiplication after shift oftemper-

ature. To determine the functional effect of the
missense mutation on the production of infec-
tious virus, cultures were shifted from 32 to
39.50C or vice versa at different times after
infection. The "shift-up" experiments were used
to determine whether a mutant gene product
that was synthesized at the permissive temper-
ature could function after a change to the non-
permissive conditions. The "shift-down" experi-
ments were used to determine whether the gene
product synthesized at the nonpermissive tem-
perature could renature and function in vivo
when the cultures were shifted to the permissive
temperature. By adding cycloheximide (10 ,ug/
ml) to one-half of an infected culture, it was also
possible to determine whether previously pro-
duced proteins could be utilized or whether pro-
tein synthesis was necessary for infectious virus
to be made after the temperature shift.

Suspension cultures ofKB cells were infected
with 20 PFU of wild-type virus, H5tsll5, or
H5tsll6 per cell and incubated at 39.50C. At 16
h postinfection, the cells were labeled for 15 min
with [3S]methionine. The labeled, infected cells
were then sedimented, washed, and cultured in
unlabeled spinner Eagle minimal essential me-
dium containing 10 times the nornal methionine
concentration at 39.50C for 30 min before the
shift to 320C. This chase at the nonpermissive
temperature facilitated the depletion of the cel-
lular pool of [3S]methionine available for pro-
tein synthesis and allowed the unassembled
polypeptide chains to assemble to whatever
state possible at 39.50C. Each culture was then
divided into two aliquots, which were placed in
fresh spinner flasks and incubated at 320C; cy-
cloheximide (10 ,ug/ml) was added to one of
these cultures. Samples were withdrawn at dif-
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FIG. 2. Autoradiogram of a sodium dodecyl sulfate-polyacrylamide slab gel showing electrophoretically
separated /'SJmethionine-labeledpolypeptides from extracts ofH5tsll5-infected, H5tsll6-infected, and mock-
infected cells pulse-labeled and chased at 39.5°C. KB cells in suspension cultures were infected with 50 PFU
of virus per cell at 39.5°C, and then the cultures were incubated for 16 h. The cells were labeled for 15 min
with 100 ,iCi of I5S]methionine per ml and chased for up to 7 h. Samples were withdrawn from the cultures
immediately after the pulse-label and at different times during the chase. The cell pellets were washed with
pbosphate-buffered saline, disrupted in gel sample buffer by sonication, and boiled for 2 min. The conditions
used for electrophoresis are described in the legend to Fig. 1. Lane 0, Sample withdrawn immediately after
the pulse; lanes 1, 3, and 7, samples chased for 1, 3, 7 h, respectively; lane v, wild-type Ad5 (Ad5WT) virion.

ferent times, frozen, thawed six times to release
the intracellular virus, and titrated for infectious
virus at 320C by the fluorescent focus assay. In
addition, samples were analyzed by sucrose gra-

dient velocity sedimentation to determine
whether hexon capsomers were assembled.
Upon shift to the permissive temperature, in-

fectious virus was produced in the absence of
cycloheximide but not in its presence, indicating
that new protein synthesis was necessary for
assembly of infectious virus (Fig. 3). Moreover,
hexon polypeptides synthesized at the nonper-

missive temperature could be assembled into
mature hexons to only a very limited extent
upon temperature shift in the presence of cyclo-
heximide (unpublished data).
For temperature shift-up experiments, sus-

pension cultures of KB cells were infected as

described above and incubated at 320C. At 28 h
postinfection, which was early in the exponential
phase of the viral multiplication cycle at 32°C
(6), the infected cultures were divided and
placed in a water bath at 39.5°C. Cycloheximide
was added to one culture of each type. A small
portion of each of the mutant-infected cultures
was kept at 320C as a control. Samples were

withdrawn at different times, and the cells were
sedimented and resuspended in infecting fluid to
remove the cycloheximide before titration at
320C by the fluorescent focus assay.

In H5ts115- and H5ts116-infected cells, shift-
up to the nonpermissive temperature (Fig. 4)
resulted in the arrest of viral production within
1 h; the presence of cycloheximide did not in-
crease the inhibition significantly. The kinetics
of inhibition resembled the kinetics of the wild-
type virus-infected culture treated with cyclo-
heximide.
Assembly of hexon in vitro. In an attempt

to identify the function of the 100K protein, an
in vitro protein synthesis system was used to
test whether purified wild-type 100K protein
added to a 100K protein mutant-infected cell
lysate at the nonpermissive temperature allowed
hexon assembly to occur. Using a wild-type Ad5-
infected cell cytoplasm extract, Wilhelm et al.
(41, 42) described the in vitro synthesis of pre-
viously initiated polypeptide chains and the as-
sembly of the major multimeric capsid proteins,
including the assembly of the hexon polypep-
tides into trimeric, 12S, immunologically reac-
tive hexons. Although the incorporation of 3H-
amino acids into specific adenovirus polypep-
tides and the assembly of labeled hexon poly-
peptides into immunoreactive hexons were dem-
onstrated by using wild-type Ad5, when this
reaction was carried out with H5tsll6- or
H5tsl47-infected cell extracts, protein synthesis
as measured by isotope incorporation was low,
even at 320C, and newly synthesized immuno-

J. VIROL.



Ad5 100K ts MUTANTS 495

- --" -- - - -

HOURS POST INFEC
FIG. 3. Viral multiplication of H5tsll5

and wild-type (WT) AdS after shift ofinfecte
from 39.5 to 32°C. Suspension cultures oj
were infected with 30 PFU of virus per
incubated at 39.5°C. At 16 h postinfection I
by the arrow), the cells were labeled with t
onine for 15 min at 39.5°C as described i
After a 30-min chase at 39.5°C, each cu
divided into two aliquots, which were place
spinner flasks and incubated at 32°C. On
infected aliquot, one H5tsll6-infected ali
one wild-type Ad5-infected culture aliq
treated with 10 ,ug ofcycloheximide (Cx) pew
time of temperature shift. Samples were u
at different times, frozen and thawed six t
titrated for infectivity at 320C by the fluores
assay. FFU, Focus-forning units.

reactive hexons were not detected (unr
data). Hence, in vitro complementati
not be accomplished.
Because of the inability to use the

tuted reaction directly to determine whi
lOOK protein was necessary for the ass

hexons, interference with wild-type h
sembly- by anti-lOOK immunoglobulin
was tested. An IgG fraction purified fr

lOOK, anti-fiber, or normal rabbit serum was
WT added to wild-type virus-infected celi cytoplasm,

and the mixture was incubated for 30 min on ice,
WT +Cx after which the in vitro synthesizing reagents
H5tsfl6 were added and the synthesis reaction was

started. After the incorporation of label for 30
H5tsnl5 min, a Staphylococcus aureus suspension was

added to the mixture to precipitate the IgG. The
supematant fraction from this precipitation re-
action was then mixed with anti-hexon or nor-
mal rabbit serum, and the immune complexes

WT
5ts116 32C

1000- H tH5tsn5 32C

--_.&WT + Cx
100

H5ts116 +Cx
H5ts115 +Cx n H5tsll1

WL 0 o r Ff5tS116+Cx

i1H5tslH16I
?d cultures .01

fKBcells~ ~ ~ ~ ~ ~ ~~~HtSJ5C

celland/
(indicated/

n the text. .01- 0, 40 60Z
tIture was
e,d in fresh l_32 C 39.5 C
e H5tsll-

luot, and
luot were HOURS POST INFECTION
r ml at the
vithdrawnFeG. 4. Viral multiplication of H5ts605, Htsil,
qimes, and and wild-type (WT)Ad5 after shift ofinfected cultures
;cent focus firom 32 to 39.5°C. Suspension cultures of KB cells

were infected with 20 PFU of virus per cell and
incubated at32tC for 28 h. The cultures were then
divided into two alquots, which were placed in fresh

ublishedspinner5flasksand incubated at39.50°C. OneH5tsl5-
[on could infected aliquot, one Hts11-infected aliquot, and

one wild-type Ad5-infected aliquot were then treated
reconsti with 10 g of cycltoheximlde (Cx) per ml. Portions of
mes, and andtheH5ts115- andW 5ts116-infected ceU cultures were
enth ofo kept at 320C (32 C) to detenine the viral replication
exony iof each at 32°C. At different times, samples were
)ubh daspwithdrawn, frozen, thawed, and assayed for infec-
G (IgG) tiousvirn uby the fluorescent focus assay. FFU, focus-
rom anti- fow 1ing units.

LL-iw

Erw
a.

U-
U-

.01

.001

VOL. 40, 1981



496 OOSTEROM-DRAGON AND GINSBERG

TABLE 2. Interference of anti-lOOK with the
assembly of hexon during in vitro synthesis

Total ra-
Total ra-

dioactivity dioactiv-
Wild-type virus- ity (cpm) Yield of

infected cytoplasm (cpm) per precipi- hexon
preincubated with t50-p reac- tated (%)b

tion mix- wt niturea with anti-tr' hexon

Anti-100K IgG 64,573 436 32
Anti-100K IgG 61,340 246 19
Anti-100K IgG 56,646 277 23
Anti-100K IgG 79,979 503 30
Anti-fiber IgG 64,348 1,132 85
Normal rabbit IgG 71,698 1,493 100

a Acid-precipitable 3H-amino acid counts per min-
ute.

bCalculated as follows by assuming that the number
of counts per minute immunoprecipitated in the nor-
mal rabbit IgG reaction was 100%: theoretical counts
per minute of hexon expected = [(1,493) (counts per
minute in reaction)]/(71,698); percent yield = [(counts
per minute of hexon precipitated)/(theoretical counts
per minute of hexon expected)] x 100. Ad5-infected
cell lysates were preincubated for 30 min on ice with
either anti-100K IgG, anti-fiber IgG, or normal rabbit
IgG before the addition of 3H-amino acids, ATP, GTP,
creatine phosphate, and creatine phosphokinase. Syn-
thesis proceeded for 30 min at 37°C. After label incor-
poration, an S. aureus suspension was added to the
mixture to precipitate the IgG. The supernatant frac-
tion was immunoprecipitated with either normal rab-
bit antisera or anti-12S hexon serum, and the immune
complexes were precipitated by adding S. aureus.

were precipitated by adding an S. aureus sus-
pension (Table 2). The anti-lOOK IgG did not
interfere significantly with the total amount of
3H-amino acids incorporated, but the amount of
immunoreactive hexon detectable was markedly
decreased. In contrast, anti-fiber IgG did not
affect hexon assembly. These data supported
the hypothesis that the lOOK protein is neces-
sary for hexon assembly. It should be noted that
antibodies to purified native hexons (i.e., 12S
trimers) do not immunoprecipitate lOOK pro-
teins (25) and that 100K protein antibodies do
not immunoprecipitate native 12S hexons (25).
In addition, hexon polypeptides derived from
purified hexons are not immunoprecipitated by
anti-lOOK antiserum (unpublished data).

DISCUSSION
The data presented characterize two members

of a group of conditionally lethal ts mutants that
cannot form mature hexons at the nonpermis-
sive temperature (i.e., their phenotypes are
hexon minus). However, the hexon gene lies
between 51.9 and 62.2 map units on the adeno-
virus genome (5), and, according to the results
of marker rescue and genetic recombination
analyses, this is not the locus of the gene which

produces the H5ts115 and H5tsl16 phenotypes.
Physical mapping techniques, such as R-loop (5,
28), cell-free translation (21, 22, 24, 28), and
hybrid arrest translation techniques (24, 26),
have localized the 100K protein gene between 67
and 75 map units, and the pVIII protein gene
between 75 and 79 map units. Since homotypic
recombination analyses (11, 16) have indicated
that the mutations of H5ts115 and H5tsll6 map
within this region, it was necessary to establish
unambiguously in which gene the mutations of
these alleles resided.
The results of complementation analyses im-

plied that both H5tsll5 and H5tsll6 contained
mutations in the gene for the lOOK protein be-
cause both of these mutants failed to comple-
ment Ad2+NDlts4, a strain with a mutation
previously reported to be in the lOOK gene (30).
Moreover, homotypic (H5ts DNA x wild-type
Ad5 restriction fragment DNA) and heterotypic
(H5ts DNA x Ad2 restriction fragment DNA)
marker rescue experiments (unpublished data)
clearly indicated that the mutation in H5tsll6
must be located between coordinates 67 and 70.7
and therefore is not a mutation in the pVIII
protein gene; these experiments also showed
that the mutation in H5tsll5 maps between 70
and 75.9 map units and thus cannot a be muta-
tion in the hexon gene. Therefore, since H5ts115
and H5ts116 are both in the same complemen-
tation group, it can be concluded that the mu-
tations in both of these mutants map in the gene
encoding the lOOK protein. The heterotypic
marker rescue accomplished with the Ad2
EcoRI-B fragment yielded a ts+ recombinant
virus which must have resulted from a recom-
bination event in the Ad2 DNA sequences be-
tween coordinates 59.5 and 70.7, the region
which encodes the N terminus of the lOOK pro-
tein. Since the heterotypic lOOK proteins result-
ing from this recombination were intermediate
in size between the Ad2 and Ad5 lOOK proteins
(Fig. 1), the Ad2 DNA nucleotide sequences
recombined must have been at least in part
heterologous to the corresponding Ad2 DNA
sequences. Whether the actual recombination
occurred within homologous or heterologous se-
quences cannot be determined until the com-
plete nucleotide sequences of Ad2 and Ad5 DNA
have been determined in this region of the ge-
nome. It is noteworthy that despite the differ-
ences in the sizes of the Ad2 and Ad5 lOOK
proteins and thus the differences in the viral
genomes encoding these proteins, the hetero-
typic recombinant protein appeared to function
like wild-type lOOK protein. Adenovirus heter-
otypic marker rescue has not been reported pre-
viously, and although heterotypic recombination
has been described (13, 14, 30), the proteins of
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the ts+ recombinants did not appear to be hy-
brids (13). Thus, the heterotypic hybrid protein
produced by recombination between H5tsll6
and the Ad2 EcoRI fragment B appears to be a

unique hybrid protein that is capable of func-
tioning for the production of structurally sound
trimeric hexons.
The correlation between the mapping data

obtained by the marker rescue technique and
the genetic map obtained by recombinational
analysis (11) is excellent. Not only does the map
distance between the sites of the mutations in
strains H5tsll5 and H5tsll6 (as determined by
marker rescue analysis) correlate with the 1%
recombination frequency between these sites,
but also the map order of the mutations (as
determined by marker rescue and recombination
analysis) is the same; i.e., the mutation in strain
H5tsll6 maps to the left of the mutation in
strain H5tsll5.

It is noteworthy that the lOOK proteins of
H5tsll5, H5tsll6, and wild-type Ad5 are phos-
phorylated similarly at both 32 and 39.50C (un-
published data), that these proteins do not show
any differences in mobility during two-dimen-
sional gel electrophoresis or after partial prote-
olysis (unpublished data), and that they have
the same cellular distribution as determined by
indirect immunofluorescence at both tempera-
tures (25). These findings indicate that the pre-

sumed single amino acid substitution only subtly
affects the overall structure of the protein, but
nevertheless prohibits its function.

Degradations of the products of missense mu-
tations have been reported in a number of bac-
terial and animal virus systems (17, 34, 35). In
H5tsll5- and H5tsll6-infected cells both the
hexon polypeptides and the lOOK polypeptides
appear to be relatively unstable at the nonper-
missive temperature. The hexon polypeptides
are rather labile (degraded 75 to 85% in 7 h), yet
these polypeptides are not products ofa mutated
gene. In contrast, the lOOK protein, which is the
gene product directly affected by the mutation
in each allele, is degraded significantly less dur-
ing 7 h at 39.50C. It has been suggested that the
degradative rates of polypeptides in cells are
determined by differences in the conformations
of the susceptible proteins (12). The following
two observations made with lOOK protein mu-

tant-infected cells appear to be consistent with
this hypothesis: (i) the lOOK protein is subject
to protease degradation because its primary
structure is altered, which probably affects its
folding at the nonpermissive temperature; (ii)
the unassembled hexon polypeptides are sensi-
tive to proteolytic cleavage to even a greater
extent than the lOOK protein, probably because
they are not able to fold and assemble into

Ad5 lOOK ts MUTANTS 497

trimers, although the two species ofpolypeptides
do still interact in mutant-infected cells (25).
The inability of the hexon polypeptides to as-
semble may expose more proteolytic cleavage
sites in the hexon polypeptide chains than the
amino acid substitution in the lOOK protein.
Thus, in cells infected with the hexon mutants
H5tsl47, H5tsU35, and H5tsl28, the partially
assembled hexon polypeptides are stable at the
nonpermissive temperature (16).
The fact that in H5tsll5- and H5tsll6-in-

fected cells infectious virus was not produced
and hexon trimers were assembled to only a very
limited extent after a shift from the nonpermis-
sive temperature to the permissive temperature
in the presence of cycloheximide could have
been a consequence of protein degradation of
the hexon and lOOK polypeptide chains at
39.50C. These data may also have reflected an
inability of the lOOK protein made at 39.5°C to
assume its functional role after the shift to 320C,
or they may have resulted from defective lOOK
protein and hexon polypeptide chains associat-
ing incorrectly so that after the shift the hexon
polypeptides could properly fold and assemble
or could dissociate from the lOOK protein during
assembly. Studies with H5tsl7 and H5ts2O (20),
which are now known to be strains with muta-
tions in the lOOK protein gene (9), also showed
limited hexon assembly after a shift to the per-
missive temperature in the presence of cyclohex-
imide if time was permitted between the synthe-
sis of the nascent hexon and lOOK polypeptide
chains at 38.5°C and the shift to 32.5°C. Similar
results were obtained with H5tsl47, a hexon
gene mutant (16), whereas H5tsl42, a fiber gene
mutant, could assemble infectious virus in the
presence of cycloheximide after the shift from
39.5 to 320C.

Adenovirus-infected cells also contain a non-
.structural 33K polypeptide; Axelrod reported
that this polypeptide is a derivative of the lOOK
protein (3). Since the 33K protein is apparently
encoded in the viral DNA at the same location
as the carboxy terminus of the lOOK protein
(24), the muissense mutation in the lOOK protein
gene of H5tsll5 should also be expressed in the
33K protein, but it should not be expressed in
the 33K protein produced in H5tsll6-infected
cells. However, since the phenotypes of H5tsll5
and H5tsll6 are almost identical at the nonper-
missive temperature, we concluded that either
the 33K protein has the same function as the
lOOK protein or it is not functional. Since almost
all of the characterizations of H5tsll5 and
H5tsll6 have been performed by labeling the
hexon and lOOK polypeptides with [35S]methio-
nine, the 33K species was not detected.
To obtain definitive evidence that the lOOK
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protein provides an essential function in the
assembly of nascent hexon polypeptide chains
into mature hexons, we attempted to develop an
in vitro system for the production of hexon in
which wild-type lOOK protein could complement
hexon morphogenesis in lOOK protein mutant
lysates at the nonpermissive temperature. How-
ever, this goal was not accomplished because of
poor in vitro synthesis of viral polypeptide
chains in the mutant-infected cell extracts (un-
published data). Therefore, to test this hypoth-
esis, in vitro synthesis and assembly of hexons
were measured after the lOOK protein was pre-
cipitated from the wild-type virus-infected cell
lysate by specific antibodies. As a control, either
antibodies to fiber protein or IgG from normal
rabbit serum was used in place of lOOK protein
antibodies in the preincubation reaction. The
quantities of immunoreactive hexons synthe-
sized decreased significantly in the extracts de-
pleted of the lOOK protein but not in the con-
trols. These in vitro experiments appeared to
strengthen the evidence that the lOOK protein
and hexon polypeptides interact (25), and the
data implied that the reduced production of
trimeric hexons resulted from this interaction.
Either the lOOK protein antibodies removed a
large proportion of the hexon polypeptides from
the pool and thus reduced hexon production
because they co-precipitated lOOK and hexon
polypeptides from the infected cells extract, or
the lOOK protein remaining in the reaction mix-
ture was insufficient to effect maximum assem-
bly of hexon polypeptides into mature hexons.
The experiments described above do not allow
one to distinguish between these two alterna-
tives.
To interpret these experiments further, the

characteristics of the antisera used should be
emphasized. Antiserum directed against the
lOOK protein is monospecific; hence, it does not
react with purified hexon polypeptide chains or
trimeric 12S hexons and does not neutralize
virus (25), but in cell lysates it co-immunopre-
cipitates lOOK protein and hexon polypeptides,
indicating close association ofthese polypeptides
within cells. Native hexon antiserum (31, 37, 38)
reacts only with mature 12S hexons in all reac-
tions, including specific viral neutralization. It
should also be noted that hexon polypeptide
chain antiserum, which was prepared by immu-
nizing rabbits with denatured, crystallized hex-
ons (31), reacts only with hexon polypeptide
chains in purified reaction mixtures and not with
purified lOOK protein; however, in cell lysates
these antibodies precipitate lOOK protein and
hexon polypeptide chains (unpublished data).
Thus, the lOOK antiserum could not immuno-
precipitate either assembled hexons or unasso-

ciated hexon polypeptide chains directly, nor is
it likely that the hexon polypeptides did not
interact because of steric hindrance or nonspe-
cific trapping since neither the normal rabbit
IgG nor the anti-fiber IgG interfered with hexon
assembly.
The lOOK protein is a viral, nonstructural

protein which is synthesized in large amounts
during the late phase of a lytic adenovirus infec-
tion. The large quantity of lOOK protein which
is made suggests that it functions stoichiomet-
rically rather than in a catalytic role. Aside from
an acetylated N terminus (15), no other modifi-
cation of the hexon polypeptide is known. Thus,
no catalytic role for the lOOK protein in hexon
morphogenesis is apparent. Moreover, extensive
studies could not detect hexon polypeptide mod-
ifications, such as cleavage, phosphorylation,
and glycosylation (unpublished data). It can be
argued that the hexon polypeptides should not
require a scaffolding protein to assist in their
assembly because they are synthesized in great
abundance and their assembly consists of only
the association of three identical polypeptide
chains. However, it should be recognized that
hexon morphogenesis has the following rigid
requirements: (i) hexons have both type-specific
and family-specific antigenic reactive groups (39,
40), which are only expressed in the trimeric
hexons as a result of specific secondary and
teritary structural configurations (32); and (ii)
the type-specific antigenic reactive site is on the
external surface and the family-specific reactive
site is on the internal surface when the hexon is
assembled into a virion capsid (39). To obtain
this rigidly defined conformation, the lOOK pro-
tein, which has its own unusual structural fea-
tures, may have to hold the hexon polypeptide
chains in a particular conformation which is
necessary to permit the specific folding of the
chains. As the requirements for hexon assembly
are met, the noncovalent bonding properties of
the hexon polypeptide are changed so that the
lOOK protein molecule dissociates from the
hexon, similar to the separation of the scaffold-
ing protein of P22 bacteriophage (4). It is possible
that in cells infected at the nonpermissive tem-
perature with a lOOK protein mutant the defec-
tive lOOK protein synthesized cannot achieve
the appropriate folding of the hexon polypeptide
chains or the required dissociation from hexon
polypeptide chains and, thus, mature hexons
cannot assemble.
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