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UV irradiation of purified mengovirus resulted in a very rapid inactivation of
the infectivity of the virions (Ds, [37% survival dose] = 700 ergs/mm?) which
correlated in time with the formation of uracil dimers in the viral RNA. During
the first 2 min of irradiation, an average of 1.7 uracil dimers were formed per PFU
of virus inactivated. Hemagglutination activity of the virions began to decrease
only after a lag period of about 5 min and at a much lower rate (Dy;, = 84,000
ergs/mm?). This decrease coincided in time with the appearance of altered
proteins in the capsid and a structural change in the capsid. Although 10- to
20-min irradiated virions appeared intact in the electron microscope and
sedimented at 150S in sucrose density gradients, the RNA of the virions became
accessible to RNase and extractable by low concentrations of sodium dodecyl
sulfate, and the virions broke down upon equilibrium centrifugation in CsCl
gradients. During longer periods of irradiation (30 to 60 min), a progressively
greater proportion of the virions were converted to 14S protein particles and 80S
ribonucleoprotein particles composed of intact viral RNA and about 30% of the
capsid proteins, alpha, beta, and gamma. Empty capsids were not detectable at
any time during 60 min of irradiation, by which time disruption of the virions was
complete. Irradiation of complete virions also resulted in an increased sedimenta-
tion rate of the viral RNA and in the covalent linkage to the viral RNA of about
1% of the total capsid protein in the form of heterogeneous low-molecular-weight
polypeptides. The two observations seem to be causally related, since irradiation
of isolated viral RNA did not result in an increase in sedimentation rate of the
RNA, even though uracil dimer formation in viral RNA occurred at about the
same rate and to the same extent whether intact virions or viral RNA were

irradiated.

The structural arrangement of the viral RNA
and the structural proteins in picornaviruses is
. still not entirely understood (6, 19, 27). One
approach to investigating the structure and
composition of these viruses has been the use of
controlled degradation of the virions as a result
of UV irradiation (11, 12, 26), heating (7, 9, 12,
26), or incubation under alkaline conditions (2,
3, 6, 7) followed by the analysis of the degrada-
tion products. When poliovirus is exposed to
any of these treatments, the virions are rapidly
converted to empty capsids, with degradation of
the viral RNA and a change in the antigenic
specificity of the capsid. The antigenic change
is probably triggered by the release of the viral
RNA (9, 11) and related to the release of the
smallest of the structural proteins of poliovirus,
VP4 (3).

Our studies show that UV irradiation affects
mengovirus, another picornavirus, in quite a
different manner, especially in that no empty
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capsids are formed. Upon degradation of the
virus, the viral RNA is released intact, associ-
ated with about 30% of the capsid protein in the
form of 80S ribonucleoprotein (RNP) particles.
Dissociation of the virions, however, is preceded
by a progressively increasing instability of the
virus capsid which correlates with the loss of its
hemagglutination (HA) activity and ultrastruc-
tural changes in the capsid proteins. Also, some
of the proteins or parts thereof become cova-
lently linked to the viral RNA. Some of the
results have been presented in a preliminary
report (R. L. Miller et al., Abstr. Annu. Meet.
Amer. Soc. Microbiol., p. 225, 1973).

MATERIALS AND METHODS

Cells and cell culture. Navikoff rat hepatoma cells
(subline N1S1-67) and mouse L cells (subline L-67G)
(31) were propagated in suspension culture in Swim
medium 67 as described previously (24).

Preparation of radioactively labeled mengovi-
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rus. N1S1-67 cells were infected with 10 to 30 PFU/
cell of mengovirus as described previously (21, 24).
For the preparation of virus with labeled RNA, the
infected cells were suspended in basal medium 42
(BM42; 24), and the suspension was supplemented
with 2 ug of actinomycin D/ml at 0.5 h after infection
and with 0.5 yuM [5-°*H Juridine (2 mCi/umol) at 1 h.
For the preparation of virus with labeled protein, in-
fected cells were suspended in leucine-free BM42 or
amino acid-free BM42, and the suspensions were sup-
plemented with 0.067 uM [*H]leucine (60 mCi/umol)
or 1 uCi/ml of *H-reconstituted protein hydrolysate,
respectively, 1 h after infection. For the preparation
of double-labeled virus, the infected cells were sus-
pended in amino acid-free BM42 and supplemented
with actinomycin D and [*H Juridine as already de-
scribed and with 1 4Ci/ml of **C-reconstituted protein
hydrolysate. All radioactive precursors were pur-
chased from Schwarz/Mann.

The virus was harvested at 7 h after infection and
purified as previously described (15), except that the
gradient-purified virus was freed of sucrose by dialysis
rather than by Diaflo-membrane filtration. Virus
suspensions collected from sucrose density gradients
were dialyzed overnight at 4 C against 2 liters of a
solution composed of 10 mM Tris-chloride (pH 8.2)
and 2 mM EDTA and then concentrated by pervapo-
ration at room temperature. The final suspensions
contained between 5 x 10° and 10'° PFU/ml and were
stored at —20 C.

Plaque and hemagglutination assays for mengo-
virus. The plaque assay was conducted as follows.
L-67G cells were collected by centrifugation from
suspension cultures in the late exponential phase of
growth between 10° to 1.5 x 10° cells/ml. The cells
were suspended to about 5 x 10° cells/ml in minimal
Eagle medium (MEM) supplemented with 5% (vol/
vol) calf serum, and 5-ml amounts of this suspension
were seeded into plastic petri dishes (60 mm diame-
ter; Falcon Plastics). After 24 h of incubation at 37 C
in an atmosphere of 5% CO, in air, the culture fluid
was aspirated off and the monolayers were inoculated
with 0.2 ml of 10-fold dilutions of mengovirus per
plate (three plates per dilution). Virus dilutions were
prepared in a solution composed of 136 mM NaCl, 5
mM KCl, 1 mM MgSO,, 4.2 mM Na,HPO,, 0.8 mM
KH,PO,, and 0.02 mg of phenol red/ml. After 30 min
of incubation at 37 C, 5 ml of MEM supplemented
with 5% (vol/vol) calf serum and 0.5% (wt/vol) agarose
(Seakem, Marine Colloids) were added. The plates
were incubated at 37 C for 24 h and then overlayed
with 3 ml of the same MEM-agarose solution, but
supplemented with 0.01% (wt/vol) of neutral red.
Plaques were counted after 1 to 2 h of incubation at
37 C. HA activity was determined as previously
described (24).

Isolation of viral RNA. RNA was extracted by
treatment of the virus with sodium dodecyl sulfate as
described in the appropriate experiments. Viral RNA
was also isolated by extraction with phenol and
sodium dodecyl sulfate as described previously (25) or
by the phenol-chloroform method of Perry et al. (17).

Irradiation of mengovirus or its RNA with UV
light. Suspensions of purified mengovirus or viral
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RNA were diluted 1:10 in 10 mM Tris-chloride (pH
7.4). One milliliter of the dilution was placed in
60-mm plastic petri dishes and irradiated at 4 C witha
General Electric 15-W germicidal lamp at a distance
of 8 cm and an intensity of about 7,000 ergs per min
per mm?.

Isolation of uracil dimers. Samples (1 ml) of
irradiated suspensions or purified [*H Juridine-labeled
mengovirus or viral RNA were mixed with 2 mg of
bovine serum albumin and 1 ml of 1 N perchloric acid
at 0 C. The resulting precipitate was collected by
centrifugation at 1,000 x g for 5 min and hydrolyzed
in 88% formic acid at 175 C for 30 min as described for
DNA (29, 30). The RNA was completely degraded to
its constituent bases by this treatment. The hydroly-
sates were analyzed by ascending chromatography on
Whatman no. 1 paper. The paper was developed with
a solvent composed of 70 ml of isopropanol, 10 ml of
concentrated NH,OH, and 20 ml of 0.1 M H,BO, at
room temperature for 18 h. The dried chromatograms
were cut into 1-cm segments at right angles to the
direction of migration. The segments were agitated
with 1 ml of water, and the paper and eluate together
were analyzed for radioactivity.

Velocity sedimentation in sucrose density gra-
dients. Linear sucrose density gradients in either
buffer 6 or buffer 13 were prepared with a gradient
former (ISCO model 570). Buffer 6 consisted of 10 mM
EDTA, 10 mM Tris-chloride (pH 7.4), 50 mM NaCl,
and 0.5% (wt/vol) sodium dodecyl sulfate. Buffer 13
consisted of 100 mM Tris-chloride (pH 8.2) and 20
mM EDTA. Conditions of centrifugation are de-
scribed in the appropriate experiments. Except where
indicated otherwise, 1-ml fractions were collected by
means of a density gradient fractionator (ISCO model
183) which was attached to a continuously recording
UV light analyzer (ISCO model UA-2) and a fraction
collector (ISCO model 272). Gradient fractions were
analyzed for radioactivity in acid-insoluble material
as previously described (21, 24). Sedimentation rates
of RNA were estimated by the method of Martin and
Ames (14) by using hot phenol-extracted 29S rRNA
from N1S1-67 cells as a standard (22).

Isolation of viral proteins and separation by gel
electrophoresis. Suspensions of protein-labeled virus
were supplemented with 10% (vol/vol) glacial acetic
acid, 1% (wt/vol) sodium dodecyl sulfate, and 1%
(vol/vol) mercaptoethanol and incubated at 37 C for 1
h. The samples were then dialyzed overnight against a
solution composed of 10 mM sodium phosphate (pH
7.4), 0.1% sodium dodecyl sulfate, and 0.1% mercapto-
ethanol and then concentrated by pervaporation to
about 0.2 ml. The samples were supplemented with
0.02 ml of glycerol and 5 uliters of a 0.1% (wt/vol)
solution of bromphenol blue. The proteins were
separated by electrophoresis in 10% (wt/vol) poly-
acrylamide gels containing 0.2% N, N'-methylene-
bis-acrylamide as described by Maizel (13). Elec-
trophoresis was in 20-cm tubes at about 100 V for 8 h.
The gels were sliced into 2-mm slices. The slices were
allowed to swell in 1 ml of water for 1 h at room tem-
perature, and the slices and eluates together were
analyzed for radioactivity.

Radioactivity determinations. Radioactivity was
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measured by liquid scintillation counting. All samples
were mixed with 15 ml of a modified Bray solution
described previously (24).

Electron microscopy of mengovirus. Sucrose den-
sity gradient-purified mengovirus was allowed to
adsorb to copper grids covered with a parlodion film
while the virus was still in the sucrose solution.
Sucrose was effectively removed by floating the grids
on a series of droplets of 1% (wt/vol) phosphotungstic
acid (pH 7.0). The stained preparations were allowed
to dry and were examined with a Siemens Elmiskop
electron microscope.

RESULTS

Effect of UV irradiation on infectivity and
HA activity of mengovirus. Inactivation of
infectivity followed single-hit kinetics (Fig. 1A),
and 99% of the infectivity was lost within 1 min
of irradiation. HA activity was lost much more
slowly than infectivity, and the decrease in HA
activity began only after a lag period of about 5
min (Fig. 1A). The doses resulting in 37%
survival of infectivity and HA activity were
about 700 and 84,000 ergs/mm?, respectively.

Formation of uracil dimers in viral RNA
upon irradiation of complete virions and
isolated RNA. Samples of [*H Juridine-labeled
complete virus or of isolated viral RNA were
irradiated and then hydrolyzed in formic acid,
and the uracil dimers were separated from
uracil chromatographically. Typical chromato-
grams of RNA hydrolysates of untreated men-
govirus and 20-min irradiated virus are illus-
trated in Fig. 1C. The formation of uracil
dimers upon irradiation was very rapid whether
complete virus or isolated viral RNA was irradi-
ated (Fig. 1B). In both cases, a maximum of 8 to
10% of the total uracil bases of the viral RNA
had formed dimers within 10 min of irradiation.
Only a small proportion of the total uracil
dimers could have arisen by deamination of
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F16. 1. Effect of UV irradiation on (A) infectivity
(A) and HA activity (@) of mengovirus and (B and C)
on formation of uracil dimers in viral RNA. (A) A
suspension of purified mengovirus was irradiated, and
samples of the suspension were analyzed for infectiv-
ity and HA activity as described in Materials and
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uracil-cytosine dimers, since [5-®H luridine is
only very inefficiently incorporated into cyto-
sine of mengovirus RNA during replication in
N1S1-67 cells (23). About 80 to 85% of the total
radioactivity in viral RNA was associated with
UMP, and the remainder was associated with
CMP.

Effect of irradiation on the integrity of
mengovirus. Double-labeled virus ([*H]JRNA
and ['“C]protein) was irradiated for various
lengths of time and then analyzed by zone
sedimentation in sucrose density gradients.
Even after 20 min of irradiation, the virus
particles still seemed intact since they sedi-
mented at about the same velocity (1508S; 28) as
untreated virus (Fig. 2A and B). Degradation of
virus only began to occur between 20 and 40 min
of irradiation (Fig. 2C and D). It resulted in the
release of 80S RNP particles which contained
all of the viral RNA (*H) and about 30% of the
total viral protein ('*C). The remainder of the
protein was released in the form of particles
sedimenting at about 14S. Electron microscope
examination of preparations of irradiated virus
revealed no empty capsids at any stage during
irradiation. .

Early effects of irradiation on capsid pro-
teins and stability of the capsid. Sedimenta-
tion analysis had shown that the virions re-
mained essentially intact for at least 20 min of
irradiation (Fig. 2B). Electron microscope ex-
amination also failed to detect any morphologi-
cal difference between untreated (Fig. 3A) and
20-min-irradiated (Fig. 3B) virions. The follow-
ing experiments, however, illustrate that
marked changes in the capsid had already
occurred during this time period of irradiation
which lowered its stability and rendered the
virion RNA sensitive to degradation by RNase.
The RNA from nonirradiated virus was resist-
ant to degradation by external RNase and could
not be extracted by treatment with 0.02% so-
dium dodecyl sulfate. However, some of the
virus RNA became RNase sensitive and extract-
able by 0.02% sodium dodecyl sulfate within 5
min of irradiation of intact virions (Fig. 4). By
20 min, when the virions still seemed morpho-
logically intact, about 30% of the RNA became

Methods. (B) Suspensions of [*H]uridine-labeled
mengovirus (@) or phenol-extracted viral RNA (O)
were irradiated as in (A). At various times of irradia-
tion, samples of virus or RNA were hydrolyzed and
uracil dimers were separated by paper chromatogra-
phy as described in Materials and Methods. (C)
Chromatograms of hydrolysates of RNA from un-
treated (O) and 20-min-irradiated (@) virus. Migra-
tion is from left to right.
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Fic. 2. Velocity sedimentation analysis of nonir-
radiated and irradiated double-labeled mengovirus in
sucrose density gradients. Samples of a suspension of
mengovirus with [*Huridine-labeled RNA (@) and
[**Clamino acid-labeled protein (A) were irradiated
for 0 (A), 20 (B), 40 (C) and 60 min (D). The
suspensions were then sedimented through 0.5 to 1.6
M sucrose gradients in buffer 13 for 8 h at 4 C, 22,000
rpm in an SW-27 rotor in a L-2 Beckman ultracentri-
fuge. One-milliliter fractions were collected from the
top of the gradients and analyzed for *C and °H in
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degraded and released from the virions upon
incubation with RNase, and about 60% was
extractable by 0.02% sodium dodecyl sulfate.
Further, 10-min-irradiated virus was converted
during equilibrium centrifugation in a CsCl
gradient to an RNP particle with a higher
density (1.39 g/cm? Fig. 5B) than that of
untreated virus (1.32 g/cm?; Fig. 5A). This RNP
particle was probably equivalent to the 80S
RNP particle detected by zone sedimentation in
sucrose density gradients (Fig. 2C and D). The
protein that was released during breakdown of
the irradiated virus equilibrated at a density of
1.28 g/cm? (Fig. 5B).

The appearance of unstable virions during
irradiation coincided with marked changes in
the electrophoretic mobility of the capsid pro-
teins (Fig. 6). Leucine-labeled virus was irradi-
ated for various time periods, and the 1508
particles were isolated by sucrose density gradi-
ent centrifugation. The proteins were isolated
from these particles and analyzed by polya-
crylamide gel electrophoresis. The gel profiles of
untreated virus (Fig. 6A) were similar to those
reported for mouse Elberfeld virus by Rueckert
and his co-workers (6, 27, 34) and the structural
proteins were designated alpha to epsilon as
suggested by these investigators. The distribu-

acid-insoluble material. Sedimentation (S) coeffi-
cients were estimated by the method of Martin and
Ames (14), assuming a sedimentation coefficient of
1508 for intact mengovirus (28).
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Fic. 4. Effect of UV irradiation on stability of viral
capsid. A suspension of [*Hluridine-labeled men-
govirus was irradiated, and at various times of irradia-
tion samples were analyzed for the following. (i)
Amount of RNA in virion sensitive to RNase. The
samples were supplemented with 10 ug of both RNase
A and T1 per ml and incubated at 27 C for 30 min.
The digests were sedimented through 0.5 to 1.6 M
sucrose gradients as illustrated in Fig. 2A, and the
1508 regions (intact virions) were analyzed for radio-
activity in acid-insoluble material. (ii) Amount of
RNA in virion extractable by treatment with 0.02%
(wt/vol) sodium dodecyl sulfate. The samples were
supplemented ta 0.02% with sodium dodecyl sulfate
and incubated with frequent mixing at 37 C for 10
min. The extracts were sedimented through 0.15to 0.9

M sucrose gradients as illustrated in Fig. 7, and the
34 S regions (viral RNA) were analyzed for radioactiv-
ity in acid-insoluble material.
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Fic. 5. Equilibrium centrifugation in CsCl gradi-
ents of nonirradiated (A) and 10-min-irradiated vi-
rions (B). Samples of untreated and 10-min-
irradiated double-labeled mengovirus ([*H]JRNA and
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tion of leucine-label among the structural pro-
teins is indicated in the graph and was also
similar to that reported for mouse Elberfeld
virus (6, 34). No significant difference could be
detected between the gel profiles of untreated
virus and 5-min-irradiated virus (not shown).
After 10 min of irradiation, however, a larger,
new protein of about 70,000 daltons and hetero-
genous material migrating between the gamma
and delta proteins had been formed (Fig. 6B).
The nature and origin of these proteins is un-
certain, but we have tentatively designated
these proteins the large and small photoprod-
ucts, respectively. Further, the two structural
proteins of similar molecular weight, alpha and
beta, of the irradiated virions migrated as a sin-
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Fic. 6. Polyacrylamide gel electrophoresis of pro-
teins of irradiated and untreated virions. Samples of
untreated and irradiated [*H)amino acid-labeled
virus were sedimented through 0.5 to 1.6 M sucrose
gradients as illustrated in Fig. 2. The 1508 particles
were isolated from the gradients by precipitation with
2 volumes of ethanol and disrupted, and the proteins
were separated by electrophoresis on 10% acrylamide
gels as described in Materials and Methods.

[*Cprotein) were diluted with water to 5 ml and
mixed with 2.417 g of CsCl (density = 1.30 g/cm?).
The suspensions were centrifuged to equilibrium in an
SWS50 rotor at 35,000 rpm (40 h, 4 C). Fractions of 0.25
ml were collected and analyzed for density (O) by
weighing 0.1 ml in a volumetric pipette and for '*C
(@) and *H in acid-insoluble material (A).
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gle broad band, and the proteins in’ the delta
region migrated very heterogeneously (Fig. 6B)
in contrast to the delta protein of nonirradiated
virus which migrated as a sharp band (Fig. 6A).
We do not know whether the heterogeneous
proteins from the irradiated virus that migrated
in the delta region represented modified delta
protein or were degradation products of other
proteins. The formation of altered proteins in
the 150S particles continued with time of irradi-
ation (Fig. 6C) and may have been responsible
for the eventual disruption of the particles (Fig.
2C and D).

UV light-induced changes in sedimenta-
tion properties of viral RNA and covalent
linkage of polypeptides to viral RNA. In
addition to inducing changes in the properties
of the structural proteins of the virus, UV
irradiation resulted in an increase in the sedi-
mentation velocity of the viral RNA. RNA
extracted from 20-min-irradiated [*H Juridine-
labeled virus sedimented significantly faster
(about 41S) in a sucrose density gradient than
did the RNA from untreated virions (!*C-
labeled, about 34S) (Fig. 7B). This increase in
sedimentation rate of the viral RNA occurred
only when whole virus was irradiated. Irradia-
tion of phenol-extracted viral RNA had no
effect on the sedimentation properties of the
RNA (Fig. 7C), even though the formation of
uracil dimers occurred as rapidly as when whole

MILLER AND PLAGEMANN

J. VIRoL.

virus was irradiated (Fig. 1B). Thus, the in-
crease in sedimentation rate of the RNA of
irradiated virus was not due to the formation of
uracil dimers per se.

To determine whether the increase in sedi-
mentation rate of the RNA was related to
changes in secondary structure, we determined
the sedimentation properties of RNA from irra-
diated and untreated virions in sucrose density
gradients of varying ionic strength and com-
pared them with the sedimentation properties
of rRNA from Novikoff cells. Firstly, we found
that the sedimentation rate of mengovirus RNA
per se was significantly more affected by
changes in ionic strength in the gradient than
was that of rRNA. Whereas mengovirus RNA
sedimented more rapidly than 29S rRNA in
gradients of intermediate (15; Fig. 7A) or high
ionic strength (Fig. 8B), it sedimented at about
the same rate as 29S rRNA in gradients of very
low ionic strength (Fig. 8A). A similar observa-
tion has been made with the RNA of enceph-
alomyocarditis virus (16). Thus, caution must
be exercised in calculating the S value and the
molecular weight of a viral RNA based on its
sedimentation rate relative to that of rRNA.
Nevertheless, for reasons of simplicity, we will
continue to refer to mengovirus RNA as having
a sedimentation constant of 34S as estimated
from its sedimentation rate relative to that of
hot phenol-extracted 29S rRNA in gradients of
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Fic. 7. Velocity sedimentation analysis of RNA from untreated (A) and irradiated (B) virus and of
irradiated viral RNA (C). Samples of untreated and 20-min irradiated [*Huridine-labeled mengovirus were
supplemented with 2% (wt/vol) sodium dodecyl sulfate and incubated at 37 C for 10 min with frequent mixing.
A sample of 20-min irradiated, phenol-extracted, [*Hluridine-labeled viral RNA was similarly supplemented
with sodium dodecyl sulfate. The samples were then mixed with a small volume of phenol-extracted,
1**C uridine-labeled viral RNA added as a marker, and the mixtures were sedimented through 0.15 to 0.9 M
gradients of sucrose in buffer 6 in an SW27 rotor at 22,000 rpm, 20 C, for 10 h. Fractions from the gradients were
analyzed for *C (A) and *H (@) in acid-insoluble material.
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intermediate ionic strength (15).

A comparison of the data in Fig. 8A and B
and 8C and D indicates that the sedimentation
rates of the RNAs from irradiated and nonir-
radiated viruses were similarly affected by
changes in ionic strength. However, in both high
and low-ionic-strength buffer, the RNA from
irradiated virus sedimented significantly more
rapidly than the RNA from nonirradiated virus.

The extent of secondary structure of the
RNAs was further analyzed by determining the
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Fic. 8. Velocity sedimentation analysis of RNA
from irradiated and nonirradiated mengovirus on
high- and low-ionic-strength gradients. Duplicate
samples of untreated (A and B) and 20-min-irradiated
(C and D), [*H)uridine-labeled mengovirus (@) were
supplemented with 2% sodium dodecy! sulfate, incu-
bated at 56 C for 10 min, and then mixed with a small
amount of phenol-extracted. ['*C)labeled cellular
RNA (A). One sample of each virus preparation (A
and C) was sedimented through a 0.15 to 0.9 M
gradient of sucrose in low-ionic-strength buffer (1 mM
EDTA, 1 mM Tris-chloride, pH 7.4, and 0.5%
sodium dodecyl sulfate), and the other sample (B and
D) was sedimented through a 0.15 to 0.9 M gradient of
sucrose in high-ionic-strength buffer (20 mM EDTA,
20 mM Tris-chloride, pH 7.4, 100 mM NaCl, and 0.5%
sodium dodecyl sulfate). Centrifugation was in an
SW27 rotor at 22,000 rpm, 20 C, for 10 h. Fractions
from the gradients were analyzed for **C and *H in
acid-insoluble material.

FRACTION NUMBER

EFFECT OF UV IRRADIATION ON MENGOVIRUS

735

effect of pretreatment with 6% formaldehyde on
the sedimentation rate of the RNAs (1, 36).
Formaldehyde pretreatment lowered the sedi-
mentation rate of RNA from nonirradiated virus
from 34S to about 22S (Fig. 9A). The sedimen-
tation rate of RNA from 20-min-irradiated virus
was far less affected by formaldehyde treat-
ment; its sedimentation rate was lowered from
41S to only about 34S (Fig. 9B). The relative
difference in sedimentation rate between the
formaldehyde pretreated RNAs from nonir-
radiated and irradiated virus was about the
same whether or not the gradient solution
contained 6% formaldehyde. The results suggest
that the extent of unfolding due to formalde-
hyde treatment was considerably less for RNA
from irradiated virus than for that from nonir-
radiated virus. Degradation of the RNAs during
formaldehyde treatment (1) probably did not
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Fic. 9. Effect of formaldehyde pretreatment on the
sedimentation rate of RNA from nonirradiated (A)
and 20-min-irradiated (B) virus. Duplicate samples of
nonirradiated and 20-min-irradiated [*Hluridine-
labeled mengovirus were supplemented with 2% so-
dium dodecy! sulfate and incubated at 56 C for 10
min. One sample of each virus preparation was then
left untreated (O), and the other sample was supple-
mented with 6% (vol/vol) formaldehyde and incu-
bated at 63 C for 15 min (@). The mixtures were
quickly cooled and then mixed with [**Clviral RNA as
marker and sedimented through 0.15 to 0.9 M gradi-
ents of sucrose in buffer 6 as illustrated in Fig. 7.
Fractions from the gradients were analyzed for *H and
1C in acid-insoluble material. Each frame is a com-
posite of the gradient profiles of the formaldehyde-
treated and untreated *H-labeled RNA. The '‘C-
profiles of viral RNA were approximately identical to
that of the *H-labeled RNA from nonirradiated virus
(A) and have been omitted for clarity.
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play a major role in lowering the sedimentation ated with the viral RNA increased to 1.5% of the
rates, since treated RNA sedimented as rela- total upon irradiation for 20 min (fractions
tively sharp bands in the gradients. That the 24-28) (Fig. 10). The protein label associated
difference in sedimentation rate between the with the RNAs of irradiated and nonirradiated
RNA from irradiated and nonirradiated virus viruses exhibited the same sedimentation rates
was not due to the presence of uracil dimers in as the corresponding uridine-labeled RNAs
the RNA from irradiated virus was indicated by (Fig. 7B). To rule out nonspecific binding of
the finding that the sedimentation rate of viral protein to viral RNA, we isolated the RNA from
RNA that was irradiated after isolation by the gradient fractions by precipitation with
phenol extraction was altered by formaldehyde ethanol and recentrifuged it in a second gradi-
treatment in the same manner as RNA from ent. Practically all of the leucine label remained
nonirradiated virus (see Fig. 9A; results not associated with the RNA (Fig. 10B), though it
shown). became released upon alkaline hydrolysis of the

The following results indicate that viral pro- RNA (Fig. 10C). The leucine-labeled material
tein became covalently linked to the viral RNA released by alkaline hydrolysis was acid insolu-
molecule as a result of UV irradiation. This may ble (Fig. 10C), whereas uridine-labeled viral
have been responsible for the increased sedi- RNA was completely hydrolyzed to acid-soluble
mentation rate of the viral RNA. The RNA from material under these conditions. This indicates
untreated and irradiated [*H]leucine-labeled that the leucine label was present in polypep-
virus was isolated and analyzed by sucrose tides and not nucleotides of the viral RNA.
density gradient centrifugation. About 0.5% of Polyacrylamide gel electrophoresis of the alka-
the total leucine radioactivity remained associ- line digest showed that the polypeptides associ-
ated with the RNA from untreated virus (frac- ated with the viral RNA from irradiated virus
tions 20-25), but the amount of protein associ- were very heterogeneous in size and in general of
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Fic. 10. Association of viral protein with mengovirus RNA. (A) Samples of untreated and 20-min-irradiated,
[*H]leucine-labeled mengovirus were supplemented with 2% sodium dodecyl sulfate and incubated at 56 C for
10 min. The extracts were sedimented through 0.15 to 0.9 M sucrose gradients in buffer 6 in an SW27 rotor at
22,000 rpm, 20 C, for 10 h. Fractions (1 ml) were collected, and a 0.1-ml portion of each fraction was analyzed
for radioactivity in acid-insoluble material. The remainder of gradient fractions 21-25 and 24-27 of the
untreated and irradiated virus samples, respectively, were pooled, and the macromolecules were precipitated by
addition of 2.5 volumes of ethanol at —20 C. The precipitates were collected by centrifugation and resuspended
in 10 mM Tris-chloride (pH 7.4), and each was divided into two equal samples. (B) One sample of each RNA-
protein complex isolated from the gradients in A was resedimented through sucrose gradients as described
in A, and fractions from the gradients were analyzed for radioactivity in acid-insoluble material. (C) The other
sample was supplemented with 0.2 N NaOH and incubated at 37 C for 18 h. A portion of this digest was
neutralized and sedimented through sucrose gradients as described in A, and fractions from the gradients were
analyzed for radioactivity in acid-insoluble material. (D) Another portion of the alkaline digest prepared in C
was electrophoresed in a 10% acrylamide gel as described in Materials and Methods.
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low molecular weight, though they ranged in
size up to about 20,000 daltons (Fig. 10D).

That the polypeptides were covalently linked
to the RNA from irradiated virus is also indi-
cated by the results from additional experi-
ments (not shown) which indicated that the
[*H Jleucine-labeled polypeptides remained as-
sociated with the viral RNA upon incubation at
60 C for 1 h in solutions containing 6% (vol/vol)
formaldehyde. We also repeatedly lost most of
the RNA from irradiated virus into the inter-
phase during phenol extraction whether or not
the phenol-virus mixture contained 1% sodium
dodecyl sulfate or whether the extraction was
conducted at room temperature or at 60 C. We
contribute the accumulation of the viral RNA in
the interphase to the presence of the covalently
linked polypeptides.

Composition of 80S RNP and 14S protein
particles released from irradiated virus. The
80S and 14S particles were isolated from sucrose
density gradients of 40-min irradiated uridine or
amino acid-labeled virus (see Fig. 2D). The
RNA and proteins of these particles were then
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Fi6. 11. Protein and RNA content of 80S and 14S
particles released from irradiated virions. Samples of
[*H)uridine-labeled or [*H Jamino acid-labeled virions
were irradiated for 40 min and centrifuged through
sucrose gradients as illustrated in Fig. 2C. The 80S
and 14S material was isolated from the gradients by
precipitation with ethanol and resuspended in 10 mM
Tris-chloride (pH 7.4). (A and C) The [*Hlamino
acid-labeled 80S and 14S material was electro-
phoresed in 10% polyacrylamide gels as described in
Materials and Methods. (B) The [*Hluridine-labeled
808 material was treated with sodium dodecyl sulfate
and centrifuged in a sucrose density gradient as
illustrated in Fig. 7.
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analyzed by sucrose density gradient centrifu-
gation and acrylamide gel electrophoresis, re-
spectively. The results showed that the 80S
particle contained intact viral RNA which ex-
hibited the sedimentation properties typical of
RNA from irradiated virus (Fig. 11B), and at
least the main structural proteins of the capsid
(alpha, beta, and gamma; Fig. 11A). There was,
however, a preponderance of large and small
photoproducts and little, if any, delta protein
present. The 14S particles had a similar protein
composition (Fig. 11C) and were devoid of RNA
(see Fig. 2D).

DISCUSSION

We have distinguished three stages in the
effect of UV irradiation on mengovirus. The
infectivity of the virus is lost very rapidly, and
this coincides with and is probably causally
related to the formation of uracil dimers in the
viral RNA. The number of uracil dimers formed
per PFU of virus inactivated remained rela-
tively constant through the first 2 min of
irradiation, averaging 1.7 dimers per PFU inac-
tivated (Fig. 1).

More slowly, UV irradiation also causes struc-
tural modifications of the capsid proteins re-
sulting in the formation of large and small
photoproducts. The nature and origin of these
products is uncertain, but the relatively high
molecular weight of the larger photoproduct(s)
(50,000-90,000 daltons) suggests that it is
formed by covalent linkage between two or more
of the viral proteins. Comparison of tryptic
digests of the various products with those of the
structural proteins may aid in identification of
their origin. The formation of large photo-
product proteins has also been reported for
irradiated reovirus (35). Particularly interesting
is the rapid loss or modification by irradiation of
the delta protein which, if analogous with VP4
of coxsackievirus, is probably responsible for
the interaction of the virus with host cell
receptors during adsorption (4). The UV light-
induced changes in viral proteins are probably
responsible for the early change in conformation
of the viral capsid. Although the virus particles
seem to remain intact for at least 20 min of
irradiation as indicated by sedimentation analy-
ses as well as by electron microscope studies,
structural changes in the capsid must have
occurred during this time period. This is indi-
cated by the fact that the RNA of the virions
has become sensitive to degradation by external
RNase and is extractable by low concentrations
of sodium dodecyl sulfate, and that the virions
break down during centrifugation in CsCl gradi-
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ents. The structural changes, or possibly the
loss or modification of the delta protein, are
probably also responsible for the loss of HA
activity of the virions. Studies are in progress to
determine whether antigenic changes accom-
pany these structural changes in the capsid.

In addition to causing modifications of the
proteins, UV irradiation of complete virus also
results in the covalent linkage of viral polypep-
tides to the viral RNA. It seems likely that
specific proteins located in close proximity to
the viral RNA in the capsid are involved in this
interaction. The heterogeneity and low-molecu-
lar-weight of the polypeptides associated with
viral RNA, however, preclude any conclusion as
to the protein(s) of their origin. Further work is
required to answer this question and to eluci-
date the nature of the covalent bond between
protein and RNA. UV-induced covalent bonds
between cysteine and the uracil of RNA have
been described (32). Association of protein sub-
units with RNA as a result of UV irradiation has
also been observed with tobacco mosaic virus,
but the proteins were not covalently linked
because they were removable by treatment of
the RNA with phenol, acetic acid, or guanidine-
hydrochloride (8).

. The finding that irradiation of free viral RNA
does not affect its sedimentation properties
whether or not it is treated with formaldehyde
before sedimentation analysis suggests that the
covalent linkage of polypeptides to the RNA of
irradiated virus is responsible for the increased
sedimentation rate of this RNA. This finding
also indicates that the presence of uracil dimers
per se is not the cause of the increased sedimen-
tation rate of this RNA. We cannot explain at
present, however, how the association of such a
small amount of protein with the viral RNA can
so markedly affect its sedimentation rate. The
sedimentation constant of the viral RNA is
increased from 34S to about 41S. This would be
equivalent to an increase in molecular weight of
approximately 10° (33), assuming the molecule
is single stranded. The amount of protein cova-
lently linked to the viral RNA, on the other
hand, represents not more than 1.5% of the total
protein capsid (about 6 x 10°® daltons; 34) and
thus not more than 9 x 10* daltons of protein
per RNA molecule. The increased sedimenta-
tion rate of the RNA from irradiated virus is
probably due, at least in part, to an increased
compactness of the RNA molecule in solution.
The reason for the increased compactness of the
RNA molecule is not known. It might be due to
cross-linking of normally hydrogen-bonded
loops in the RNA molecule by the covalently
linked polypeptides. Such cross-links would
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also impair denaturation of the RNA and could
account for the relatively small effect of formal-
dehyde treatment on the sedimentation rate of
the RNA from irradiated virus.

It seems likely that the progressively increas-
ing changes of the viral proteins ultimately
result in the disintegration of the virions even
under normal experimental conditions with the
release of 80S RNP particles and 14S protein
particles. The 14S particles resemble those
observed in poliovirus-infected cells (18, 20) or
formed upon dissociation of various picor-
naviruses (5, 6). These probably represent pen-
tamers of the basic trimer composed of one of
each of the structural proteins, alpha, beta, and
gamma (6, 34). The nature of the 80S RNP
particles remains to be elucidated. The results
show that they are composed of intact viral
RNA, though in a form accessible to RNase,
and all three of the larger proteins which are
present in about the same proportion as in the
complete virion. Similar structures have been
reported to be formed during in vitro reassocia-
tion of poliovirus RNA and protein (5) and may
represent assembly complexes. The 80S par-
ticles are certainly not empty capsids which,
on the basis of studies with poliovirus (18, 20),
would exhibit a similar sedimentation rate. In
fact, empty capsids of mengovirus have never
been observed by electron microscopy or gradi-
ent analysis in preparations of irradiated virus
or in lysates of mengovirus-infected N1S1-67
cells. Empty capsids, on the other hand, are
regularly formed in poliovirus-infected cells (18,
20), in in vitro reaction mixtures of poliovirus
proteins, or during irradiation of poliovirus (11).
Evidence has been presented to indicate that
empty capsids are intermediates in the assem-
bly of poliovirus (10, 20). The failure to find
empty capsids of mengovirus under equivalent
experimental conditions suggests that empty
capsid intermediates of this virus are formed
only very transiently or that a different mech-
anism is responsible for the assembly of the
virus.

ACKNOWLEDGMENTS

We thank John Erbe, Marcia L. Holt, and Roberta
Hallquist for excellent technical assistance, Donna Ritzi for
the electron microscopy, and Merck Sharpe & Dohme for gifts
of actinomycin D.

This work was supported by Public Health Service re-
search grants AI 07250 and AI 00090 from the National
Institute of Allergy and Infectious Diseases.

LITERATURE CITED

1. Boedtker, H. 1968. Dependence of the sedimentation
coefficient on molecular weight of RNA after reaction
with formaldehyde. J. Mol. Biol. 35:61-70.



VoL. 13, 1974

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Boeyé, A., and A. V. Elsen. 1967. Alkaline disruption of
poliovirus: kinetics ana purification of RNA-free parti-
cles. Virology 33:335-343.

. Breindl, M. 1971. VP-4, the D-reactive part of poliovirus.

Virology 46:962-964.

. Crowell, R. L., and L. Philipson. 1971. Specific altera-

tions of coxsackievirus B3 eluted from HeLa cells. J.
Virol. 8:509-515.

. Drzeniek, R., and P. Bilello. 1972. Dissociation and

reassociation of infectious poliovirus particles. Nature
N. Biol. 240:118-122.

. Dunker, A. K., and R. R. Rueckert. 1971. Fragments

generated by pH dissociation of ME-virus and their
relation to the structure of the virion. J. Mol. Biol.
58:217-235.

. Elsen, A. V., and A. Boeyé. 1966. Disruption of type 1

poliovirus under alkaline conditions: role of pH, tem-
perature, and sodium dodecyl sulfate. Virology
28:481-483.

. Goddard, J., D. Streeter, C. Weber, and M. P. Gordon.

1966. Studies on the inactivation of tobacco mosaic
virus by ultraviolet light. Photochem. Photobiol.
5:213-222.

. Hinuma, Y., S. Katagiri, M. Fukuda, K. Fukushi, and Y.

Watanabe. 1965. Kinetic studies on the thermal degra-
dation of purified poliovirus. Biken J. 8:143-153.

Jacobson, M. F., and D. Baltimore. 1968. Morphogenesis
of poliovirus I. Association of the viral RNA with coat
protein. J. Mol. Biol. 33:369-378.

Katagiri, S., Y. Hinuma, and N. Ishida. 1967. Biophysi-
cal properties of poliovirus particles irradiated with
ultraviolet light. Virology 32:337-343.

Le Bouvier, G. L. 1955. The modification of poliovirus
antigens by heat and ultraviolet light. Lancet
269:1013-1016.

Maizel, J. V. 1969. Acrylamide gel electrophoresis of
proteins and nucleic acids, p. 334-362. In K. Habel and
N. P. Salzman (ed.), Fundamental techniques in
virology. Academic Press Inc., New York.

Martin, R. G., and B. N. Ames. 1961. A method for
determining the sedimentation behavior of enzymes:
application to protein mixtures. J. Biol. Chem.
236:1372-1379.

Miller, R. L., and P. G. W. Plagemann. 1972. Purification
of mengovirus and identification of an A-rich segment
in its ribonucleic acid. J. Gen. Virol. 17:349-353.

Montagnier, L., and F. K. Sanders. 1963. Sedimentation
properties of infective ribonucleic acid extracted from
encephalomyocarditis ~ virus.  Nature (London)
197:1178-1181.

Perry, R. P., J. LaTorre, D. E. Kelley, and J. R.
Greenberg. 1972. On the lability of poly (A) sequences
during extraction of messenger RNA from polyribo-
somes. Biochim. Biophys. Acta 262:220-226.

Phillips, B. A. 1969. In vitro assembly of polioviruses. I.
Kinetics of the assembly of empty capsids and the role
of extracts from infected cells. Virology 39:811-821.

Phillips, B. A., and R. Fennell. 1973. Polypeptide com-
position of poliovirions, naturally occurring empty
capsids, and 14S precursor particles. J. Virol. 12:291-
299.

EFFECT OF UV IRRADIATION ON MENGOVIRUS

739

20. Phillips, B. A., D. F. Summers, and J. V. Maizel, Jr.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

1968. In vitro assembly of poliovirus-related particles.
Virology 35:216-226.

Plagemann, P. G. W. 1968. Mengovirus replication in
Novikoff rat hepatoma and mouse L-cells: effects on
synthesis of host-cell macromolecules and virus-
specific synthesis of ribonucleic acid. J. Virol.
2:461-473.

Plagemann, P. G. W. 1970. Temperature- and phenol-
induced alterations in sedimentation rates of 29-S and
18-S ribosomal RNA'’s from Novikoff hepatoma cells.
Biochim. Biophys. Acta 244:451-457.

Plagemann, P. G. W. 1971. Nucleotide pools of Novikoff
rat hepatoma cells growing in suspension culture. II.
Independent nucleotide pools for nucleic acid synthe-
sis. J. Cell. Physiol. 77:241-258.

Plagemann, P. G. W., and H. E. Swim. 1966. Replication
of mengovirus. I. Effect on synthesis of macromolecules
by host cell. J. Bacteriol. 91:2317-2326.

Plagemann, P. G. W., and H. E. Swim. 1968. Synthesis of
ribonucleic acid by mengovirus-induced RNA polymer-
ase in vitro: nature of products and of RNase-resistant
intermediate. J. Mol. Biol. 35:13-35.

Roizman, B., M. M. Mayer, and P. R. Roane, Jr. 1959.
Immunological studies of poliovirus. IV. Alteration of
the immunologic specificity of purified poliomyelitis
virus by heat and ultraviolet light. J. Immun. 82:19-25.

Rueckert, R. R., A. K. Dunker, and C. M. Stoltzfus. 1969.
The structure of mouse-Elberfeld virus: a model. Proc.
Nat. Acad. Sci. U.S.A. 62:912-919.

Scraba, D., C. M. Kay, and J. S. Colter. 1967. Physico-
chemical studies of three variants of mengovirus and
their constituent ribonucleates. J. Mol. Biol. 26:67-79.

Setlow, R. B., and W. L. Carrier. 1966. Pyrimidine dimers
in ultraviolet-irradiated DNA’s. J. Mol. Biol.
17:237-254.

Shatkin, A. J. 1969. Base composition analysis of DNA, p.
496-501. In K. Habel and N. P. Salzman (ed.),
Fundamental techniques in virology. Academic Press,
New York.

Shea, M. A., and P. G. W. Plagemann. 1971. Effects of
elevated temperatures on mengovirus ribonucleic acid
synthesis and virus production in Novikoff rat hepa-
toma cells. J. Virol. 7:144-154.

Smith, K. C., and D. H. C. Meun. 1968. Kinetics of the
photochemical addition of **S cysteine to polynucleo-
tides and nucleic acids. Biochemistry 7:1033-1037.

Spirin, A. S. 1963. Some problems concerning the mac-
romolecular structure of ribonucleic acids. Progr. Nucl.
Acid Res. 1:301-345.

Stoltzfus, C. M., and R. Rueckert. 1972. Capsid polypep-
tides of mouse Elberfeld virus. I. Amino acid composi-
tions and molar ratios in the virion. J. Virol.
10:347-355.

Subasinghe, H. A., and P. C. Loh. 1972. Reovirus
cytotoxicity: some properties of the UV-irradiated
reovirus and its capsid proteins. Arch. Gesamte Virus-
forsch. 39:172-189.

. Tannock, G. A., A. J. Gibbs, and P. D. Cooper. 1970. A

reexamination of the molecular weight of poliovirus
RNA. Biochem. Biophys. Res. Commun. 38:298-304.



