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A variety of animal viruses acquire an envelope by a process of budding at the 
surface of the infected cell. The resulting virions contain lipids which closely reflect 
those of the host plasma membrane, whereas most cellular membrane proteins are 
effectively excluded from the viral envelope. Thus, the maturation process requires 
specific interactions among the viral proteins which are incorporated into the cellular 
plasma membrane (1-3). Reports of the packaging of cellular actin within virions of 
several groups of enveloped viruses (4), as well as electron microscopic evidence of 
microfilaments in close association with budding virions (5), have suggested that the 
cytoskeletal network may be actively involved in the assembly and budding of these 
viruses. It seems plausible, therefore, that both the interactions among viral compo- 
nents and the action of cellular contractile elements could be required for the 
maturation of enveloped viruses. 

Cytochalasin B (CB),I a metabolite of the mold Helminthosporium dematisideum, affects 
several functions of cells in culture. It has been shown to inhibit the association of 
actin with membrane-associated actin-binding protein, thereby preventing actin 
polymerization (6). The drug also inhibits microfilament-dependent cellular activities 
including cell division, motility, and phagocytosis (7, 8). Other effects of CB include 
inhibition of transport of sugars and inhibition of endocytosis (9-13). 

We have utilized CB to investigate the requirement for an intact cytoskeletal 
network for the maturation process of two enveloped viruses. The results described in 
this report indicate that CB treatment does not significantly impair virus assembly 
but does impair the glycosylation of viral glycoproteins. 

Mater ia ls  and  Me th o d s  
Virus and Cells, For preparation of  virus stocks, confluent Madin-Darby bovine kidney 

(MDBK) cell monolayers in 150-mm Petri dishes were infected with the A / W S N  (HoN1) strain 
of influenza virus (14) or the Indiana serotype of vesicular stomatitis virus (VSV) at a 

* Supported by research grants AI 12680 from the National Institute of Allergy and Infectious Diseases, 
U.S. Public Health Service, and PCM78-09207 from the National Science Foundation. 

:~ Recipient of predoctoral fellowships from National Institutes of Health training grants GM07164 and 
CA09202. 

l Abbreviations used in this paper: CB, cytochalasin B; DMSO, dimethyl sulfoxide; FANA, 2-deoxy-2,3- 
dehydro-N-trifluoroacetylneuraminic acid; HA, hemagglutinin glycoprotein; HAU, hemagglutinating 
units; M, membrane protein; MDBK, Madin-Darby bovine kidney; MDCK, Madin-Darby canine kidney; 
m.o.i., multiplicity of infection; NA, neuraminidase glycoprotein; N'ase, neuraminidase; NAU, neuramin- 
idase units; NP, nucleoprotein; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; 
PFU, plaque-forming unit; SDS, sodium dodecyl sulfate; VSV, vesicular stomatitis virus. 

J. ExP. MEn. © The Rockefeller University Press • 0022-1007/0022/1007/79/08/0379/13 $h00 379 
Volume 150 August 1979 379-391 



380 MATURATION OF ENVELOPED VIRUSES 

multiplicity of -0 .1  plaque-forming unit (PFU)/cell. After a 2-h adsorption at 37°C, 6 ml of 
reinforced Eagle's medium (15) containing 2% newborn calf serum (NCS) (Biocell Laboratories, 
Los Angeles, Calif.) was added to each dish and incubation was continued at 37°C for 48 h. 
Culture fluids were harvested, clarified by centrifugation at 1,500 g for 20 min, mixed with 1/s 
vol of 5% bovine serum albumin (BSA) in Eagle's medium, and stored at -70°C. 

Plaque Assays. Plaque assays for influenza virus were performed on Madin-Darby canine 
kidney (MDCK) cell monolayers (16), and for VSV on BHK21-F cell monolayers (17). 

Hemagglutination Titers. Hemagglutination titers were determined in microtiter plates using 
chicken erythrocytes, as described previously (18). 

Purification of Virus. Culture fluids were harvested and centrifuged at 8,000 g for 15 min to 
remove cellular debris; virus was precipitated with 7% polyethylene glycol plus 2.3% NaC1 (19), 
purified by centrifugation on a 5-40% continuous potassium tartrate gradient (20), and dialyzed 
vs. 0.01 M sodium phosphate, pH 7.2. 

Radiolabeling of Viral Components. MDBK cell monolayers were infected with WSN strain of 
influenza virus at a multiplicity of ~ 10 PFU/celI. After a 2-h adsorption at 37°C, the cultures 
were washed twice with warm phosphate-buffered saline (PBS) and overlaid with serum-free 
reinforced Eagle's medium containing either [3H]leucine (10/~Ci/ml) or [3H]glucosamine (10 
pCi/ml) plus 4C-amino acids (1.5 pCi/ml). Incubation was continued in this medium for 24 h 
at 37°C, after which the virus was harvested and purified as described above. All radioisotopes 
used in these experiments were obtained from Schwarz/Mann Div., Becton, Dickinson, & Co., 
Orangeburg, N. Y. 

Polyacrylamide Gel Electrophoresis. Samples in 1% sodium dodecyl sulfate (SDS) and 1% 
mercaptoethanol were boiled for 1 min, after which glycerol (1%) and bromophenol blue 
(0.005%) were added to each sample before layering them onto gels. 

Samples labeled with [3H]leucine were electrophoresed on 10% polyacrylamide slab gels with 
a 3.6% acrylamide stacking gel (3-mm thickness) for 18-20 h at 10 mA. Unlabeled samples 
were electrophoresed on 10% polyacrylamide slab gels with a 5% acrylamide stacking gel (1- 
mm thickness) for 18 20 h at 5 mA. Slab gels were run in a discontinuous Tris-glycine buffer 
with 5% SDS (21). Unlabeled gels were stained with 0.2% Coomassie Brilliant Blue. 

Samples labeled with [3H]glucosamine and 14C-amino acids were electrophoresed for 18-20 
h at 5 mA on 7.5% polyacrylamide tube gels (5-mm internal diameter) with a 2.5% acrylamide 
stacking layer (22). Tube gels were run in 0.1 M sodium phosphate buffer, pH 7.2, containing 
0.1% SDS. 

Preparation of Gels for Determination of Radioactivity. Tube gels were frozen on dry ice, sliced 
into 1-mm thick disks, and prepared for liquid scintillation counting as described previously 
(23). 

Assay ofNeuraminidase Actwity. 400/~g of purified virus were incubated with excess fetuin as 
a substrate in 0.015 M sodium phosphate, pH 5.9 containing 0.18 mM CaCl2 for 2 h, and the 
acid butanol-soluble reaction product examined spectrophotometrically at 549 nm, as described 
by Warren (24). Activity is expressed as neuraminidase units, calculated according to a formula 
described previously (25). 

Electron Microscopy. Virus-infected ceils were fixed in 1% glutaraldehyde in PBS, postfixed 
in osmium tetroxide, dehydrated in ethanol, and embedded in an epoxy resin mixture. Thin 
sections were stained with uranyl acetate and lead citrate and examined with a Philips 301 
electron microscope (Philips Electronic Instruments, Inc., Mahwah, N. J.) (26). 

R e su l t s  

Effects of Cytochalasin B on Virus Release. Confluent  monolayers of M D B K  cells were 
infected with inf luenza virus under  single cycle condit ions and  incubated  in the 
presence or absence of varying concentrat ions of CB (Sigma Chemical  Co. St. Louis, 
Mo.). In all cases in which CB was added to the ma in tenance  medium,  it was present 
dur ing  the entire incuba t ion  period. Because CB was dissolved in a final concent ra t ion  
of 0.5% dimethyl  sulfoxide (DMSO),  the same concentra t ion of D M S O  was added to 
control cultures. After a 12- to 24-h incubat ion ,  hemagglu t ina t ion  (HA) titers were 
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TABLE I 

Effect of Cytochalasin B on Yield of Influenza Virus 

Treatment 

CB N'ase 
Virus yield Percentage of 

control 

gg/ml U/ml HA U/ml % 
0 0 1,024 100 

10 0 256 25 
25 0 128 12.5 
50 0 16 1.6 
0 5 1,024 100 

50 5 512 50 
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WSN strain of influenza virus grown in MDBK cells (multiplicity of infection 
[m.o.i.] = 20 PFU/celI) in the presence of varying concentrations of CB with 
or without 1I. cholera N'ase. HAU, hemagglutinating units; N'ase, neuramini- 
dase. 

determined on medium from each culture. The  results, shown in Table  I, revealed 
that  H A  titers were reduced in proport ion to CB concentrat ion.  At a concentrat ion of  
50 gg /ml ,  >98% reduction was observed in titers of  influenza virus grown in the 
presence of  CB as compared  to controls. These data  indicate that the drug has a 
dramat ic  effect on some aspect of  influenza virus production.  The  results of  infectivity 
titrations show that  the reduction in H A  titers is paralleled by a drop in infectious 
virus product ion (see below). 

Electron Microscopy of CB-Treated Cultures. To further characterize the effects of  CB 
on influenza virus infected cells, we examined drug-treated and untreated cells by 
phase contrast and by thin-section electron microscopy. Examinat ion by phase 
contrast showed that  30 min after CB treatment,  cells were morphological ly distinct 
from untreated cells in that  they were rounded and less well spread on the plastic 
surface. Electron micrographs showed fewer microvilli on surfaces of  CB-treated cells 
and disappearance of  the dense mesh of  cytoskeletal elements along the plast ic-bound 
surfaces of  these cells. 

The  pat tern of  virus matura t ion  and release at plasma membranes  of  control and 
drug-treated cells was also markedly different. In control cultures, individual virus 
particles were observed on cell surfaces or in the process of  budding  (Fig. 1 A). In 
contrast, cells from CB-treated cultures showed large clusters of  virus adhering to their 
surfaces (Fig. 1 B). These results indicated that  the CB-induced reduction in virus 
titers was not entirely a result of  the failure of  particles to be produced by CB-treated 
cells, but  rather, a result of  the failure o f  m a n y  particles to be released into the culture 
medium. 

Effects of Neuraminidase on Virus Release. The  large aggregates of  virus particles on 
surfaces o f  CB-treated cells were strikingly similar to those observed previously (27) 
with ts mutants  of  influenza virus defective in neuraminidase activity, and to virus 
aggregates observed upon t reatment  of  influenza virus-infected cells with 2-deoxy-2,3- 
dehydro-N-tr i f luoroacetylneuraminic  acid (FANA), a synthetic neuraminidase inhib- 
itor (28). These results had suggested that  an active viral neuraminidase  was probably  
required to cleave neuraminic  acid (the H A  receptor) from viral and cell surfaces, 
and that  a defect in the enzyme resulted in aggregation of  the virus by binding of  
hemagglut inin  to neuraminic  acid residues (27, 28). Addit ion of  purified Vibrio cholera 
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FIG. I. Electron micrographs of MDBK cells 12-h postinfection with influenza A/WSN. (m.o.i. 
= 20 PFU/celI). (A) Cells incubated in the absence of CB showing individual particles budding or 
adhering to the cell surface. (B) Cells incubated in the presence of 50/tg/rnl of CB showing large 
aggregates of extracellular virus particles. The drug was present in culture medium for the entire 
incubation period. Magnification: A, × 25,000; B, × 25,000. 

n e u r a m i n i d a s e  to c u l t u r e s  i n f e c t e d  w i t h  t h e  ts m u t a n t s  r e s u l t e d  in d i spe r sa l  o f  t h e  

a g g r e g a t e s  w i t h  a c o n c u r r e n t  e n h a n c e m e n t  in  v i rus  t i ters .  

I f  v i rus  p r o d u c e d  in t h e  p r e s e n c e  o f  C B  were  l a c k i n g  n e u r a m i n i d a s e  ac t i v i t y ,  t h e n  

t h e  a d d i t i o n  o f  p u r i f i e d  b a c t e r i a l  n e u r a m i n i d a s e  to C B - t r e a t e d  c u l t u r e s  s h o u l d  
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Fic. 2. Infectivity titers of supernatant  medium from cultures of  M D B K  cells infected 24 h 
previously with 2 PFU/cell  of  VSV or influenza A/WSN.  CB (50 #g/ml)  was present in each drug- 
treated culture for the entire incubation period. Some influenza virus-infected cultures were 
additionally treated with 5 U / m l  of V. cholera neuraminidase.  VSV was assayed in BHK21-F cells; 
influenza virus was assayed in M D C K  cells. 
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enhance particle release. Influenza virus-infected cultures containing 0 or 50/xg/ml 
CB were therefore treated with 5 U / m l  of purified V. cholera neuraminidase (Calbi- 
ochem-Behring Corp., American Hoechst Corp., San Diego, Calif.). As a result of this 
treatment,  titers of CB-grown virus rose to within 2-fold of those of untreated controls. 
Control virus titers were unaltered by neuraminidase treatment (Table I, lines 5 and 
6). The recovery of high levels of virus from CB-treated cells in the presence of 
neuraminidase indicates that the disruption of the cytoskeletal network per se did not 
significantly alter the maturat ion of these viruses, but that CB treatment resulted in 
a defect in viral neuraminidase activity. 

Infectivity of Virions Produced in the Presence of CB. To further characterize the virus 
particles produced in the presence of CB, we assayed the infectivity of virions produced 
under these conditions. M D B K  cells were infected with 20 PFU/cell  of influenza virus 
or VSV in the presence of 0 or 50 p,g/ml CB and the infective virus yields were 
determined by plaque assay. As shown in Fig. 2, the titer of VSV grown in the 
presence of CB was 84.5% of the nontreated control. Influenza virus yields from CB- 
treated cells were <5% of control virus. However, when CB-treated influenza virus- 
infected cells were treated with 5 U / m l  of exogenous neuraminidase, there was a 20- 
fold increase in infectious virus and the resulting titers were >50% of control values. 
These results indicate that CB-treated cells produce high yields of infectious influenza 
virus particles, if neuraminidase is added to overcome the block in virus release. 

Assay of Neuraminidase Activity. We determined the neuraminidase activity (Mate- 
rials and Methods) of purified influenza virus grown in the presence and in the 
absence of CB. Table II shows that CB treatment of cells resulted in a 10-fold 
reduction in specific activity of neuraminidase of purified virions obtained from these 
cells. Because exogenous neuraminidase was added to all cultures to enhance virion 
release, we used VSV, a nonneuraminidase containing virus, as a control to ensure 
that our purification procedure removed the exogenous bacterial neuraminidase from 
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TABLE II 

Effect of CB on Production of lnfluenza Viral N'ase 

Virus CB treatment N'ase activity* Percentage of 
control 

NA U/mg viral 
#g/ml protein % 

Influenza A/WSN 0 2.84 100 
Influenza A/WSN 50 0.29 10.0 
VSV 0 0.12 4.2 

* Specific N'ase activity of purified virus grown in MDBK cells. 1 neuramini- 
dase unit (NAU) is defined as the amount of enzyme which releases neura- 
minic acid to produce an absorbance of 1.0 at a wave length of 549 nm, after 
a 1-h incubation. 

Fla. 3. Autoradiograph of polypeptides of influenza A/WSN grown in MDBK cells which were 
treated with 50/~g/ml of CB (lane A) or grown in the absence of drug (lane B). Virus was grown in 
serum-free medium containing 10 p.Ci/ml [3H]leucine, and purified and analyzed by SDS PAGE as 
described in Materials and Methods. Designations of viral components are described in the text. 

the  virus  p repa ra t ions .  T h e  lack o f  d e t e c t a b l e  n e u r a m i n i d a s e  ac t iv i ty  in V S V  ind ica tes  

t ha t  the  pu r i f i ca t i on  p r o c e d u r e  ef fec t ive ly  r e m o v e d  the  exogenous  bac t e r i a l  neu ra -  

min idase .  

T o  rule  out  the  poss ibl i ty  tha t  C B  was c a p a b l e  o f  d i rec t ly  i n h i b i t i n g  n e u r a m i n i d a s e  

ac t iv i ty ,  we d e t e r m i n e d  the  n e u r a m i n i d a s e  ac t iv i ty  o f  pu r i f i ed  i n f l u e n z a  vi r ions  wi th  
c o n c e n t r a t i o n s  o f  0 - 5 0  # g / m l  C B  in t he  assay m i x t u r e  (not shown) .  C B  d id  no t  i nh ib i t  

t he  ac t ive  n e u r a m i n i d a s e  o f  pur i f i ed  con t ro l  virions.  T h e s e  results i n d i c a t e  t ha t  v i r ions  

p r o d u c e d  in d r u g - t r e a t e d  cells h a v e  d r a m a t i c a l l y  i m p a i r e d  n e u r a m i n i d a s e  ac t iv i ty ,  

a n d  tha t  C B  does not  d i rec t ly  inh ib i t  the  e n z y m a t i c  ac t iv i ty  o f  t he  n e u r a m i n i d a s e  

g lycop ro t e in  (NA) o f  con t ro l  virions.  

Analysis of Viral Polypeptides. It was possible  f rom the  results  desc r ibed  a b o v e  tha t  
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FIG. 4. SDS-PAGE of polypeptides of influenza A/WSN grown in untreated (A) and CB-treated 
(50 #g/ml) MDBK cells (B) in serum-free medium. Infected cells were labeled with 1.5 p.Ci/m114C- 
amino acids and 10/tCi/ml [3H]glucosamine, and virus was purified and analysed as described in 
Materials and Methods. 

virions grown in CB-treated cells contained an inactive form of the viral NA 
glycoprotein, or that  NA was absent from these virions, possibly because an intact 
cytoskeletal network could be necessary for assembly of  this glycoprotein with other 
viral components  at the plasma membrane.  To  determine whether  the NA glycopro- 
tein could be detected on CB-grown influenza virus, we analyzed the polypeptides of  
purified virions by SDS-polyacrylamide gel electrophoresis (PAGE). Influenza virus- 
infected cells were grown in medium conta in ing [aH]leucine with or without  50/~g/  
ml CB. Cell monolayers were washed twice with serum-free medium before and after 
virus adsorption, and serum was excluded from the growth medium to prevent the 
cleavage of  HA into HA1 and  HA2, which would interfere with resolution of  the NA 
glycoprotein (29). 5 U / m l  of  neuraminidase were included in the maintenance  
medium to enhance the release of  virus from CB-treated cells. The  purified virions 
were then examined by SDS-PAGE and au torad iography  as shown in Fig. 3. Four 
major  structural proteins could be resolved in control as well as CB-grown virions. 
The  membrane  protein (M) and the nucleoprotein subunit  (NP) were unaltered by 
CB treatment.  However,  the two glycoproteins, H A  and NA, from CB-grown virus 
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Flo. 5. SDS-PAGE of polypeptides of influenza A/WSN virions grown in untreated MDBK cells 
(right lane) or in MDBK cells treated with 50 p,g/ml of CB (left lane). Drug was added 6 h before 
infection and was also present post infection. The protein bands are stained with 0.2% Coomassie 
Brilliant Blue. The band designated "A" corresponds to the component identified as actin. The 
stained HA band in CB-grown virions is more heterogeneous and has a faster electrophoretic 
mobility than the control band, as described for Fig. 3. 

(lane A) migra ted  more rap id ly  and  were more  heterogeneous than  those of  un t r ea t ed  
control  virus (lane B). These  results suggested tha t  glycosylat ion of  viral  g lycoprote ins  
might  be impa i red  in the presence o f  CB. To  fur ther  ex~tmine this possibil i ty,  we grew 
inf luenza virions in m e d i u m  con ta in ing  [3H]glucosamine and  14C-amino acids in the 
presence or absence of  50 /~g /ml  CB. Again ,  serum-free condi t ions  were m a i n t a i n e d  
to prevent  the cleavage of  the H A  glycoprote in ,  and  exogenous neu ramin idase  was 
inc luded to enhance  virion release from CB- t rea ted  cells. The  po lypep t ides  of  pur i f ied  
virions were ana lyzed  on 7.5% SDS po lyac ry lamide  tube  gels (Fig. 4). Again ,  M and  
NP proteins  of  CB-grown and  control  virions were s imilar  in relat ive amount s  and  
e lect rophoret ic  mobil i t ies,  whereas the H A  and  NA glycoproteins  in CB-grown virus 
(panel  B) mig ra t ed  more  rap id ly  a n d  were more  heterogeneous than  those of  cont ro l  
virus (panel  A). [3H]glucosamine was specifically incorpora ted  into bo th  the  H A  and  
NA glycoproteins of  control  virions; however CB t rea tment  near ly  abol ished incor- 
pora t ion  of  g lucosamine label  into the viral glycoproteins.  These  results p rovide  
fur ther  evidence tha t  glycosylat ion of  the viral  g lycoprote ins  is impa i r ed  by  CB- 
t rea tment .  

Presence of Actin in CB-Grown Virions. It seemed possible that  the d is rupt ion  of 
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mirofilaments with CB may prevent the packaging of actin by influenza virus, which 
would enable us to examine a possible role for actin within virions. We examined 
purified virions grown in the presence of CB for their ability to incorporate cellular 
actin. Because actin was not labeled under conditions used to examine virion 
polypeptides in Figs. 3 and 4, influenza virus grown in the presence or absence of 50 
/~g/ml CB was purified and analyzed on polyacrylamide slab gels, which were stained 
with Coomassie Blue. In gels of both CB-treated and untreated virions (Fig. 5) there 
was a stained band at ~45,000 daltons, corresponding to the component  identified as 
actin (4). In several experiments in which CB was added to cells at different times 
before or after influenza virus infection, a higher level of actin was reproducibly 
associated with virions from CB-treated cells than with virions from untreated control 
cells (data not shown). These results indicate that CB treatment did not inhibit the 
association of actin with enveloped virions. Therefore, the incorporation of actin 
within enveloped virus particles, like the maturat ion of these particles, is independent 
of an intact cytoskeletal network. 

Discussion 

Several lines of  evidence have suggested that the cytoskeletal network, and specifi- 
cally actin microfilaments, may be required for some aspect of  the assembly of viral 
components at the plasma membrane  or for the budding of enveloped viruses. Wang 
and coworkers (4) have found cellular actin in purified preparations of influenza, 
Sendai, Newcastle disease, and RNA tumor  viruses, and Damsky and coworkers (5) 
observed microfilaments in close association with budding murine m a m m a r y  tumor 
virus. Tyrrell and Ehrnst (30) found that CB in low concentrations (2/~g/ml) did not 
inhibit the cocapping of membrane-associated matrix protein and glycoprotein of 
measles virus in the presence of viral glycoprotein-specific antibody, but that the 
nucleocapsid did not cap under these conditions. These authors suggested that 
polymerized actin may be required for the association of nucleocapsid with matrix 
protein. The experiments outlined in this paper  were undertaken to determine whether 
or not an intact cytoskeletal network is required for the functional association of viral 
components and for the budding of enveloped viruses. 

To disrupt actin microfilaments we employed the drug CB, which inhibits the 
polymerization of contractile elements and impairs cellular functions which are 
dependent upon that process (6-9). This drug is also known to inhibit hexose transport 
across the plasma membrane  (9-13), resulting in decreased glycosylation of both 
cellular and viral glycoproteins. The  decrease in influenza virus yields which resulted 
from CB treatment in our studies was proportional to the concentration of the drug 
added; 50 /lg/ml caused a 100-fold reduction in virus titers. We found that this 
apparent  reduction was not a result of an inhibition of virus particle production but 
rather a result of the formation of large aggregates of particles adhering to cell 
surfaces, with impaired release of particles into culture medium. The formation of 
aggregates and the failure of influenza virus to be released into culture medium under 
conditions in which viral neuraminidase activity was impaired has been described 
previously. Both influenza virus mutants  with a ts defect in NA (27) and wild type 
influenza virus in the presence of FANA, a neuraminidase inhibitor (28), exhibit 
aggregation similar to that which we observed in CB-treated cultures. In both previous 
reports, the addition of purified bacterial neuraminidase resulted in disruption of 
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virus aggregates and a concurrent elevation in virus titers. It was proposed from those 
results that the HA glycoprotein binds to neuraminic acid on viral and cell surfaces, 
and that virus release occurs only when the NA glycoprotein cleaves neuraminic acid, 
the HA receptor, from these surfaces. In our studies, the addition of exogenous 
neuraminidase to CB-treated, influenza virus-infected cultures also resulted in a 
greater than 30-fold increase in HA titers. Our results provide evidence that particle 
production in drug-treated cells was not significantly impaired, whereas neuramini- 
dase activity in virions from such cells was reduced by 90%. 

Because of the report (30) that nucleocapsids may not become associated with 
matrix protein of measles virus when microfilament function is inhibited, it was of 
utmost importance to determine if virions released from CB-treated cells were 
complete, i.e., were not lacking the viral genome. We found that upon neuraminidase 
treatment of CB-grown influenza virus, the increase in the infectivity titers roughly 
paralleled the increase in HA titers. This result indicates that the process of assembly 
of functional enveloped virions is not dependent on cytoskeletal elements. 

Examination of the structural polypeptides revealed that influenza virions produced 
in CB-treated cells contained glycoproteins altered in electrophoretic mobility and 
unlabeled by [aH]glucosamine. This result was not surprising, because CB is known 
to inhibit the uptake of carbohydrate precursors. Dix and Courtney (31) and Marci- 
ano-Cabral et al. (32) found that treatment of herpes simplex virus-infected cells with 
50 or 100 ~g/ml CB resulted in a 96% reduction in the yield of infectious virus and an 
accumulation of nucleocapsids in the nuclei of treated cells. It was suggested that CB- 
induced inhibition of glycosylation of ~'iral membrane components may inhibit 
recognition of the envelopment site by the herpes virus nucleocapsid. In our studies, 
it was of interest that such inhibition may inactivate the NA glycoprotein but did not 
noticeably impair HA activity or the envelopment of the viral genome. Previous 
results with several inhibitors of glycosylation differ from our results with CB. 
Hemagglutinin activity of influenza virus from cells treated with high concentrations 
of glucosamine or with the aberrant sugar 2-deoxy-D-glucose is markedly reduced, as 
is the infectivity of these virions (33-37). Fluorosugars also inhibit production of 
active hemagglutinin in Semliki forest virus and in fowl plague virus (38). Tunica- 
mycin, an antibiotic which completely inhibits glycosylation, abolishes the HA 
activity of influenza virus, and noninfectious virions are produced (37, 39). In general, 
inhibition of incorporation of labeled sugar precursors by the above compounds 
appears to parallel the estimated degree of inhibition of glycosylation, as indicated by 
shift in electrophoretic mobility of the hemagglutinin glycoprotein. Complete inhibi- 
tion of glycosylation by tunicamycin results in production of a nonglycosylated 
hemagglutinin polypeptide designated HA0 (tool wt ~63,000), which migrates as a 
sharply defined band in SDS-polyacrylamide gels (37). In contrast, CB causes 
complete inhibition of the incorporation of labeled glucosamine into viral glycopro- 
teins, but probably only partially inhibits glycosylation, which results in the hetero- 
geneous population of HA molecules observed in electropherograms. Because of these 
contrasting results, it seems likely that the effect of CB on glycosylation is a secondary 
effect of its inhibition of sugar transport, resulting in a depletion of the intracellular 
pool of carbohydrate precursors. The partial glycosylation of glycoproteins synthesized 
in CB-treated cells is suggested by the electrophoretic heterogeneity of the two 
influenza glycoproteins as well as the apparently unaltered HA activity; such partial 
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glycosylation may enable incorporation of neuraminic acid into CB-grown virions. 
Our  results also suggest that neuraminidase activity is more sensitive to this degree of 
glyeosylation inhibition than is hemagglutinin activity; however, the possibility 
cannot be excluded that formation of inactive neuraminidase is a result of another 
effect of CB. 

It is apparent  from our results that the maturat ion of enveloped viruses is not a 
microfilament-dependent process. In fact, the disruption of microfilaments does not 
appear  to prevent the incorporation of actin into enveloped virions, indicating that 
this process is also independent of  a polymerized cytoskeleton. 

S u m m a r y  

The  maturat ion of two enveloped viruses, influenza and vesicular stomatitis, occurs 
in cells treated with cytochalasin B. Virions produced in the presence of 50/~g/ml 
cytochalasin B (CB) appear  to be as infectious as those from control cells, indicating 
that polymerized actin is not required for the assembly of functional viral components. 
CB inhibits the release of influenza virus from treated cells, a phenomenon which 
appears to be a result of  the synthesis of an aberrant neuraminidase (NA) glycoprotein; 
virions grown in CB-treated cells had a 90% reduction in specific enzymatic activity. 

We found that both influenza viral glycoproteins (NA and Hemagglutinin glyco- 
protein) had faster electrophoretic mobilities and were more heterogeneous in CB- 
treated cells as compared with controls. We also observed complete inhibition of 
incorporation of labeled glucosamine into viral glycoproteins in the presence of the 
drug. It was of interest that CB-induced inhibition of glycosylation appeared to cause 
loss of neuraminidase function, whereas hemagglutinating activity was not noticeably 
impaired. The  presence of altered glycoproteins did not significantly diminish the 
infectivity of either influenza virus or vesicular stomatitis virus. 

Our  results indicate that no step in the maturat ion of enveloped viruses is dependent 
upon an intact cytoskeletal network. 

We thank Mr. John Fitzpatrick for excellent technical assistance. 
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