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Summary 

Structural and physiological properties of two mutants of mengovirus, 
205 and 280, were compared to those of wild-type virus to understand the 
molecular basis of changes exhibited in their biological function. Two 
dimensional gel electrophoresis of wild-type and mutant  structural proteins 
revealed alterations in the isoelectric character of the alpha (1 D) protein of 
both mutant  205 and 280. These data suggest that  alterations in the alpha 
(1 D) pro~in  may be responsible for the phenotypic changes by the mutants. 
A delay in detectable virus-specified protein synthesis was exhibited in 
mutant-infected cells in comparison to wild-type. The amount of RNA 
synthesized in mutant- and revertant-infected cells was less than that 
synthesized in wild-type infected cells. Changes in virus-specified macro- 
molecular synthesis in mutant  and revertant-infected cells reflected a 
decrease in the ability of the viruses to attach to cells. 

Introduction 

Biological properties of two mengovirus mutants, 205 and 280, were 
compared with those of wild-type virus (2). These mutants were defective in 
their ability to agglutinate erythroeytes, produced smMler plaques in cell 
culture, were avirulent in mice, but  were not temperature-sensitive. These 
data suggested that  changes in the structure of tile mutant  viruses may be 
responsible for the expression of altered phenotypie traits. 

* Present address: Department of Microbiology, School of Medicine, University of 
Alabama at Birmingham, University Station, Birmingham, AL 35294, U.S.A. 
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In this communication, the structurM proteins of the wfld-ty]pe and 
mutant, viruses were compared by SDS-PAGE, peptide mapping, and two- 
dimensional gel electrophoresis to determine which of the mutant structural 
proteins differed from that of wild-type and the extent of homology among 
analogous proteins. The structural proteins of two revertants of mutant 205 
were also examined by two-dimensional gel electrophoresis to relate 
changes in biological function to structural differences in the analogous 
proteins of the mutants and wild-type mengovirus. In addition, the progres- 
sion of events associated with wild-type, mutant, and revertant virus infec- 
tion were examined to identify- factors responsible for physiological changes 
associated with mutant and revertant virus-specified macromolecular s:ym- 
thesis. 

Materials and Methods 

Viruses and ¢~lls 

The growth and assay of wild-type, mutant and revertant viruses using BHK-21 cells 
have been described previously (2). Mutant and revertant virus stocks used in the experi- 
ments described below were from the second passage of virus isolated by two successive 
rounds of plaque purification. 

Radiolabeling of Virus-specified Proteins 

Purified virions were radiolabeled in vivo with [HC(U)]-L-amino acid mixture (6 ~Ci/ 
ml) [New England Nuclear (NEN), NEC-445] were prepared and analyzed by SDS-poly- 
acrylamide gel electrophoresis as described previously (2). 

Surface tyrosine residues of purified virions were labeled with [12~I]-sodium iodide 
[(NEN), NEZ-033 HI using a modification of the method described by MILLAR and SMITH 
(15). Pellets containing purified virions were resuspended in TN buffer [50 mM Tris-HC1 
(pH 7.5), 150 m~ NaC1] and quantitated by absorbanee at 260 nm as described (19). 
Suspensions of purified virus in TN buffer containing 0.3 absorbance units (260 nm), 
200 ~Ci of lesI, and 100 ~g of Iodogen (Pierce) were mixed in a total volume of 0.3 ml and 
agitated for l0 minutes. An equal volume of 0.4 ~M NaI, 5.0 ~M 2-mercaptoethanol was 
added to the mixture and layered onto Sephadex G-25 columns (60 × 7 mm) equilibrated 
with TN buffer. The excluded volumes were collected and centrifuged in an SW 41 rotor at 
37,000 rpm for 90 minutes at 6°C. Pellets were prepared for preparative SDS-poly- 
acrylamide gel eleetrophoresis (SDS-PAGE). 

Virus-specified intracellular proteins were labeled with L-[35S]-methionine, immuno- 
precipitated and analyzed by SDS-PAGE. Cells were mock-infected or infected with virus 
in suspension (1 × 107 eells/ml) at an MOI of 3, adsorbed, plated into plastic 35 mm dishes 
(2.5 × 106 ceils/dish), and incubated at 33 ° C. Cells were pulse-labeled for 15 minutes with 
100 ~Ci/ml 3~S-methionine in 0.3 ml methionine-free medium. The cells were washed twice 
with serum free medium and lysed with 0.1 ml B 10 [10 mM Tris-HCl (pH 7.4), 5 mM MgCI~, 
0.5 percent NP 40, 0.1 percent SDS, 1 percent Aprotinin, 50 txg/ml ribonuelease A, 50 ~g/ 
ml deoxyribonuelease] for 5 minutes on ice. Cellular lysates were centrifuged at 6500 × g 
for 1 minute at 4 ° C and the supernatant fluid was colleeted and stored at - 2 0  ° C. 

Immunoprecipitation of Virus-specified Protein 

Cytoplasmic lysates were immunoprecipitated by a modification of the procedure of 
BOND et al. (5). Cytoplasmic lysates representing t.25 X 106 cells were diluted 10-fold in 
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B 11 [50 m ~  Tris (pH 7.4), 150 mM NaCl, 5 m~i EDTA, 0.02 percent  sodium azide, 0.05 per- 
cent  NP 40, 1 percent  Aprotinin, 0.1 percent  bovine sernm albumin]. Twelve txl of mouse 
anti-mengovirus hyperimmune aseitic fluid (2) was added to the diluted lysates (0.5 ml 
volume) and incubated at  0 ° C for 60 minutes. Immune complexes were precipi tated with 
100 t~l of 10 percent  fixed Staphylococcus aureus (Cowan strain) (13) by incubation at  0 ° C 
for 60 minutes and pelleted by centrifugation for 1 minute at 6500 × g. Pellets were washed 
four t imes with B 11 buffer at 0 ° C and resuspended in 40 t~l 20 mM dithiothreitol (DTT), 
1 percent  SDS. After 15 minutes of incubation at room temperature,  the immunopreci- 
pi tated proteins were eluted and reduced by heat ing at  60 ° C for 5 minutes. Bacteria  were 
removed by eentrifugation and the supernatant  fluids were prepared for SDS-PAGE. 

RadioIabeling qf Virus-specified RNA 

Virus-specified intracellular RNA was labeled with [5, 6-'~H]-uridine [(NEN), NET- 
367]. Cells were infected in suspension with virus (1 × 107 ceUs/ml) at an MOI of 3, plated 
in plastic 35 mm dishes (2.5 × 106 cells/dish) following adsorption at 33 ° C for 30 minutes, 
and incubated at 33 ° C. Actinomyein D (5 l~g/ml final concentration) was added to each 
dish at various time points and the cells were incubated at 33 ° C for 20 minutes. The 
medium was aspirated, replaced with 0.3 ml DME 2 containing 10 ~Ci/mt '~H-uridine, and 
the monolayers were incubated at 33 ° C for 60 minutes. At the end of the labeling period, 
the cells were lysed at 4 ° C for 5 minutes with NET buffer [10 mM Tris-HC1 (pH 7.4), 
100 mM NaC1, 1 mM EDTA] supplemented with 1 percent  NP 40. The lysate was centrifuged 
at 6500 × g for I minute. Duplicate samples containing 25 I~t of the supernatant  fluid were 
spotted onto Whatman  GFC glass fiber filters and precipitated in ice cold 10 percent  
tr ichloroacetic acid (TCA). Fil ters were placed in vials with scintillation fluid [5 g / L  2, 5- 
diphenyloxazoie (PP0) in xylene], and counted in a Packard LSC 460 CD liquid scintilla- 
tion counter using the pre-set  tr i t ium channel (4). 

To prepare virus particles containing radiolabeled I~NA, cells were infected with virus 
at an M0I  of 3 and were labeled at 4.5 HPI  with 20 ~Ci/ml [5, 6-3H]-uridine [(NEN), NET- 
367] or  500 ~Ci/m132P-orthophosphate [(NEN), NEX-054] in medium containing 12.5 rag/  
L monosodium phosphate.  Virus-infected cells were allowed to incubate at, 33 ° C until lysis 
and virions were purified as described above. 

Two Dimensional Gel Electrophoresis 

a~S-methionine labeled virions were suspended in sample buffer containing 9.95 M urea 
(Bio-l~ad), 4 percent. NP-40 (Particle Data  Laboratories),  2 percent  Bio-Lyte 3/10 (Bio- 
Rad), and 100 m~[ DTT as described (8) and incubated at 25 ° C for 30 minutes. Isoelectrie 
focusing (IEF) was performed as described (17). Following equilibration, the tube gels 
were placed onto 10 percent  polyaerylamide slab gels and subjected to SDS-PAGE. The pH 
gradients for IEF  and NEPHGE were generated from 1 cm serial gel sections equilibrated 
in 50 mM NaC1 and the pH values were lowered by 0.5 pH unit~s to correct for measurement  
in the presence of urea (22). The isoclectric point  (pI) value for each protein species was 
estimated from these gradients. 

Preparation of Labeled Proteins for Peptide Analysi~ 
Bands corresponding to the structural proteins of mcngovirus were identified by 

exposure of dried preparat ive SDS-PAGE gels to x-ray film, excised, rehydrated in 10 mM 
ammonium bicarbonate, 0.1 percent  SDS, and electroeluted as described (7, 21). Protein 
samples were lyophilized and SDS was removed as described (10). The proteins were 
dried, oxidized for 90 minutes at 4 ° C with 0.2 mt of fresh performie acid and lyophitized 
three t imes in distilled water. Proteins were anMyzed for purity by SDS-PAGE prior to 
digestion. Purified, oxidized proteins were resuspended in 0.2 ml of 1 percent  ammonium 
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bicarbonate (pH 7.8) for digestion with N-Mpha-p-tosyl-L-lysine ehloromethyl ketone- 
treated chymotrypsin (TLCK-chymotrypsin) at 37 ° C as described (7), Enzyme treated 
samples were frozen and lyophilized before peptide analysis by thin layer chromatography 
(TLC). 

Peptide Analysis 
Two-dimensional peptide mapping was performed as previously described (ll). 

Lyophilized samples were dissolved in electrophoresis buffer [butanol-pyridine-acetie 
acid-water (2 : 1 : 1 : 36)] and 2--5 pl was spotted onto cellulose TLC plates (E. Merck). 
Separation of peptides in the first dimension was perfomed by eleetrophoresis for 45 min- 
utes at 1000V (40 to 50 mA). The TLC plates were air-dried and the peptides were 
separated in the second dimension by ascending chromatography in N-butanol-pyridine- 
acetic acid-water (393 : 304 : 61 : 243) until the solvent front reached 2 cm from the top. 
Dried plates were sprayed with En3Hanee (NEN) and exposed to preflashed Kodak NAg- 
2 x-ray film at -70  ° C. 

A&orption of Viruses W BHK-21 Celh" 
The number and percentage of wild-type, mutant, and revertant virus particles adsorb- 

ing to BHK-21 cells were determined as follows. Cells were infected with purified ~ep_ 
labeled virus at a multiplicity of 2000 particles/cell. The 32P-labeled virus suspensions 
were allowed to adsorb to BHK-21 cell monolayers in plastic dishes (60 mm diameter) for 
60 minutes at 33 ° C. The cells were lysed with 0.1 ml B 10 for 5 minutes on ice. Duplicate 
100 t~1 samples were spotted onto Whatman glass fiber filters and precipitated in ice-cold 
10 percent TCA. The filters were placed in vials with scintillation fluid and counted in a 
Packard 460 CD liquid scintillation counter using the pre-set ~2p channel (4). The fraction 
of cell-associated virus particles was calculated by dividing the number of cell associated 
counts per minute (CPM) by the CPM of the input virus. The average number of virus 
particles adsorbed per cell was calculated by multiplying the fraction of cell-associated 
virus by the multiplicity of infection (2000 particles/cell). 

Results 

Comparative Analysis of Mengovirus Structural Proteins 

The s t ruc tura l  p ro te ins  of  purif ied 14C-labeled wi ld- type and  m u t a n t  

mengovhnases  were  ana lyzed  by  S D S - P A G E  on 8, 10 and  15 p e r c e n t  poly- 
a e ry l amide  slab gels. Ana lyse s  of  the  s t ruc tu ra l  p ro te ins  r e so lved  on  15 per-  
cen t  gels a re  shown (Fig. 1). F ive  s t ruc tura l  p ro te ins  were  reso lved  for each  
of the  viruses:  epsi lon ( lAB) ,  40 kd; a lpha  (1 D), 37 kd; b e t a  (1B), 33 kd; 
g a m m a  (1 C), 25 kd;  and  de l ta  (t A), 7.8 kd. No changes  in the  migra t ion  of  
the  m u t a n t  s t ruc turM pro te ins  were  o b s e r v e d  in c o m p a r i s o n  to those  of  the  
wi ld- type virus.  In  addit ion,  the  migra t ion  of  the  s t ruc tura l  p ro te ins  of  
severa l  H A  + r e v e r t a n t s  of  m u t a n t  205 was  also similar  to t h a t  of  wi ld- type 
(da ta  no t  shown).  Al though  some  va r i a t i on  in the  a m o u n t  of  de l ta  (1 A) 
p ro t e in  of  the  v i ruses  was  o b s e r v e d  (Fig. 1), this  was  no t  a resu l t  found 
cons i s ten t ly  t h r o u g h o u t  our  analyses .  

35S-methionine-labeled s t ruc tura l  p ro te ins  of  wi ld- type and  m u t a n t  
v i ruses  205 and  280 were  ana lyzed  following diges t ion with  T P C K - t r y p s i n  
b y  r e v e r s e - p h a s e  H P L C  to fu r the r  examine  the  s t ruc tu re  of  the  p ro te ins  by  
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separating peptides in a gradient on the basis of charge, However, the 
spectra of methionine-eontMning peptides of the delta (1A), beta  (1B), 
gamma (1 C), and alpha (1 D) proteins from the different viruses were 
identical (data not shown). Although not  all of the peptides generated by 
TPCK-trypsin digestion were likely to contain methionine, the results 
suggested that  the peptide compositions of the four strueturM proteins of the 
wild-type and mutant  viruses were remarkably similar. HPLC analyses of 
the tryptie peptide compositions of the four structural proteins of the wild- 
type and mutant  viruses uniformly labeled with 14C-amino acid mixture by 
labeled strueturM proteins was inconclusive because the resulting ehromato- 
grams contained many unresolvable, overlapping peaks (data not shown). 

To determine whether the arrangement of the structural proteins on the 
surface of mutants 205 and 280 was similar to that of wild-type, purified 
virions were labeled with r25I and analyzed by SDS-PAGE (Fig. 2). Most of 
the tyrosine residues on the surface of the wild-type and mutant  viruses 
were on the alpha (1 D) protein as demonstrated by the extensive labeling of 
this protein. The beta  (1 B) protein was labeled to a much lesser extent. 
There was no detectable difference in the pat tern of surface protein labeling 
among the three viruses suggesting that the arrangement of the structural 
proteins on the surfaces of the virions of the wild-type and mutant  viruses 
was similar. 

To examine the structure of the surface proteins of the three viruses in 
greater detail, two-dimensional TLCK-ehymotryptie peptide ehromato- 

Fig. 1. SDS-PAGE of 14C-labeled wild-type and mutant mengovirus structural proteins. 
The viruses were purified, reduced, and electrophoresed on a 15 percent SDS-polyacryl- 
amide gel. The structural proteins of :mutant 205 (A), mutant 280 (B), wild-type virus (C) 

are shown 
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Fig. 2. SDS-PAGE of 12aI-labeled proteins of intact wild-type and mutant mengovirus 
particles. Virus particles were purified, labeled, reduced, and electrophoresed on a 12 per- 
cent SDS-polyacrylamide slab gel as described in the text. Surface-labeled proteins of the 

wild-type virus (A), mutant 205 (B), and mutant 280 (C) are shown 

graphy was used to investigate the extent  of homology among the alpha 
(1 D) structural proteins of the viruses (Fig. 3). The ehromatograms of indi- 
vidual and mixed samples of surface-labeled peptides were identical. 
Although not all of the surface peptides generated by TLCK-chymotrypsin 
are likely to be labeled, numerous peptides were labeled. These data suggest 
that  the arrangement of the structural proteins on the surface of the three 
viruses was remarkably similar. 

The structural proteins of the wfld-ts~e, mutant, and revertant  strains 
were analyzed by pH gradient gel electrophoresis to determine whether any 
changes were apparent  in migration of the mutant  and revertant  structural 
proteins relative to those of the wild-type virus. The proteins were analyzed 
by IEF and NEPHGE two-dimensional gel electrophoresis in order to 
resolve both acidic and basic proteins. 

The two-dinlensional electrophoretie migration of the structural proteins 
of wild-type mengovirus is shown in Fig. 4, panel A. The epsflon (1 AB) 
protein had a pI of 5.32. The alpha (1 D) protein was separated into four 
major protein species, each with a distinct pI (5.35, 5.52, 5.61, and 5.72). The 
beta  (1 B) protein was separated into two major protein species with pI 
values of 5.55 and 5.62 and a heterogenous species ranging from 6.3 to 6.6 
The gamma (1 C) protein was not well resolved by this technique and 
appears to be slightly acidic or neutral in charge. The delta (1 A) protein 
does not appear in any of the two-dimensional IEF gels. 
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The two-dimensional electrophoretic migration of the structural proteins 
of mutant  205 is shown in Fig. 4, panel B. The etectrophoretic migration of 
the proteins was identical to that  of the wild-type strain with one exception. 
Only three alpha (1 D) protein species were resolved. One of the protein 
species resolved in separation of the wild-type proteins, p I =  5.72, was 
absent. However, this protein species was resolved in the wild-type/205 
mixed sample separation (Fig. 4, panel D). These data suggest that  the 
absence of this particular protein species represents a phenotypie change or 
mutation in the alpha (1 D) protein of mutant  205 relative to the wild-type 
virus. In addition, the two-dimensional electrophoretic pat terns of the 
structural proteins of the revertent  viruses, 205-A 7 and 205-D 2, were 
identical to those of mutant  205 (data not shown). 

Fig. 3. Two-dimensionM analysis of ~eSI-labeled ehymotryptie peptides of the alpha (t D) 
proteins of wild-type and mutant mengoviruses. Peptides were prepared and analyzed as 
described in the text. The surface-labeled peptides of the wild-type virus (A), mutant 205 
(B), mutant 280 ((2) and mixed samples containing peptides of mutant 205 and wild-type 

virus (D), and peptides of mutant 280 and wild-type virus (E) are shown 
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Fig. 4. Two-dimensionM IEF gel electrophoresis of asS-methionine-labeled structural 
proteins of wild-type, mutant, and revertant mengoviruses. Samples containing purified, 
labeled virions were prepared and analyzed as described in the text. The pH gradients 
were generated as described in the text. Two dimensional analyses of the structural 
proteins of wild-type virus (A), mutant 205 (B), mutant 280 (C) and mixed samples of the 
struetural proteins of wild-type virus and mutant 205 (17) and wild-type and mutant 280 
(E) are shown. The pH gradients for D and E were the same as those for B and C, 
respectively. Arrows point to distinct differences in the protein profiles of the viruses 

The two-dimensional  e lec t rophoret ie  migra t ion  of the  s t ructura l  prote ins  
of mutan t  280 is shown in Fig. 4, panel  C. The e leet rophoret ic  migration of the 
prote ins  was identieM to tha t  of the wild-type s t ra in  with one exception.  The 
pI of one of  the  four a lpha (1 D) pro te in  species (pI = 5.58) was slightly more  
acidic t han  tile analogous wild-type isoelectric species ( p I =  5.61). This 
species appea red  b roade r  and slightly lower in molecular  weight  t han  the 
cor responding  wild-type pro te in  species. The wi ld - type /280  mixed sample 
separa t ion  (Fig. 4, panel  E) shows a b road  pro te in  species in the  region of 
the gel cor responding  to tile apparent,  change  in the pIs of the  wild-type and 
280 a lpha (1 D) pro te in  species. The a l te red  migra t ion  of the  m u t a n t  280 
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isoeleetrie species was found consistently in two dimensional profiles of 
independently derived virion protein samples. These data suggest that the 
change in form and migration of this protein species represents a phenotypic 
change or mutation in the alpha (1 D) protein of mutant 280 relative to the 
wild-type virus. 

Two-dimensionM NEPHGE analyses confirmed the results obtained by 
IEF analysis of the wild-type, mutant, and revertant structural proteins. The 
delta (1 A) proteins of the wild-type and mutant viruses were resolved by 
this technique and migrated similarly as a single acidic protein species at 
pH 2.5 (data not, shown). 

Synthesi.s of Virws-specified Intracellular Protein and RNA 

The specific activities (CPM/particle) of the wild-type and mutants 
differed when BHK-21 cells were intbcted and labeled with 35S-methionine or 
14C-amino acids under similar conditions (ANI)E~SON and BO~-D, un- 
published data). Therefore, to determine whether differences in the kinetics 
of virus-specified macromotecular synthesis exist among the viruses, virus- 
specified intraeellular protein and t~NA synthesis were examined. Virus- 
infected cells were pulse-labeled at 1 hour intervals from 3 to ll HPI with 
35S-methionine for 15 minutes. Cytoplasmic lysates were immunopreci- 
pitated and analyzed by SDS-PAGE (Fig. 5). Eight virus-specified intra- 
cellular proteins were resolved in wild-type and mutant strain-infected cells: 
A (1-2 A), B (1), C (3), D (3 CD), 1 ABC, D 2 (1 CD), alpha (1 D), and gamma 
(1 C). The number and molecular weights of the proteins specified by the 
wild-type and mutant strains were identical. However, virus-specified 
protein synthesis was detected initiMly at 5 HPI for the wild-type strain and 
at 6 HPI for mutant strains 205 and 280. 

To determine whether changes in the kinetics of lgNA synthesis could 
explain the delay in detectable protein synthesis observed in mutant- 
infected cells, virus-infected cells were treated with aetinomyein D, pulse- 
labeled with 3H-uridine, lysed, and counted. The results are shown in Fig. 6. 
The peak of RNA synthesis for each virus was from 10 to 11 HPI. However, 
the amount of RNA synthesized by the wild-type virus was 10-fold greater 
than that of the mutants and 2-fold greater than that of the revertants. Since 
the magnitude of virus-specified RNA synthesized in the mutant virus- 
infected cells was 10-fold less than that of wild-type virus, the beginning of 
virus-specified protein synthesis, as detected by immunoprecipitation 
(Fig. 5), would appear to be delayed due to the fact that less RNA would be 
available for translation. 

Adsorption of Virus to BHK-21 CelLs 

Since the magnitude of virus-specified I%NA synthesis in mutant virus- 
infected cells was 10-fold less than that of the wild-type virus, Mterations in 
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Fig. 6. Time course for mengovirus-specified RNA synthesis in wild-type-, mutant-, and 
revertant-infected cells. Actinomycin D was added to virus-infected cells prior to labeling 
with 3H-uridine and the cells were labeled from 1 to 12 HPI as described in the text. Data 
were generated from scintillation counting of the acid-insoluble if'action of cell lysates. The 
synthesis of virus-specified RNA in mock- (×), wild-type- (+), mutant 205- (*), mutant 280- 

([3), reverta.nt 205-A 7- (©), and revertant 205-D 2-infected cells (A) is shown 

uncoat ing  or adsorp t ion  of the m u t a n t  viruses to cells m a y  account  for  this 
difference. However ,  surface pept ide  analysis  suggested t h a t  the  arrange-  
men t  of the  s trueturM prote ins  of the  wild-type and m u t a n t  vir ions was 
r emarkab ly  similar. Therefore ,  it  is possible t ha t  uncoat ing  of  the  virions 
would occur  a t  a similar ra te  in infected ceils due  to  thei r  similari ty in struc- 

ture.  
The  average  n u m b e r  of  wild-type, mutan t ,  and revertaa~t virus par t ic les  

adsorbing to BHK-21 cells was examined  tbllowing incubat ion at  33 ° C for 60 
minutes .  Unde r  these  condit ions,  the amoun t  of  virus adsorp t ion  to cells 
would approx imate  saturat ion.  The  results  are  shown in Table 1. The 
average  number  of virus part ic les  adsorbing per  cell c lear ly  differed among 
the wild-type, mutant,, and  r eve r t an t  viruses.  Therefore ,  it is a p p a r e n t  t ha t  
the  mechanisms of  adsorp t ion  of the m u t a n t  and r eve r t an t  viruses to cells is 
modified from tha t  of wild-type. The diftbrenee in the cellular binding 
affinities among the wild-type, mutant ,  and reveI'~ant viruses would be 
an impor t an t  factor  contr ibut ing to the differences in the magni tude  of 
viral RNA and pro te in  synthesis  obse rved  fbr these  viruses.  These  da ta  
suggest  t ha t  fewer cells would be infected by  the mu tan t  and r eve r t an t  
viruses and therefore ,  fewer  virus-specified macromoleeules  would be syn- 

thesized. 
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Table 1. Adsorption of wild-type, mutant, and revertant viruses to BHK-21 cells ~ 

Virus Particles/cell b % of wild-t32oe ~ 

Wild-type 738 100 
205 170 23.0 
280 250 33.9 
205-A 7 408 55.3 
205-D 2 436 59.1 

Cells were infected at an MOI of 2000 particles/cell and incubated at 33 ° C for 60 min- 
utes 

b The average number of particles adsorbed/cell 
° The percentage of adsorption of the mutants and revertants in comparison to wild-type 

mengovirus 

Discussion 

BiologieM and structural properties of two mengo~drus :mutants have 
been compared to those of the parental wild-type strain. ~ e s e  mutants, 205 
and 280, exhibited alterations in agglutination of erythrocytes, virulence in 
mice, and plaque morphology (2). In addition, biological characterization of 
several HA + revertants of mutant  205 isolated from the brains of mice 
infected intraeranieally indicated that  agglutination and virulence may be 
linked traits and that  the size of plaques produced by a pa~ieular mengo- 
virus isolate may reflect its bindhag affinity to cells and virulence in mice. 

Analysis of 35S-methionine-labeled structural proteins of wild-type and 
mutant  viruses by SDS-PAGE and HPLC revealed that  extensive homology 
exists among these viruses. To further examine these viruses for structural 
differences, surface labeling of intact wild-type and mutant  virus particles 
was done to compare the arrangement of the structural proteins which form 
the xdral capsids. Previous studies have shown that  surface iodination of 
intact potiovirus and mengovirus labels primarily the 1 D (VP 1 or alpha) 
protein of the respective virus eapsids (3, 12) and the 1 B (VP 2 or beta) 
protein is also labeled, but to a much lesser extent than the 1 D protein. We 
obtained similar data tbr the surface iodination of intact wild-type and 
mutant  virus particles. In addition, no apparent differences were evident 
from the analysis of ehymotryptie peptides of 125I-labeled wild-type and 
mutant  alpha (1 D) proteins. These data suggest that  arrangement of struc- 
tural proteins on the surface of mutant  eapsids did not differ from that  of 
wild-type. Therefore, the mutations may result in the expression of altered 
determinants tha t  reflect differences in biologicM function and may not 
result in the masking of otherwise funetionM determinants due to altered 
arrangement of the capsid proteins. 

We compared the isoeleetrie character of the viral capsid proteins by 
two-dimensional gel electrophoresis. Multiple species of the alpha (1 D) and 
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beta (1 B) proteins were reprodueibly deteeted by this technique in both the 
presence (Fig. 4) and absence (data not shown) of SDS prior to isoeleetrie 
focusing. Previous studies have demonstrated multiple isoelectrie species 
for the major eapsid proteins of poliovirus [VP 1 (1 D), VP 2 (1 B), and VP 3 
(1 C)] (9, 23) and EMC virus [alpha (1 D) and beta (1 B)] (6). VRIaSEN et al. 

(23) also excluded the possibility that the multiple species are derived from 
differential binding of SDS or the accumulation of mutants in the original 
virus stoek. These authors suggested that the multiple species may result 
from heterogeneity in the cleavage of structural protein precursors; 
although the sequenees of the amino- and earboxyl-termini of the major 
eapsid polypeptides of mengovirus were determined without mention of 
sequenee variations (24). We suggest that the charge heterogeneity of these 
molecules may reflect differences in the interaction of these proteins with 
the ampholines. The different protein species observed may represent 
different forms of the viral proteins associated with either intraeellular 
partieles or free extraeellular particles or extraeellular particles bound to or 
eluted from membranes, assuming that these particles share the same 
buoyant density in equilibrium gradients. Therefore, the heterogeneity 
observed may reflect differenees in the manner of isolating virus partieles, 
whether intraeellularly or from lysed cells. 

Differenees were deteeted among the alpha (1 D) structural proteins of 
the wild-type and mutant viruses. Since the mutants exhibited different 
alterations in the alpha (1 D) protein, yet similar ehanges in biological 
activity, it is possible that alteration of this protein resulted in the observed 
phenotypie ehanges. The differenees in the number and migration of the 
alpha (1 D) protein isoelectrie species are likely to be due to changes in 
uneharged amino acid residues affeeting the interaction of the altered 
species with the ampholines. Changes in eharged amino acid residues would 
result in altered migration of all four isoeleetrie species. 

Since the ehromatograms of surface- and metabolieally-labeled peptides 
were similar, we speculate that the alterations in the mutant alpha (1 D) 
proteins may be assoeiated with a particular determinant on this protein. 
This determinant may serve as or be part of a funetional attachment site on 
the surface of virus partieles that determines their affinity for various cells. 
Atomic resolution of the structure of another pieornavirus, human rhino- 
virus 14, revealed a large cleft on the ieosahedral faee that has been 
postulated to serve as the host eell receptor binding site (18). The large cleft 
separates the major part of five 1 D (alpha) subunits from the other viral 
protein subunits. Sinee the pieornaviruses share similar struetural eharae- 
teristies, by analogy it seems reasonable to speculate that mutations in the 
1 D (alpha) protein could affect the strueture of the deft, and thus, alter the 
binding affinities of the mutant and revertant viruses. Alteration of the 
mengovirus host cell receptor binding site may lead to changes in affinity for 
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erythrocytes as well as other cell types which may explain the lack of 
virulence of the mutants in mice. Previous work by MORISHIMA et al. (16) 
demonstrated that  differences in binding affinities of closely related strains 
of EMC and mengovirus to various cells reflects their difference in 
pathogenicity for mice. 

HA + revertants were isolated from the brains of mice infected intracrani- 
ally with mutant  205 (2). In addition to regaining agglutination activity, the 
revertants were also virulent for mice and exhibited a slight increase in 
plaque size. However,  revertants required 103. to 104-fold more P F U  to kill 
mice than the wild-type virus. Since the isoelectric character of t/he proteins 
of the HA + revertants were identicM to that  of mutant  205, this partial 
phenotypic reversion may  have resulted from a change in an uncharged 
amino acid associated with a determinant, located on the alpha (1D) 
protein, which partially restores its biological activities. The partial rever- 
sion of this mutation may involve modification of the altered surface deter- 
minant, increasing the binding affinity of the virus for cells and restoring 
virulence, but would not result in reappearance of the isoelectric species 
absent in mutant  205 and revertant  alpha (1 D) capsid proteins. Alter- 
natively, mutant  205 may express more than one mutation since complete 
reversion to w i l d - t ~ e  virulence and plaque size did not occur and the iso- 
electric profile of the alpha (1 D) protein was the same as that  of mutant  205. 
However,  revertants were not isolated from mice infected intracranially 
with mutant  280, which shared biological properties as well as alpha (1 D) 
protein alterations with mutant  205. Therefore, the mutation observed in the 
alpha (1 D) structural protein of mutant  280 is apparently more stable than 
that  of mutant  205. However,  unlike mutant  205, expression of the mutation 
of mutant  280 resulted in a more subtle, yet  reproducible change in the iso- 
electric point of one of the four alpha (1 D) protein species. 

Changes in virus-specified macromolecular synthesis in mutant  and 
revertant  virus-infected cells can be explained by a decrease in the ability of 
these viruses to at tach to cells. These data suggest that  a smaller propor- 
tion of cells were productively infected with the mutant  and revertant  
viruses in comparison to wild-type. Therefore, the effective MOI for the 
mutant  and revertant  viruses would be less than that of wild-type. This 
difference can be explained by changes in the cellular binding affinities; and 
the higher particle : PFU ratios exhibited by the mutant  and revertants (2), 
assuming that  a greater proportion of noninfectious particles would lower 
the probability of these viruses to infect cells. This interference phenomenon 
would explain why P F U  values obtained under dilute conditions could not be 
used to accurately predict the fraction of infected cells in high particle : cell 
infections. Since fewer cells would be productively infected with mutant  and 
revertant  viruses, less virus-specified RNA would be synthesized, although 
the peak hour of RNA synthesis would be the same as that  of wild-type. 
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Therefore, less RNA would be available for translation; and protein 
synthesis, as detected by immunoprecipitation, would appear to be delayed 
in ceils infected with the mutant  viruses. Changes in the metabolic rates of 
mutant, virus-specified gNA synthesis would predict different results than 
those presented here if tile fraction of infected cells were similar to ~ td - type  
infections. Collectively, our data suggest that  the phenotypie changes 
expressed by the mutants may be due to mutations toeated exclusively 
within the alpha (1 D) coding region of the genome. 

Previous work by A(~oL et al. (1) has indicated that  the neurovirulenee of 
poliovirus maps to the 5' end of the genome which includes the coding region 
of the eapsid proteins. Consistent with these results, we have identified two 
different mutations in the alpha (1 D) capsid protein, which maps to the 3' 
end of tiffs region, of two avirulent mengovirus mutants. In addition, 
KO~tARA et al. (14) have stated that  a molecular recombinant of the Sabin 
vaccine strain of poliovirus containing VP 1 (1 D) and most of VP 3 (1 C) of 
the neurovirulent Mahoney strain is virulent, but not as virulent as the 
Mahoney strain and retain the small plaque morphology of the Sabin strain. 
Our data also indicate that  changes in the alpha (1 D) protein result in 
altered virulence of a pieornavirus. Since revertants of mutant  205 shared 
similar characteristics with the poliovirus recombinant, the plaque-forming 
ability of a particular virus isolate may be a characteristic that  reflects as 
well as contributes to its virulence. Future experiments which compare the 
nueleotide sequences of the nmtants and revertant  structural proteins to 
that  of the parental wild-type virus will be useful in determining the genetic 
basis for the altered biological properties exhibited by the mutant  and 
revertant  viruses. 
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