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SUMMARY: Analysis of the radiolabeled tryptic peptides derived from the nucleocapsid 
proteins of two serotypes of mouse hepatitis virus showed each to have a small number of 
unique peptides; however, tw@~biologically distinct variants of the JHM strain appeared 
identical. Analysis of [~P]-labeled nucleocapsid-derived peptides showed that 
phosphorylation occurs at only a few sites and that all three viruses differed in the sites 
of phosphorylation. No differences in the sites of phosphorylation were found between the 
nucleocapsid proteins derived from purified virions and the membranes or the cytosol of 
infected cells, suggesting that post-translational phosphorylation plays no role in the 
regulation of viral assembly. These data show unequivocal evidence that the nucleocapsid 
proteins of mouse hepatitis virus strains differ in the sites of phosphorylation. © 1986 Academic 
Pre s s ,  Inc .  

Mouse hepatitis viruses (MHV) are members of the Coronaviridae and are composed 

of only three structural proteins (9,18). Two of these proteins, E1 and E2, are envelope 

glycoproteins which form, respectively, the matrix protein and peplomers on the external 

surface of the virions. The third protein, designated N, is the phosphorylated nucleocapsid 

protein associated with the virion positive-stranded genomic RNA, which together form 

the helical nucleocapsid (8,12). The only post-translational modification of the N protein 

is rapid phosphorylation following synthesis, which occurs exclusively on serine residues 

(8,13,1#). In the prototype non-neurovirulent strain (A59), this protein has a molecular 

weight of approximately 50,000 daltons determined by sodium dodecylsulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and a molecular weight of #9,660 
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predic ted  from the nucleot ide sequence (1,13,15). In contras t ,  the neurovirulent  strain 

(3HM) has an N protein with a molecular  weight of approximate ly  609000 determined by 

SDS-PAGE and a molecular  weight of 49,700 predic ted  from the nucleot ide sequence 

(9,11,13). The cause of this dispari ty is unknown at  present .  

In addition, we have previously repor ted  the isolation of two plaque morphology 

var iants ,  designated DS for small plaque and DL for large plaque, from the ]HM strain of 

MHV (13). These two strains have only minor variat ions in their  oligonucleotide 

f ingerprints;  however,  they differ  in their  neurovirulence for mice (13). The DS var iant  

produces predominantly demyelinat ion while the DL var iant  produces predominantly 

encephal i t is  following infect ion of mice.  

Oligonucleotide f ingerprint  analysis of the mRNA (number 7) which encodes the N 

protein (7,10) and the SDS-PAGE of the N proteins from both DL and DS suggested tha t  

the sequences of the genes encoding N in these two strains are indistinguishable (data not 

shown). However,  in cont ras t  to DL, the nucleotide sequence of t h e  gene encoding the N 

protein of DS has not been determined.  In addition to dif ferences  in their  pathogenici ty ,  

of the ten monoclonal antibodies specif ic  for the N protein of the DL variant  of 3HM, four 

do not recognize the N protein of the DS var iant  or A59, while the remaining six r eac t  

strongly with A59 and show only weak reac t iv i ty  to DS (3). Conversely,  none of the seven 

monoclonal ant ibodies specif ic  for the N protein of MHV-A59 distinguish the DL and DS 

variants  of 3HM (Gilmore, personal  communication).  These studies suggest that  the N 

protein differs among these three closely re la ted  strains of MHV. 

To address this question we examined the re la tedness  of the N proteins from the 

3HM variants  DL and DS and compare them to the N protein of the prototype A59 strain 

by comparing the [3H ] - leucine-  and [3H ] -phenylalanine- labeled t ryp t ic  peptides using 

high-pressure liquid chromatography (HPLC). In addition, we examined the [32p] - l abe led  

t ryp t ic  peptides to determine whether phosphorylation plays a role in the assembly of 

MHV. 

MATERIALS AND METHODS 

The N protein was prepared from MHVo-infected DBT eel, Is as previously described 
(12,13,14)32At 3h post infect ion,  100 uCi/ml [~H] - leucine or [~H] -phenylalanine or 200 
uCi/ml [ P] -or thophospha te  was added. At confluent cytopathology,  which occurred 
approximate ly  7h post infect ion,  the ceils were lysed in 10mM Tris-HCl buffer ,  pH7.4, 
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containing iS0mM NaCl ,  0.5% NP-#0 and 200 ug/ml phenylmethylsulfonyl  f luoride.  The N 
proteins  were isola ted by immunoprecip i ta t ion  using monoclonal antibody J.3.3 as 
previously described (3~14). The radiolabeled N protein was purified by e lec t rophores is  on 
6-I8% gradient  poJyacrylamide gels, e luted into 0.01% SDS in water~ mixed with 0.5 mg of 
bovine gammaglobulin and lyophilized.  The protein was then reduced~ alkylated~ 
p rec ip i t a t ed  with t r i ch lo roace t i c  acid and digested with trypsin as described (5). The 
result ing t ryp t i c  peptides were analysed at  room t empera tu re  on a Perkin-Elmer Series 3B 
HPLC system using a Waters  Z module system f i t t ed  with a reverse-phase  Radia l -PAK CN 
car t r idge ,  The solvent system consisted of an aqueous phase of 0.01M sodium 
phosphate]0.0#M NaC19 pH2.0~ and an increasing gradient  of ace ton i t r i l e .  Frac t ions  of 
0.5 ml were col lec ted  every 30 sec and counted, The reproducibi l i ty  of the maps~ 
ascer ta ined  by monitoring the separat ion of immunoglobulin pept ides  at  210nm, proved to 
be within 1 min (2 fract ions)  for all the maps. 

RESULTS AND DISCUSSION 

The [3HI - labeled t ryp t ic  pept ide maps shown in Figure 1 (Panels A,B and C) indicate  

tha t  the N proteins from DL and DS are  vir tual ly  indistinguishable from each other  and 

are  closely re la ted  to the N protein  of A59. This is in agreement  with the 94% homology 

between the N proteins of ]HM and A59 pred ic ted  from their  nucleot ide sequences (1,I t ) .  
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Figure 1. HPLC trypti¢ peptide maps of the [3H ]-leucine (panels A~ B and C), [3H]-  

phenylalanine (panels DgE and F) and[32p] -orthophosphate (panels G, H and [) labelled 

peptides ol the N proteins ol MHV-A59 (panels A,D and G)~ MHV-JHM variant DL (panels 

B,E and H) and MHV-JHM variant DS (panels C~ F and I) viruses. 
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[3H]-leucine was used ini t ial ly because i t  incorporates  well into ceils and labelled 14 out of 

a possible 43 t ryp t ic  peptides predic ted  from the nucleot ide sequence of the N proteins of 

A59 and 3HM (1912). [3H] -phenylalanine labelling (panels Dr E and F) was used to examine 

nine addit ional  peptides.  Thus, the use of both[3H ] -pheny la lan ine  and [3H] - leucine 

resolved the major i ty  of the phenylalanine and leucine containing t ryp t ic  pept ides  in the N 

protein.  The [3H] - leucine and [3H] -phenylalanine maps from DL and DS are  vir tual ly 

indistinguishabl% in agreement  with the ol igonucleotide f ingerprints;  however,  there  are 

small but significant d i f ferences  between the two 3HM variants  and A~9. 

The analysis of the t ryp t ic  peptides of the [32p]- labeled N proteins derived from 

infected cells is shown in Figure l~ panels G~ H and I. Very few [32p] -pept ides  were 

observed. DL and A59 could be c lear ly  distinguished by the elution profile of the two 

phosphopeptides.  Only a single peak of [32p] - label  was de tec ted  for DS. The[32p] - 

label led peak at  f ract ion 2 does not correspond to any [3H ] - l a b e l e d  peptides and may 

represent  e i ther  a hydrophilic unresolved pept ide or free phosphate.  Although we cannot 

comple te ly  rule out the possibili ty that  the peak at  f rac t ion 2 represents  free phosphate~ 

i t  is more likely an unresolved pept ide for three  reasons. First~ no ac id -ca ta lyzed  

decomposit ion of phosphopeptide to f ree  phosphate occurred during our isolat ion 

procedure because ident ical  maps were obtained when ace tone  or ethanol were subst i tuted 

for t r i ch lo roace t i c  acid during protein isolat ion.  Second, the equivalence between the 

counts e luted at  f ract ion 2 and those re ta ined  on the column for [32p] - labeled A59 and 

DL strongly suggests that  each peak contains a peptide.  Third~ examinat ion of the nucleic 

acid sequence of the genes encoding the N proteins suggests tha t  twelve ser ine-containing 

peptides lacking leucine and phenyalanine could be derived by t ryp t ic  digestion. Of these,  

four would contain six amino acids or less. The da ta  suggest tha t  A~9 and 3HM 

unequivocably differ  in the phosphorylation si te on the peptide re ta ined on the column. 

We bel ieve tha t  the N protein of all three viruses are also phosphorylated on a second 

small  hydrophilic peptide not re ta ined on the column. We cannot a t  present  de termine  if 

these peptides are ident ical .  I r respect ive  of this, we conclude tha t  the three viruses 

differ  in at  least  one site of phosphorylation on the N protein. 

Since phosphorylation of N is known to occur on serine residues (8,12), and since the 

nucleic acid sequence predicts  the presence of 22 possible ser ine-containing t ryp t i c  
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peptides (1,i I), the paucity of [32p]-labeled peptides indicates that  phosphorylation occurs 

at  only one or at most a very few of the possible sites on the N protein. We conclude 

from our data that the phosphorylation of the MHV N protein is exceedingly specific and 

that the phosphorylation sites on the N proteins derived from the three virus strains are 

different.  Particularly interest ing is the finding that  the N proteins of the two plaque 

morphology variants of 3HM differ in phosphorylation pat tern.  This observation might 

account for the difference in the antigenic determinants  of the N proteins of DL and DS 

detected by monoclonal antibodies specific for the DL variant  (3). Although the sequence 

of the N protein of DS is not yet known, comparison of the deduced amino acid sequences 

of DL and A59 suggest that there is only one nonhomologous region containing a serine 

residue (between amino acids Ala-136 and Ala-162). Analysis of the sequence divergence 

in this region suggest that tryptic digestion would yield a hexapeptide from A59 and an 

octapeptide from DL. Based on predictions of hydrophilicity the A59 peptide would be 

expected to elute faster from the HPLC than the JHM peptide (6). Although direct proof 

is lacking, these data suggest that a site of phosphorylation of A59 occurs at serine-135 

and of JHM at serine-136. Our data predicts that an analogous serine residue will be 

absent from DS. Confirmation will await complete sequence analysis of the N gene from 

DS. 

It has been suggested that,  in addition to possible roles in regulating viral gene 

expression and genome replication (2), phosphorylation of viral proteins may play a 

cr i t ical  role in the assembly of enveloped viruses (~). To determine if there is indeed a 

difference in the phosphorylation of the N protein which could be correlated with viral 

maturat ion,  we compared the [32p]-labeled t rypt ic  peptide maps of A59 N proteins derived 

from purified virions, cellular membranes and the cytosol of virus-infected cells. No 

difference could be detected (data not shown), suggesting that complete phosphorylation 

of the N protein occurs immediately following the synthesis of the protein, in agreement  

with the previous kinetic studies of the phosphorylation of the N protein (I~). 

These results indicate that  phosphorylation of the N protein of murine coronaviruses 

is a very specific process, since only one or at  most two of the 22 serine-containing 

tryptic peptides are phosphorylated. The sequences around the phosphorylation sites on 

the N protein from different  MHVs were found to be different  from each other. The 
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biological significance of such variation of phosphorylation sites is not clear, but it may 

contribute to the antigenic differences in the N proteins of these viruses demonstrated 

with monoclonal antibodies (3; Gilmore, personal communication). 
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