
 

IMPORTANCE OF MHV-CoV A59 NUCLEOCAPSID 
PROTEIN COOH-TERMINAL NEGATIVE CHARGES 

 
 
1. INTRODUCTION 

 

approximately 26–30 kb in length, the largest of all the RNA viruses. All coronoviruses 
contain at least four structural proteins: three envelope proteins, the membrane (M), spike 
(S), and envelope (E) proteins, and a 50–60 kDa phosphorylated nucleocapsid (N) 
protein.1 The N proteins of all coronaviruses range between 375 and 455 amino acids and 
are phosphorylated. N protein is a multifunctional viral gene product. In virus-infected 
cells, N protein binds to the genomic RNA to form a helical ribonucleoprotein (RNP) 
complex. The N protein also plays a yet undetermined role(s) in transcription and/or 
replication, and possibly in translational control. N is a highly basic protein that contains 
a large number of potential phosphorylation sites. The protein has a high concentration of 
serine residues (7–11%). N consists of three conserved structural domains, two are basic 
and one, the carboxy terminal domain, is acidic.2, 3 A number of conserved negatively 
charged amino acids are located in the carboxy-terminal domain III of the protein. These 
residues were previously hypothesized to play a role in N-M protein interactions during 
assembly.4-6 The residues could alternatively serve as contributors to the general overall 
functional structure of the protein. Conceivably, the residues could be important for any 
of the functions that the protein provides during the virus life cycle. 

As part of our goal to understand the functional importance of the charged residues 
in domain III, a series of N mutants were made and studied in the context of the viral 
genome using a mouse hepatitis coronavirus (MHV-CoV A59) infectious clone. We 
found that aspartic acids (D) 440 and 441 are functionally important. Viable viruses were 
recovered when either residue was changed singly to positively charged arginine (R) but 
not when both residues were changed to alanine (A). Analysis of a large number of 
plaque purified viruses from the panel of charged single and neutral double mutants 
revealed that, in addition to the introduced mutations at positions 440 and/or 441, nearly 
all had new amino acid changes within the N gene. All of these compensating changes 
were concentrated primarily in one region further toward the amino end of domain III. A 
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few viruses were recovered that retained the arginine substitution at position 441 and no 
other changes. All of these D441R mutants exhibited a strongly crippled phenotype. 
Overall the results suggest that the negative charges at positions 440 and 441 are 
important for one or more of the functions of N. 

 
 

2. MATERIALS AND METHODS 
 

Plasmids containing seven cDNA fragments (A–G) constituting the entire MHV 
genome were kindly provided by Dr. Ralph Baric, University of North Carolina at Chapel 
Hill.7 All original mutants were constructed using GeneEditor site-directed mutagenesis 
system (Promega) according to the manufacturer’s instructions. The four reconstructed N 
double mutants were mutagenized by whole plasmid PCR using Pfu polymerase 
(Stratagene). Upon completion of the mutagenesis, all clones were confirmed by 
sequencing. All full-length infectious clones were assembled using a protocol basically as 
previously described.7, 8 After electroporation, all mutant viruses were plaque purified 
and multiple plaques were picked for each mutation except DD440-441RR, which failed to 
generate visible fusion foci on mouse L2 cells and was ultimately deemed not viable. 
Plaques were passaged on L2 cells and the presence of mutations was confirmed by 
extracting total RNA using Ambion’s RNAqueous-4PCR, reverse transcribed using 
Invitrogen’s Superscript RT kit, and amplified using Ambion’s SuperTaq Plus 
polymerase according to manufacturer’s directions. The entirety of the E, M, and N genes 
of all mutants was sequenced. All growth kinetics experiments were carried out in mouse 
17Cl1 cells infected at a multiplicity of infection of 5. Cell culture supernatants were 
collected at 1, 4, 8, 12, and either 16 and 20 or 18 and 24 hpi. Titers were determined by 
plaque assay on L2 cells. Overlays were removed at 48 hpi, and plaques were fixed and 
stained with crystal violet in ethanol. 
 
 
3. RESULTS AND DISCUSSION 
 

As part of our studies to better understand the many functions of the N protein, we 
chose to focus on the high concentration of negative charges in domain III to gain insight 
into the role of the carboxy tail. We focused on this region because of the high 
conservation of the negative charges in this domain throughout the family, yet its 
inability to be exchanged between different group II coronaviruses.9 Additionally, the 
protein participates in a number of different protein-protein interactions such as homo-
oligermization and interactions with the M protein.4, 5, 10-12 N may also directly affect host 
cell function, as SARS N protein has been shown to activate cellular transcription factors 
and affect signal transduction pathways.13 In addition to its various protein-protein 
interactions, N also interacts with RNA.14-16 Through N’s interactions with the RNA, it is 
thought to have a role in both genome replication and/or transcription.17, 18 The helical 
nucleocapsid’s interactions with other viral proteins indicate that N also has an important 
role in packaging and assembly of the virion. Charged residues often mediate protein-
protein interactions and can also affect the tertiary structure of a protein and therefore 
may affect any number of these functions that N serves. 

To study the requirement of these negative charges, nine N mutant viruses were 
generated: D440R, D441R, DD440-441RR, DD440-441EE, DD440-441AA, D446A, D451A, D451E, 
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and EDD449-451AAA. Mutant virus full-length cDNA clones were assembled. Viral RNA 
was transcribed and transfected into cells. All viable viruses were plaque purified, and the 
retention of the introduced mutations was confirmed by RT-PCR and sequence analysis. 

Negatively charged residues 446 and 449–451 appear not to be absolutely required 
for N functionality. Following transfection, viable viruses were easily recovered, all 
mutants were plaque purified and multiple plaques of each mutant were followed for five 
passages. Sequence analysis of passage five viruses confirmed the stability of the 
introduced mutations and that no additional changes had arisen in the E, M, or N genes. 
Furthermore, D446A, D451A, D451E, and EDD449-451AAA displayed growth characteristics 
and plaque size and morphology like the wild-type virus.13 

However, negatively charged residues at positions 440–441 appear to be important 
for N protein function. Following transfection, centers of fusion were observed for all 
mutant viruses. Of the five mutant viruses, viable virus was easily recovered for four of 
them. Following electroporation of mutant virus DD440-441RR, limited characteristic 
cytopathic effects (CPE), including fusion, was observed. The introduction of two 
positively charges residues at positions 440–441 appears to be lethal to the virus, as 
multiple attempts to recover the DD440-441RR virus were unsuccessful. Although the virus 
did not tolerate double mutations at residues 440–441 to positive charges, double neutral 
or other negative charge changes were tolerated. DD440-441EE grew to a titer comparable 
with wild-type and displayed plaque size, morphology and growth characteristics similar 
to wild-type virus, all without additional changes in the E, M, or N genes.13 This strongly 
suggests that any negative charge in those positions is favorable, but that aspartic acid 
residues specifically are not required. The removal of both negative charges at positions 
440–441, however, does not appear to be tolerated as well. After transfection and plaque 
purification of DD440-441AA, multiple plaques were followed through five passages. All 
DD440-441AA plaques analyzed retained the introduced AA mutation and exhibited an 
additional change of SR424-425GG in the N gene (Table 1). Analysis of DD440-441AA 
plaques with SR424-425GG revealed that the mutant viruses exhibited plaque size, 
morphology, and growth characteristics indistinguishable from the wild-type virus.13 

When either D440 or D441 was replaced by positively charged arginine, additional 
changes within N were observed. No D440R mutant viruses were recovered that did not 
contain additional changes within N.  Some D441R mutant viruses were recovered that 
had no additional changes. The most prominent compensating change seen was the 
replacement of R425 with glycine. Also of note was the replacement of A436 with aspartic 
acid. Analysis of the growth characteristics and plaque morphology of the plaqued 
viruses strongly suggested that the new changes were compensating changes that were 
increasing the viability of the mutant viruses. Further analysis of the additional changes 
indicated that replacement of the R425 with glycine in the D440R and D441R single mutant 
backgrounds or replacement of A436 with aspartic acid are indeed important 
compensating changes.13 

Our mutagenic studies described here have highlighted key negatively charged 
residues in the carboxy tail of domain III of MHV N protein. The aspartic acid residues at 
positions 440–441 appear to be critical residues as changes at these positions are tolerated 
less well than changes of other negatively charged residues in this region. This is further 
supported by the lethality of DD440-441RR mutant.  Our inability to successfully passage 
DD440-441RR  strongly  suggests that at least one negative charge at  position 440 or 441 is 
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Table 1. D440R, D441R, and DD440-441AA recovered plaque purified mutant viruses with 
summary of additional amino acid changes observed in the N gene.a 

415                 420                 425                 430                435                440                  445                 450                      WT 
  P  K  S  S  V  Q  R  N  V  S  R  E  L  T  P  E  D  R  S  L  L  A  Q  I  L  D  D  G  V  V  P  D  G  L  E  D  D  S  N  V  
                                                G                                                                R 
                                                G                                                                R 
                                                G                                                                R 
                                                G                                                                R 
                                                G                                                                R 
                                                G                                                                R 
                                                G                                                                R 
                                                                                              F                   R         
                                                              N                                                  R 
                                                              N                                                  R 
                                                              N                                                  R 

D440R 

                                                G                                                                R 
                                                                                                  D                   R 
                                                                                                  D                   R 
                                                G                                                                     R 
                                                G                                                                     R 
                                                G                                                                     R 
                                                G                                                                     R 
                                                                                                                        R 
                                                                                                                        R 
                                                G                                                                     R 
                                                G                                                                     R 
       Q                                                                                                              R 
                                  D                                                                                   R  
                                                                                                                        R                 Q 
                                                                                                                        R                  
                                                                                                                        D 
                                                G                                                                     R 
                                                                                                                        R                  
                                                G                                                                     R 

D441R 

                                                                                                              V       R 
                                            G G                                                                 A A 
                                            G G                                                                 A A 
                                            G G                                                                 A A 
                                            G G                                                                 A A 
                                            G G                                                                 A A 
                                            G G                                                                 A A 

DD440-

441AA 

                                            G G                                                                 A A 
a  Mutants with charge changes at positions 440 and/or 441 are indicated in the left column.  Each line is 

representative of sequence analysis of a single plaque recovered from the parental mutant. 
 
 
required for proper N protein function. Furthermore, analysis of the isolated plaques 
possibly indicates that the positioning of a negative charge at position 440 may be more 
important than at position 441. All of the plaques that were isolated from the D440R 
mutant also had at least one new change that provided the virus with a growth advantage. 
Roughly one-quarter of the plaques analyzed for D441R retained the original mutation 
with no additional changes. Although these plaques were genetically stable after five 
passages, they were nonetheless severely crippled and only grew to titers 3–4 orders of 
magnitude lower than the wild-type counterpart. Without any additional changes, D441R 
produces plaques significantly smaller than the wild-type virus, and a rudimentary 
analysis of its kinetics again confirmed the severely crippling effect (data not shown). 
The larger number of additional changes observed for the D441R mutant than for D440R 
further suggests that replacement of a negative charge with a positive charge at position 
441 may be more easily compensated for than when the charge is place at position 440. 
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Taken all together, our results indicate that the negatively charged carboxy tail is 
important for some aspect of the viral life cycle. Maintenance of the overall negative 
charge of the domain appears to be important because the vast majority of compensating 
changes seen reduced the net charge of the carboxy tail. The frequency with which R425
was replaced with glycine may indicate an effect on the tertiary structure. The removal of 
a positive charge at position 425 could affect the folding of the N protein. Due to its small 
size, glycines are implicated in affecting a protein’s tertiary structure by allowing its 
surrounding environment more flexibility.19
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