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Coronaviruses, like virtually all single-stranded RNA viruses, contain r 
nucleocapsid (N) protein in close structural association with their genomes. 
Knowledge of the structure and functions of N proteins would be fundamental to an 
understanding of the viral life cycle and pathogenesis. We have undertaken a study 
of the N protein of mouse hepatitis virus (MHV) in an attempt to learn the roles of 
this protein in viral assembly, transcription and translation. Specifically, we would 
like to examine: (i) the nature of the interaction between N protein and the 
genome RNA; (ii) the nature of the interactions between adjacent and more distant 
pairs of N monomers in the helically symmetric viral nucleocapsid; and (iii) the 
location 'P.1 purpose of the phospho serine residue(s) known to occur in the N 
molecule.' To date, we have pursued three approaches to these questions: (i) a 
comparison of the sequences of the N proteins of different, independently isolated 
strains of MHV; (ii) the examination of an N protein mutant of MHV-A59, Albany-4; 
and (iii) the in vitro expression and functional assay of N protein and of engineered 
mutants of N protein. Our results suggest that the MHV N protein has three 
structural domains, at least two of which may be functionally distinct. 

METHODS 

The N genes of MHV-A59, the Albany-4 mutant of MHV-A59, MHV-l, MHV-3 
and MHV-S were cloned from polyA(+),fNA from infected 17Cll cells, essentially by 
the method of Guble3 and Hoffman, and were sequenced by the dideoxy chain 
termination technique using synthetic oligonucleotide primers. The N genes of 
MHV-A59 and of the Albany-4 mutant were inserted in either orientation into the 
SP6/T7 transcription vector pGEM3Zf(-) (Promega), and these constructs were used 
as templates for the in vitro synthesis of capped full-length and 3'-terminal 
truncated mRNAs. The messages so produced were translated i~f. micrococcal 
nuclease-treated rabbit reticulocyte lysate (Amersham); ( S)methionine
labeled protein products were analyzed by both sodium dodecylsulfate poly
acrylamide gel electrophoresis (SDS-PA~E) and nondenaturing PAGE followed by 
autoradiography, as described previously. 
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RESULTS AND DISCUSSION 

The sequences of the genes encoding the N proteins of three independently 
isolated strains of MHV were determined in order to examine the structural 
constraints maintained on this molecule throughout evolution. It has been reported 
previously that the sequences of the N proteins of MHV-A59 and MHV-JHM are 
highly homologous, having ca. 94% amino acid identity, bu'7 that positions of 
nonidentity are not distributed randomly over the molecule. To extend this 
pairwise comparison, we cloned and sequenced cDNAs to the N mRNAs of MHV-I, 
MHV-3 and MHV-S. The amino acid sequences deduced for these proteins showed 
that they, too, were highly similar to the previously determined N sequences. As 
shown schematical1y in Fig. 1, amino acid changes among the five proteins were 
clustered in two smal1 regions of the N molecule: between residues 140-162 and 
between residues 381-404. These two loci also have the greatest density of 
changes at the nucleotide level. For the most divergent pair of sequences, the N 
proteins of MHV -A59 and MHV -JHM, 19 of the 30 amino acid differences between 
the two are concentrated in these regions, while the other nonidentical residues are 
scattered throughout the remaining 90% of the molecule. These results show that 
the N protein has undergone very little evolutionary drift among these five strains, 
implying that few structural changes can be tolerated by the molecule without 
impairing its function. This raises the possibility, then, that the highly variable 
amino acid clusters merely act as spacers, having little sequence specificity, but 
connecting the more conserved regions of the molecule. Thus, we have tentatively 
divided the N molecule into three structural, and possibly functional, domains (I, II 
and III) tethered to each other by the putative spacers A and B (Fig. 1). Domains I 
and II each contain regions with a large excess of positively charged residues, 
accounting for the overal1 basic character of the N molecule. By contrast, domain 
III is the most acidic portion of the molecule, having an excess of negatively 
charged residues. 

Further support for the notion that at least one of the spacers is dispensible 
for N protein function came from the examination of a mutant of MHV-A59 
designated Albany-4. This mutant is temperature-sensitive, forming tiny plaques 
on 17Cll or L2 cells at the nonpermissive temperature, 390, but showing no 
significant reduction in growth at 330• Albany-4 is also thermolabile, i.e., 
extended incubation at the nonpermissive temperature produces at least lqf-fold 
greater loss of infectious titer in this virus than in its heat-resistant parent. This 
implies that the lesion in this mutant is in one of the three structural proteins of 
the MHV virion. Furthermore, it was noted that the N protein of Albany-4 had a 
greater electrophoretic mobility on SDS-PAGE than did its parent virus counterg 
part, whereas the El and E2 proteins of parent and mutant migrated identically. 
This raised the possibility that the alteration in the mutant resided in the N gene. 
In order to directly test this idea, the N gene of Albany-4 was cloned, and its 
sequence was compared to the N gene of the heat-resistant parent. Such an 
analysis showed that the Albany-4 N gene was everywhere identical to the parent N 
gene with the exception of a deletion of 87 nucleotides in the distal portion of the 
gene. This resulted in a 29 amino acid in-phase deletion of residues 380 through 
408, almost exactly encompassing the region we have designated as spacer B (Fig. 
1). 

Evidence presented below shows that this deletion in Albany-4 produces some 
reduction in the ability of the N protein to bind to RNA. However, it must be 
noted that the finding of an alteration of the N protein in Albany-4 does not prove 
it to be the lesion responsible for the temperature-sensitivity or thermolability of 
the mutant virus. Moreover, it has not been established that the temperature
sensitive and thermolabile phenotypes are due to the same mutation. Nevertheless, 
the data al10w us to conclude, at a minimum, that the complete excision of spacer 
B from the N molecule does not lethal1y impair the function of N since Albany-4 is 
completely viable at the permissive temperature and even partial1y viable at the 
nonpermissive temperature. 
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Fig. 1. Strain sequence comparison and model of the N protein of MHV. For each 
strain of MHV, a vertical line denotes an amino acid change in the N sequence at 
that position; the number line at the top indicates amino acid residues. The shaded 
portions of the MHV-S sequence have not yet been determined. The MHV-JHM 
sequence is from reference 7. The three domain model of the MHV N protein is 
shown beneath. At the bottom are indicated a region of seque~cfo which is highly 
conserved among all coronavirus N proteins sequenced to date' and the region 
of N which is deleted in the Albany-4 mutant. 

In order to attempt to functionally dissect the N protein in vitro, the N gene 
of MHV -A59 was inserted into a plasmid vector adjacent to the promoter for the 
RNA polymerase of either bacteriophage T7 or SP6. This allowed the in vitro 
synthesis of N mRNA, whi~ was then used to program protein synthesis in a rabbit 
reticulocyte lysate. The ( S)methionine-labeled translation product was analyzed 
by gel electrophoresis. As shown in Fig. 2A, the synthetic N mRNA was translated 
into a protein which ran as a single major band on SDS-PAGE. This polypeptide had 
a mobility indistinguishable from that of N protein translated from RNA isolated 
from MHV -A59-infected 17Cll cells (data not shown). When the same translation 
product was analyzed by nondenaturing PAGE, a significant fraction of it entered 
the running gel, forming a discrete band with a mobility of ca. 0.25 relative to 
bromphenol blue (Fig. 2B). Initially this was surprising because the N protein, 
which would be expected to have a large net positive charge, was migrating toward 
the positive pole during electrophoresis. This suggested either (I) that the 
conformation of the N molecule was such that most of its lysine and arginine 
residues had extremely altered pK 's, (iI) that the N molecule underwent extensive 
posttranslational modification res&ting in its having a net negative charge, or (iii) 
that the N molecule was tightly complexed to some poly anionic molecule which 
was carrying N into the nondenaturing gel as it migrated toward the positive pole. 
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Fig. 2. SDS-PAGE and nondenaturing PAGE of in vitro translated parent virus 
N protein. In each panel, C indicates a control lane of a translation mix with 
no added mRNA. In panel B, the arrow on the left indicates the direction and 
ffiarity of electrophoresis; the arrowhead on the right denotes an endogenous 
( S)methionine-Iabeled band in the reticulocyte lysate. 

The la tter alternative was shown to be the case, since treatment of the translated 
N protein with RNase A abolished its ability to enter the nondenaturing gel (Fig. 
2B) without altering the integrity of the N molecule as monitored by SDS-PAGE 
(Fig. 2A). 

A t present we have not identified the RNA to which the N protein is binding 
in vitro. Preliminary experiments with labeled N mRNA suggest that N protein is 
not binding to its own message. Thus, the bound species may be some endogenous 
RNA in the reticulocyte lysate. The binding appears to be specific, since the 
labeled protein migrates to a single position, forming a discrete band instead of the 
heterogeneous smear that might be expected if N were nonspecifically binding to 
any available RNA. In addition, N protein translated from total RNA from 
infected cells migrates identically in nondenaturing gels, indicating that the 
unknown RNA species is not appreciably competed out by viral RNA species. Thus, 
in spite of the unresolved nature of the RNA involved, the ability of the N protein 
to enter a nondenaturing gel constitutes an assay for RNA binding which could then 
be used to characterize mutants of N. 
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A set of carboxy-terminal truncated forms of N protein were next generated 
by the digestion of the MHV N gene T7 (or SP6) transcription templates with 
restriction enzymes that have unique sites in the distal portion of the cDNA copy 
of the N gene. The enzymes AccI, Bsml, Scal, EcoRI and Spel yielded DNA 
fragments which, when transcribed and translated, produced N proteins with 
carboxy-terminal deletions of 56,77,94, 118 and 148 amino acids, respectively. In 
addi tion, the Albany-4 N gene was inserted into transcription vectors, and this 425 
amino acid mutant N protein was expressed by the same strategy. 

Analysis by SDS-PAGE of the N/AccI, N/Albany-4, N/Scal and N/EcoRI 
translated proteins is shown in Fig. 3. All four of these species have the expected 
relative sizes and are not grossly altered by incubation with RNase A. There was 
some heterogeneity of the band for N/ AccI; this has been seen consistently in a 
number of experiments, and we do not presently know if it was due to post
translational processing or to some limited proteolytic breakdown of this species. 
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Fig. 3. SDS PAGE of four N protein mutants translated in vitro. 

The analysis of the same four N protein deletion mutants by nondenaturing 
PAGE is shown in Fig. 4. Two of these N variants, N/AccI and N/Albany-4, were 
seen to be able to enter the nondenaturing gel in an RNase-sensitive fashion, 
having slightly higher mobilities than the parent N protein (each ~ 0.28 relative 
to bromphenol blue). Thus, these two proteins retained a significant abili ty to bind 
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to RNA. By contrast, two other N variants, N/ScaI and N/EcoRI, were not able to 
enter the nondenaturing gel to any appreciable extent. Only upon a much longer 
exposure of the autoradiogram in Fig. 4 was a faint band seen for each of these 
species (each with a mobility of E2.! 0.49 relative to bromphenol blue). An 
additional two N variants, N/BsmI and N/SpeI also failed to enter nondenaturing 
gels (data not shown). The extent of truncation from the carboxy termini of these 
N mutants, then, had almost completely abolished their ability to bind RNA. This 
result also argued for the specificity of the RNA binding seen with the parent N 
protein and the N/Accl and N/Albany-4 variants. If the N protein - RNA 
complexes observed in nondenaturing gels were due simply to nonspecific electro
static interactions, then species like N/ScaI and N/EcoRI would be expected to bind 
RNA as well as or better than the parent N species because they are even more 
basic due to the elimination of the negatively charged carboxy terminus of the 
molecule. That they were largely unable to bind to RNA suggests that a specific 
domain of the N molecule is involved in RNA binding and that the deletions in 
these variants have either removed or altered the conformation of that domain. 
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Fig. 4. Nondenaturing PAGE of four N protein mutants translated in vitro. 
The arrowhead on the right denotes an endogenous (35S)methionine-Iabeled band 
in the reticulocyte lysate. 

The ability of the various N mutants to bind to RNA was quantitated by 
excising the bands from a number of gels similar to those in Fig. 2-4 and comparing 
the ratios of cpm in the nondenaturing PAGE band to the cpm in the SDS-PAGE 
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band. These results, as well as a representation of the locations of the deletions in 
the N variants, are summarized in Fig. 5. From the N/ AccI mutant it is clear that 
removal of the entirety of domain III of the N molecule has little effect on the 
ability of the molecule to bind to RNA. Thus, the putative domain III appears to be 
a truly distinct protein domain, both functionally as well as structurally. Although 
it appears to be dispensible with respect to one aspect of N protein function, RNA 
binding, domain III likely plays an important role since it is one of the most 
conserved regions of the molecule (Fig. 1). 

The N/Albany-4 mutant also retained significant RNA binding activity: 
sufficient to produce viable virions in vivo, but less than that of N/ Accl. This 
reduction in binding may have been due to either (i) an alteration in the 
conformation of N brought about by the too close juxtaposition of domains II and 
III, or (ii) the entry of the left boundary of the deletion in N/ Albany-4 into a 
portion of domain II which may be essential for RNA binding. Indeed, the N/BsmI 
mutant, the truncation in which extended just a few amino acids further into 
domain II, had lost almost all ability to bind to RNA. Further truncation of N (as in 
N/ScaI, N/EcoRI and N/SpeI) similarly reduced RNA binding to insignificant levels. 
These results, then, define the right-most boundary of the portion of the N protein 
which, directly or indirectly, is required for the ability to bind to RNA. The 
construction of additional N mutants is underway in order to define the minimal 
RNA-binding domain of the N molecule. 
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Fig. 5. Summary of quantitation of RNA binding for carboxy-terminal N protein 
mutants. The extent of each deletion is represented with respect to the three 
domain model and the number line at the top indicating amino acid residues. 
The values in the column at the right are the average of four (N parent, N/ AccI, 
N/Albany-4, N/ScaI, N/EcoRI) or two (N/BsmI, N/SpeI) independent experiments. 
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