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Introduction

RNA chaperones can mediate RNA refolding by actively accel-
erating correct base pairing. Alternatively, RNA chaperones can 
enable correct RNA structure by melting improperly formed base 
pairs thereby allowing the RNA to intrinsically fold correctly.1-3 
RNA chaperones constitute a diverse set of proteins and lack an 
obvious consensus sequence or conserved RNA binding site for 
chaperone function. The ability of RNA chaperones to provide 
the energy to facilitate proper RNA folding, has led to a model 
positing that disordered regions of the protein are responsible 
for proper chaperone function.4,5 HIV NC and HCV core are 
two viral RNA chaperones that facilitate the proper folding of 
RNA.6-8 These molecules contain predicted disordered domains 
that are required for their chaperone function. These disordered 
domains can facilitate the destabilization and reformation of 
base pairs in the absence of ATP. The “entropy transfer” model 
is predicated on the idea that disordered regions of protein with 
high entropy can transfer their entropy to an RNA molecule 
simultaneously disordering the substrate RNA and ordering 
the protein. This allows the RNA to escape kinetic traps and 
to refold into the proper conformation. However, viable alterna-
tives to the proposition are that RNA chaperones achieve RNA 
refolding through alternative RNA-protein association such as 
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Sin Nombre hantavirus (SNV) is a New World hantavirus and causes hantavirus cardiopulmonary syndrome. The viral 
nucleocapsid protein (N) is an RNA chaperone and has multiple functions important in virus replication. The three negative 
sense RNA segments of hantaviruses form panhandle structures through imperfect hydrogen bonding of the 5' and 3' 
termini, and the chaperone activity of N can mediate correct panhandle formation. N also functions during transcription 
and translation initiation and the chaperone activity of N is likely to be involved in aspects of these processes. Using a 
series of mutations in the N gene we identified a region of N required for chaperone activity. The N-terminal 100 amino 
acids of N contain a domain that is both necessary and sufficient for RNA chaperone activity. We propose that this region 
of N may reside in one of two potential states. First, the region may be highly disordered and function in N-mediated 
RNA chaperone activity. Alternatively, in trimeric form, the region likely becomes ordered and serves in high affinity vRNA 
panhandle recognition.
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transient ionic interaction. Further, different specific RNA chap-
erones may well work through more than one mechanism.

The Bunyaviridae family of viruses is composed of negative 
stranded RNA viruses with three genome segments. The fam-
ily includes select agents that can cause hemorrhagic fever or 
related pathogenesis when accidentally introduced into humans. 
Hantaviruses comprise a genus within this virus family. In con-
trast to the other genera of the family, which are arboviruses, 
hantaviruses are transmitted to humans directly from their 
natural rodent hosts. Such transmission can elicit either hem-
orrhagic fever with renal syndrome (HFRS) or hantavirus car-
diopulmonary syndrome (HCPS). Sin nombre virus (SNV) is 
the prototype North American hantavirus and its natural host 
is the Sigmodontinae rodent Peromyscus maniculatus (the deer 
mouse).9-11

Hantavirus N is a RNA binding protein with an unexpected 
array of biological functions (Fig. 1). A primary role of N, which 
is shared by the proteins encoded by the homologous genes in 
the bunyavirus family and orthologs in other minus strand RNA 
viruses, is to recognize and protect the vRNA genome. The three 
genomic RNA segments of the bunyaviruses are encountered in 
higher order thermodynamically stable “panhandle” configura-
tion arising through non-continuous base paring between the 5' 
and 3' end of individual segments12-15 and N can facilitate the 
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formation of panhandles in misfolded vRNA.16,17 Genome rec-
ognition by SNV N is specific for the “viral panhandle” (Fig. 
1A).18,19 N spontaneously forms trimers,20-24 and this form of N 
appears to bind with specificity to the panhandle. N also serves 
in the initiation of viral transcription (Fig. 1B). In this process N 
appears to function in two ways. Transcription in RNA viruses 
with segmented genomes, including the bunya-, orthomyxo- and 
arenaviruses, commences with the acquisition of capped cellular 
oligonucleotides through “cap-snatching”.25-32 In the hantavi-
ruses, N plays a role in this process by protecting putative cel-
lular caps from the cytoplasmic mRNA degradation apparatus of 
the cell.33 N also appears to play a role in transcription initiation 
by dissociating the panhandle of the viral RNA template.17 This 
activity may be necessary to render the 3' terminus of the vRNA 
template accessible for viral mRNA synthesis. In addition to 
serving during genome recognition and the start of transcription 
SNV N can replace the cellular cap-binding complex (eIF4F) 
to facilitate preferential initiation and translational expression 
of viral mRNA (Fig. 1C).34 The three peptides of eIF4F (4E, 
4G and 4A) mediate recognition of capped mRNA, recruitment 
of the 43S pre-initiation complex including the small ribosomal 
subunit and scanning from the 5' cap to the start codon via 
RNA helicase activity, respectively. By extension, SNV N either 
replaces or more likely, bypasses the activities of the cap-binding 
complex.

In this paper we demonstrate that an amino-terminal region 
of SNV N, which may be highly disordered, mediates RNA chap-
erone activity. In contrast to the requirement for N trimerization 
in vRNA panhandle recognition, N-mediated RNA chaperone 
activity does not require trimerization of N. We demonstrate that 
this amino-terminal region of N is both necessary and sufficient 
for RNA chaperone activity and that RNA refolding proceeds 
through destabilization of RNA/RNA duplexes and the inherent 
ability of the target RNA to refold into the correct configuration.

Results

The amino terminal 100 amino acids of N mediates RNA 
chaperone activity. A useful general assay used to examine many 
RNA chaperones is based on the ability of chaperones to dis-
sociate RNA heteroduplexes. Previously, we found that SNV N 
facilitates such RNA helix dissociation (RHD) in a concentra-
tion-dependent manner provided that there is a single-stranded 
region 3' to the duplex.17 We used a heteroduplex RNA composed 
of a long, unlabeled RNA and a radioactively labeled 60 nucleo-
tide long complementary probe in an attempt to identify regions 
of N required for RNA chaperone activity. In this assay, RHD 
can be assessed by electrophoretic detection of the liberated 60 
nucleotide long RNA and subsequent quantification by phospho-
rimage analysis. Incubation of the heteroduplex with increasing 
amounts of full length N protein led to unwinding of the duplex 
(Fig. 2).

We first determined whether the RHD activity of N could be 
generally localized to the N- or C-terminal portion of the peptide. 
N Δ238–430 lacks approximately the C-terminal half of N and 
N Δ1–218 lacks the N-terminal half of N (Fig. 3). Both of these 

Figure 1. The multiple functions of Sin nombre hantavirus N and 
the known and possible roles of the RNA chaperone activity of N in 
these processes. (A) During substrate refolding, the low affinity RNA 
chaperone activity of N enables refolding of viral RNA (vRNA) to cor-
rect thermodynamically stable panhandle configuration.16 The RNA 
panhandle then can be bound at high affinity by trimeric N.19 (B) During 
transcription initiation N interacts with the cellular mRNA turnover ma-
chinery in cytoplasmic foci (processing bodies) to protect 5' oligomeric 
RNA caps from degradation so that they can be uses in cap-snatching 
and transcription initiation.33 The RNA chaperone activity of N can dis-
sociate the vRNA panhandle remaining bound to the 5' end of the vRNA 
making the 3' end of the vRNA accessible for use as a template by the 
viral RNA-dependent RNA polymerase (RdRp).17 (C) N is able to supplant 
the cellular cap-binding complex during translation initiation.34 It is not 
known whether N facilitates scanning of the small ribosomal subunit 
to the start codon in a manner analogous to the cap-binding complex. 
However, a possible additional role for the chaperone activity of N is to 
dissociate intramolecular interactions in the 5' leader to facilitate access 
to the start codon. The sequence “GUAGUA,” which is present near the 
5' end of viral mRNA enables preferential recognition of viral mRNA by 
N.42

Figure 2. Helix destabilization (HDS) assay used to examine the RNA 
chaperone activity of SNV N. The left part of the figures depicts helix 
dissociation as a function of increasing nM concentrations of N. Fol-
lowing incubation of 500 pM heteroduplex RNA with the indicated 
amounts of N, the products were analyzed by gel electrophoresis and 
quantified by phosporimaging as described in the Methods Section 
to produce the graph on the right. - is a control sample lacking N, Δ 
indicates heat denaturation of the heteroduplex.
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trimerization of N, as both N Δ238–430 and N Δ175–430 dis-
play significant RHD activity even though they are deficient in 
N trimerization (Fig. 4). We wanted to further investigate the 
relationship between N trimerization and the RNA chaperone 
activity. Thus, we examined the activities of N Δ175–313 and 
a counterpart containing the foldon peptide (N 1–175F) (Fig. 
3). N Δ175–313 contains the first 175 amino acids of N and 
along with the bone fide SNV trimerization domain. N 175F 
is a chimeric N peptide composed of the first 175 amino acids 
of N appended with the foldon trimerization peptide. As might 
be expected, N Δ175–313 exhibited RHD activity, although its 
activity was somewhat less than that of full length N (Fig. 5). 
Surprisingly, the presence of the foldon trimerization domain 
profoundly inhibited RHD activity. On the surface, these data 
appear to be contradictory. The presence of the native trimer-
ization domain in N Δ175–313 does not ablate RNA chaperone 

mutants have been characterized with respect to their interaction 
with the vRNA panhandle and both exhibit markedly dimin-
ished binding with the panhandle since an RNA binding domain 
near the amino terminus of N and a trimerization domain near 
the C-terminus of N are both required for panhandle recogni-
tion (Brown et al. submitted). In contrast, in the RHD assay, 
N Δ238–430 had near wild type levels of RHD activity while 
N Δ1–218 lacked detectible RNA chaperone function (Fig. 4A). 
This indicates that the C-terminus of N is dispensable for RHD 
activity.

As will be described below, there are two regions in the amino-
terminus of SNV N, amino acids 18–94 and 144–175, that may 
be disordered. Assignment of the RHD domain to the amino-
terminal half of N raises the question of whether either of these 
two hypothetical disordered regions near the N-terminus may be 
required for helix disassociation. We constructed two peptides 
containing either amino acids 1–100 (N 1–100) or amino acids 
101–200 (N 101–200) (Fig. 3) and examined the ability of both 
peptides to mediate RNA helix destabilization. We found that 
N 1–100 was functional in helix dissociation but somewhat less 
active than full length N (Fig. 4B). In contrast, residues 101–200 
of N displayed little or no capacity to dissociate the RNA duplex. 
Thus, the first 100 amino acids of N is sufficient for RNA sub-
stantial helix dissociation activity.

Hantaan virus (HTNV) contains an RNA binding domain 
that has been mapped to amino acids 175 to 218.35 This region 
is surprisingly dispensable for high affinity binding and recogni-
tion of the vRNA panhandle by trimeric SNV N (Brown and 
Panganiban, submitted). However, as this central portion of N 
binds RNA with low affinity it is plausible that this region might 
function in the RNA chaperone activity of N. N Δ175–430 con-
tains the first 175 amino-terminal amino acids of N and its com-
plement, N Δ1–175, contains residues 175 to 430 including the 
region corresponding to the HTNV RNA binding domain. As 
might be expected in light of the results with N 1–100, N Δ1–175 
was able to mediate significant RHD activity. However, as with 
N 1–100, this activity was less efficient than that of wild type 
N (Fig. 4C). N Δ1–175, exhibited no detectable RHD activity 
(Fig. 4C). These data are again consistent with assignment of the 
RNA chaperone activity of N principally to the amino-terminal 
100 amino acids of N. However, the data are also consistent with 
an ancillary role of amino acids 175–218 in RHD activity since 
N Δ238–430, a peptide containing the amino terminal 100 
amino acids as well as the central region, exhibited RHD activity 
similar to full-length N.

Addition of a heterologous trimerization domain inhibits the 
RNA chaperone activity of N. The first 175 amino acids of SNV 
N are sufficient for high affinity vRNA panhandle recognition 
and binding provided that this amino-terminal portion of N is 
maintained in trimeric conformation (Brown BA and Panganiban 
AT, submitted). Trimerization could be successfully mediated 
either by the presence of the native trimerization domain of N 
located near the C-terminus or by a foreign trimerization domain 
in the form of the 27 amino acid long phage T4 fibritin trimer-
ization domain (the “foldon” peptide) (Fig. 3). It is noteworthy 
that the RHD activity of N appeared to occur efficiently without 

Figure 3. SNV mutants used to identify the region(s) of N required for 
chaperone activity. The segments of the N peptide present in the vari-
ous N mutants are shown. The two longest putative disordered regions 
of N are shown the top and based on the PONDR plot of Figure 7 and 
Table 1. The regions of SNV N required for high affinity binding to the 
viral RNA panhandle are shown for reference. These are the amino-
terminal 175 amino acids of N and the trimerization domain of N near 
the C-terminus (Brown and Panganiban, submitted). The N-terminal 175 
amino acids of N also bind with high affinity to vRNA when the intrinsic 
trimerization domain is replaced with a foreign peptide that facilitates 
trimerization. Such a trimerization domain is labeled “F” at the bottom 
of the Figure. The major region of N required for RNA chaperone, activ-
ity based on the data of this manuscript, is also shown. Gel analysis of 
some of the peptides used in the analysis is shown at the bottom of 
the Figure. The dark arrows indicate N peptide as verified by western 
analysis (not shown). The white arrows indicate contaminating peptides 
as these species are not detected in western analysis.
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To further verify the RNA chaperone activity of N we used a 
second assay that has been used previously to monitor the activity 
of RNA chaperones. Hammerhead ribozymes are self-catalytic 
RNAs that can be constructed to mediate trans-cleavage of RNA 
substrates following correct hydrogen bonding with the ribozyme 
core (Fig. 6A). RNA chaperones can accelerate the activity of 
ribozymes by increasing the rate of RNA substrate association 
and with dissociation of the cleaved RNA products. In essence, 
RNA chaperones increase ribozyme formation and turnover 
thereby enhancing ribozyme activity. N was able to augment 
ribozyme activity by up to 50% over the ribozyme alone (Fig. 
6B and C). Moreover, a significant increase in ribozyme activity 
was conferred by the N-terminal 100 amino acids of N albeit at 
a lower efficiency that that of wild type N (Fig. 6D). Further, 
N 175F did not significantly enhance RNA chaperone activity. 
Thus, the results of this ribozyme enhancement assay for these 
key N derivatives are in accord with the results from the RHD 
assay.

Defined structure and potential disorder in SNV N. The 
amino-terminal seventy five amino acids of SNV N can form 
an intramolecular coiled-coil and be crystallized.22 However, 
a predictor for naturally disordered regions along polypeptide 
sequences, PONDR® VL-XT,36,37 indicates that the region may, 
under some circumstances, assume a disordered configuration 
(Fig. 7). In addition, smaller regions of potentially disordered 
amino acid sequence are situated in the middle and C-terminus 
of N (a.a. 276 to 287 and a.a. 407 to 424). Members of the hanta-
virus genus are typically subdivided into three diverse groups 
based on the rodent hosts that they infect in nature. SNV and its 
relatives infect Sigmodontinae rodents in a species-specific man-
ner, while other hantaviruses infect Arvocolinae and Murinae 
rodents. We generated similar PONDR-plots for the N proteins 
of more than fifteen additional viruses from all three host groups 
and these yielded profiles that also indicated potential disorder 
within the amino-terminal region of N (data not shown). The 
profiles for the two hantaviruses that exhibit the lowest apparent 
disorder in the amino-terminus of N are presented in Figure 7 
along with SNV. These are for Tula and Seoul (SEOV) viruses 
that infect members of the Arvocolinae and Murinae, respectively.

PONDR VL-XT predictor integrates feedforward neural net-
works composed of non-redundant sets of order and disordered 
sequences to identify long regions of potential disorder. The 
accuracy of the prediction increases as the length of the hypo-
thetically disordered region increases. The contiguous relevant 
regions of Tula and SEOV are about forty amino acids in length 
and PONDR VL-XT accuracy for predicting disorder is about 
99% for regions of this length. The contiguous putatively disor-
dered region in the first 100 amino acids of SNV N is 76 residues 
in length (Table 1). We used three additional PONDR algo-
rithms (XL1-XT, CAN-XT and VL3-BA) to examine the set of 
hantavirus N proteins and these produced plots similar to those 
using VL-XT (data not shown). In sum, it is unequivocal that 
the amino terminus of N is able to form an ordered structure. 
However, N molecules may assume a disordered configuration 
under some circumstances.

activity of the amino-terminus of N, whereas a heterologous 
trimerization domain markedly interferes with RHD activity. 
These observations are considered further in the Discussion.

Figure 4. The amino-terminal 100 amino acids of N are required for 
RNA chaperone activity. (A) depicts the effect of N- and C-terminal dele-
tions on the RHD activity of SNV N. Heteroduplex RNA was incubated 
with increasing amounts of full length N, N Δ236–430 or N Δ1–218. (B) 
depicts RHD activity as a function of increasing concentrations of N 
1–100 or N 100–200. In (C) N Δ175–430 and N Δ1–175 were evaluated to 
establish the possible contribution of a central RNA binding region of 
N to RNA chaperone activity. All assays were performed a minimum of 
three times.

Figure 5. Addition of a heterologous trimerization domain to the RNA 
chaperone region of N abrogates RHD activity. N Δ175–313 contains 
the intrinsic trimerization domain of N and N 175F contains the foldon 
trimerization domain. RNA chaperone (RHD) activity was determined 
as in Figure 4. Data for the RHD activity of N-His175F are also included 
in the graph but not visible as RHD activity was undetectible. All assays 
were performed a minimum of three times.
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panhandle would likely mandate that there are unique contacts 
between the vRNA and N. Alternatively, the amino terminal 
region of N may be disordered in monomeric form and in this 
state possess RNA chaperone activity. To enable crystallization 
of N, Boudko, et al. attached the amino-terminal 94 residues of 
N to the T4 fibritin trimerization domain (foldon peptide).22 We 
used a foldon derivative of the T4 fibritin peptide similar to that 

Discussion

RNA chaperones play an important role in rescuing misfolded 
RNA from thermodynamically stable kinetic traps. The entropy 
transfer model proposed by Tompa and Csermely proposes that 
intrinsically disordered proteins are capable of unwinding stable 
RNA/RNA duplexes through entropy transfer.4 During entropy 
transfer disordered regions of the protein would transiently inter-
act with misfolded ordered RNA. After interaction the chap-
erone would decrease in entropy while concurrently increasing 
the entropy of the RNA/RNA duplex. This transfer of entropy 
enables unfolding of the RNA allowing the RNA to refold into its 
active secondary or tertiary structure. SNV N is an RNA chap-
erone that binds misfolded vRNA and unwinds the misfolded 
RNA an allowing the panhandles to form.16 Using RHD and 
ribozyme enhancement assays we identified a restricted region of 
SNV N responsible for its RNA chaperone activity. Full length 
N at a concentration of 400 nM is able to efficiently disassociate 
a majority of the RNA/RNA duplex (protein:nucleotide ratio of 
1:0.5). This protein to nucleotide ratio is similar to that reported 
for the RNA chaperones, Hepatitis C virus (HCV) and West 
Nile virus (WNV) core peptides, for similar strand displace-
ment activity.6,8 SNV N, HCV core, WNV core, HIV NC and 
a host of other RNA chaperones are predicted to be a largely dis-
ordered.38-40 This is in keeping with the general model proposed 
by Tompa and Csermely. PONDR® identified several domains of 
potentially significant disorder in SNV N (Fig. 7 and Table 1). 
The N-terminal 100 amino acids of N contains the longest pre-
dicted disordered region of N and the principle RNA chaperone 
activity of N appears to also be conferred by this region (Fig. 3A).

It is worth comparing and contrasting the high affinity bind-
ing of N to the vRNA panhandle with the lower affinity, nonspe-
cific binding to RNA that takes place during N-mediated RNA 
chaperone activity. Binding to the panhandle is mediated by a 
region restricted to the 175 amino terminal residues of N and 
trimerization is required for high affinity binding. RNA chaper-
one activity, which is not substrate-specific, also requires a lim-
ited N-terminal portion of N but trimerization is not required 
and trimerization may even abrogate RNA chaperone activity as 
evidenced by the inability of N 175F to serve as a chaperone. 
In striking contrast, this same chimeric N peptide (N175F) 
binds with high affinty to the vRNA panhandle (Brown BA and 
Panganiban AT, submitted).

Significantly, a crystal structure of the first 73 amino acids 
of for SNV N indicates that the region features a coiled coil.22 
Moreover, this structure would encompass a large portion of the 
putative N-terminal disordered domain, which includes residues 
18–94. Protein crystallization requires the presence of a specific 
structure. Disordered domains cannot be crystallized because 
multiple conformations (disorder) are present in the protein 
population. We think the paradoxical concept of N order and 
disorder may be explained by the ability of the amino terminal 
portion of N to reside in two alternative states. First, the region 
may assume a highly ordered three-dimensional conformation in 
trimeric form. This would effectively constitute the high affin-
ity vRNA panhandle binding domain, as specific binding to the 

Figure 6. Enhancement of hammerhead ribozyme activity by N. We 
used an RNA chaperone assay developed by Betrand and Rossi (Ber-
trand and Rossi 1994), to further examine the RNA chaperone activity 
of N. (A) In this assay, a functional ribozyme is formed through the hy-
drogen bonding of a 58 nucleotide long radioactively labeled substrate 
RNA (designated substrate 14, “S-14”) with the unlabeled remainder of 
the ribozyme. The radioactively labeled C residues in S-14 are highlight-
ed with asterisks. Cleavage of S-14 takes place 13 nucleotides from the 3' 
end (indicated by arrow) and the labeled uncleaved and 45 nucleotide 
long cleavage product can be detected and quantified by electropho-
resis and phosphorimaging as described in the Methods. (B) Denaturing 
gel showing the effect of increasing concentrations of N on ribozyme 
activity. The first lane contains S-14 RNA alone without the remainder 
of the ribozyme. - indicates ribozyme activity in the absence of N. The 
remaining lanes depict ribozyme activity with increasing amounts of 
N. The quantified data were used to generate the graph shown in (C). 
In the graph ribozyme activity in the absence of N is set to zero and the 
percentage of activity attributable to N is then plotted as a function of 
increasing N concentration. (D) Bar graph comparing the effect of two 
key N mutants (N Δ1–100 and N 175F) on ribozyme activity. The data are 
based on a minimum of three experiments.
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used for crystallization of N to generate N trimers. The presence 
of the foldon domain may directly induce order within the amino 
terminus of N. This would be analogous to the conversion of 
HCV core from a highly disordered peptide to a more structured 
peptide following addition of n-dodecyl ß-D-maltoside or inter-
action with lipid droplets.6 Potentially the foldon domain may 
also limit the ability of the amino-terminus of N to move freely 
in solution and to function as a chaperone. This would lower the 
number of conformational states of the peptide decreasing the 
entropy that could be transferred to an RNA/RNA duplex.

While the entropy transfer model and protein disorder in 
RNA chaperone activity is attractive, it has yet to be established 
that such disorder actually functions during the reconfiguration 
of misfolded RNA for any cellular or viral RNA chaperone. Thus, 
it is possible that intrinsic disorder is not required for RNA chap-
erone function. In such a scenario, the first 73 amino acids of N, 
in structured form could function in RNA chaperone activity. 
However, such a model does not easily account for the strongly 
negative effect of the foldon domain on chaperone activity and, 
conversely the strong positive effect on panhandle binding.

HTNV N contains a central RNA binding region within 
amino acids 175–218.35 However, the corresponding region of 
SNV N is not sufficient for chaperone activity as evidenced by 
the inability of N Δ1-175 to unwind RNA/RNA duplexes (Fig. 
4C). On the other hand, this central region may work in conjunc-
tion with the amino-terminal 100 amino acids of N to enable full 
RNA chaperone activity. Since this central region binds to RNA 
it may augment the chaperone activity resident in the N-terminal 
100 amino acids of the protein by increasing the overall affinity 
of N for RNA.

The PONDR® scores for N from Tula and SEOV, which are 
both old world hantaviruses, demonstrate the same general pat-
tern of disorder in the N-terminus as SNV N (Fig. 7). However, 
N-terminal disordered domains in N are not a characteristic of 
the other genera of Bunyaviridae, such as bunyamwera or tomato 
spot wilt virus (TSWV) (data not shown). It will be interesting 
to see whether RNA chaperone activity is conserved among other 
members of the virus family.

A full understanding of the role of chaperone activity in 
hantavirus replication requires an understanding of mechanism 
of action helix dissociation. We have mapped the activity to the 
first 100 amino acids and to the first predicted disorder domain 
for SNV N. This activity could play an important function in 
genome replication, packaging and transcription of viral genomes 
and requires in vivo characterization to determine the scope of its 
biological function.

Materials and Methods

Wild-type N and N mutants. N, N Δ1–175, N Δ175–430, N 
Δ1–218, N Δ238–430, N Δ175–313, N Δ175–430 and N 175 
Foldon (F) were all created by PCR based cloning as previously 
described in (Brown BA and Panganiban AT, submitted), and 
all contained a C-terminal his8 tag. N 1–100 and N 101–200 
were generated by PCR amplification of the n gene from N. For 
N 1–100 was amplified using primers 2.13 R (GAC GAA TTC 

Figure 7. Regions of likely disorder in three diverse members of the 
hantavirus genus. Regions of hypothetically disordered regions in the N 
proteins of three hantaviruses that infect Sigmodontinae, Arvocolinae, 
Murinae hosts. Plots used PONDR® VL-XT as described in the text. In 
these plots increasing contiguous length of amino acids in disordered 
array correspondingly increases the likelihood that a region can assume 
a disordered state.

Table 1. PONDR® VL-XT disorder prediction

Predicted disorder segment Avg. strength

18–94 0.6874

100–112 0.635

144–190 0.7466

276–287 0.5783

407–424 0.6436

Longest Disordered Region 77

Overall percent disordered 42.06

Summary of likely disordered regions in the SNV nucleocapsid peptide. 
Data are derived from Figure 7. The location of these putatively disor-
dered regions relative the affected segments of the various N mutants 
is shown in Figure 3.
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duplex was purified from free 60 nt probe using RNeasy columns 
(Qiagen). The duplex was then stored at -80 for up to 2 weeks.

RNA helix destabilization assay. Standard RNA helix desta-
bilization (RHD) assays were carried out in 20 μl reactions. 
RNA/RNA duplexes were incubated with varying amounts 
of protein and 1x RNA chaperone buffer (40 mM HEPES at 
pH 7.4, 80 mM NaCl, 20 mM KCl, 10 mM MgCl and 1 mM 
DTT). The reaction mixture was incubated at 37°C for 30 
minutes and 10 μl of 2x Lameli buffer was added to stop the 
reaction. The RNA was then loaded onto a 12% acrylamide gel 
and electrophoresed at 200 V for 2 hours. The gel was exposed 
to a phosphor storage screen and RNA unwinding was quanti-
fied based on the appearance of dissociated probe using Image 
Quant software (v.5.4).

Prediction of protein disorder. The SNV N protein dis-
order was calculated using the predictor for natural disorder 
(PONDR®) using the VL-XT network.36,37,41

R3 ribozyme and S14 substrate. The ribozyme R3 template 
was generated by PCR amplification of HH template as described 
in reference 7. PrimerF-HH-S14 (ACA CTA ATA CGA CTC 
ACT ATA GGG) and PrimerR-HH (TGC AGG AAG TAG 
TTT CGT CCT). The S14 ribozyme substrate template was 
amplified by amplification of the S14 template with PrimerF-
HH-S14 (ACA CTA ATA CGA CTC ACT ATA GGG) and 
Primer R-S14 (TGC AGA CAC TCT TAC TAC TTT AA). 
The PCR products were directly transcribed by T7 polymerase 
(Promega), DNAse treated and purified by removal of nucleo-
tides with Rneasy columns (Qiagen). For ribozyme enhancement 
assays 10 nM of R3 in RNA chaperone buffer was added to 30 
nM S14 substrate with varying N concentrations in a volume of 
5 μl. The reaction was incubated at 37°C for 30 minutes and 
stopped by the addition of 5 μl EDTA and 5 μl Lamelli buffer 
and incubated on ice until loading onto gels. The samples were 
electrophoresed in a 9% acrylamide, 7 M urea TBE gel for 2 
hours, exposed to a storage phosphor screen overnight and quan-
titated using Image Quant (v. 5.4).
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TTA TTT CCA TAT CTC AAT GAT GAC) and 2.13 F (AAG 
GAG ATA TCC CAT GGG CAC CCT CAA AGA AGT GCA 
A) then digested with Nco I and Eco RI. N 101–200 was ampli-
fied with 2.14R (TTT GAA TTC TTT GTA ACG GAA CCT 
TCC GGG A) and 2.14 F (AAA CCA TGG AAG TCC TTG 
ATG TAA ATT CCA) after which it was digested with Nco I 
and Eco RI. The PCR products were then ligated into pTri-Ex 
1.1 (Novagen).

N mutants were purified by metal affinity chromatography 
as described previously.17 In brief, the N derivatives were trans-
formed into Rosetta pLac I cells (Novagen). Single colonies were 
picked and grown overnight in 5 mL of LB with ampicillin and 
chloramphenicol. The 5 mL cultures were then used to inocu-
late 1 liter of LB with the appropriate antibiotics. The culture 
was grown to an OD

600
 = 0.6 and induced with 1 mM IPTG. 

The cells were then lysed in 8 M urea overnight. The lysed cells 
were centrifuged at 10,000x g for 30 minutes and the supernatant 
was passed through a 0.2 μM filter. The lysate was then passed 
through a His-Trap column (GE Healthcare) and eluted using 
a 10 mM to 500 mM imidazole gradient. Fractions containing 
N were identified using SDS gels and Coomassie staining and 
the protein-containing fractions were combined and renatured 
by step-wise dialysis.

RNA. The larger unlabeled RNA used in the helix destabili-
zation assay was transcribed from pT-GFP, which had been cut 
with Pvu II. The cut plasmid was purified by agarose gel elec-
trophoresis and transcribed using T7 express RNA transcription 
kits (Promega). The transcription reaction was then treated with 
DNase I for 30 minutes at 37°C and the RNA purified by Trizol 
(Invitrogen). The smaller labeled “probe” RNA was transcribed 
from a PCR product arising from amplification with primers pT-
GFP-F (ACT ACT TAA TAC GAC TCA TAT AGG G) and 
pT-GFP-R (CCT TGG GGC GGA CTG GGT GCT CTG GT) 
and pT-GFP template DNA. The RNA was transcribed by a T7 
transcription kit (Fermentas) and then DNase I treated for 30 
minutes at 37°C according to the manufacture’s protocols. The 
RNA was then purified by Trizol.

RNA/RNA duplexes were generated by combining equal 
molar amounts of the large GFP RNA and 60 nt probe RNA, 
heating at 95°C for 5 minutes and allowing annealing of the 
heteroduplex by incubation at 42°C for 3 hours. Finally the 
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