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Hantaviruses constitute a genus in the family Bunyaviridae. They are enveloped negative-strand RNA viruses
with a tripartite genome encoding the nucleocapsid (N) protein, the two surface glycoproteins Gn and Gc, and
an RNA-dependent RNA polymerase. The N protein is the most abundant component of the virion; it
encapsidates genomic RNA segments forming ribonucleoproteins and participates in genome transcription and
replication as well as virus assembly. In the course of RNA encapsidation, N protein forms intermediate
trimers via head-to-head and tail-to-tail interactions. We analyzed the amino-terminal trimerization domain
(amino acid residues 1 to 77) of Tula hantavirus using computer modeling, mammalian two-hybrid assay, and
immunoﬂuorescence assay. The results obtained were consistent with the existence of an antiparallel coiledcoil stabilized by interactions between hydrophobic residues. Residues L44, V51, and L58 were important for
the N-N interaction; other residues, e.g., L25 and V32, also made a contribution, albeit a modest one. Our
alignments of the N-terminal domain of the hantaviral N proteins suggest the coiled-coil structure, and hence
the mode of N-protein oligomerization, is conserved among hantaviruses.
Hantaviral N protein can form stable trimers, which are
thought to serve as intermediates in the process of oligomerization and RNP formation (2, 3, 15, 16, 18, 30). Trimeric N
protein seems to bind speciﬁcally to a panhandle structure of
the RNPs formed by the base-paired 3⬘- and 5⬘-genome RNA
termini (30). Both C- and N-terminal domains of the N protein
contribute to the trimerization. The current data are consistent
with the “head-to-head, tail-to-tail” model for hantavirus Nprotein trimerization (3, 16, 18). This model suggests that
trimerization is a two-step process that involves an initial interaction between the N-terminal domains followed by a consolidating interaction between the C-terminal domains.
The N-terminal trimerization domain of the hantaviral N
protein most likely folds into a coiled-coil structure (2, 3).
Generally, coiled-coils consist of two or more alpha-helices
that wrap around each other in a highly organized manner.
Coiled-coils are characterized by a seven-residue periodicity
(heptad repeat), with the occurrence of hydrophobic residues
preferentially in the ﬁrst, and usually also the fourth, position
of the heptad (26). In the formation of the coiled-coil, these
hydrophobic residues of two or more helices often interact in
a “knobs-into-holes” manner to form a stable hydrophobic
seam (10). In a coiled-coil, the hydrophobic seam twists slowly
around the helix as two helices try to bury their hydrophobic
surfaces. Coiled-coils of right-handed helices are generally lefthanded. Thus, the number of residues per turn in each helix
can be reduced from 3.6 to 3.5, which leads to a periodicity of
seven residues, i.e., two complete turns (10). Coiled-coils are
known to be a versatile protein motif involved in a number of
protein-protein interactions that serve different biological
functions, such as signal transduction events, regulation of
transcription, and cytoskeleton mobility. Many of these inter-

Hantaviruses constitute a distinct genus, Hantavirus, in the
family Bunyaviridae. They are enveloped viruses with a tripartite negative-sense RNA genome. The three viral RNA segments L, M, and S encode an RNA-dependent RNA polymerase (L protein), the two envelope glycoproteins Gn and Gc,
and nucleocapsid (N) protein, respectively (11). Hantaviruses
are carried by rodents and can cause hemorrhagic fever with
renal syndrome or hantavirus (cardio)pulmonary syndrome
when transmitted to humans (40).
The hantaviral N protein contains 429 to 433 amino acid
(aa) residues and has a molecular mass of approximately 50
kDa. It is the most abundant viral component in both virions
and infected cells (19). Its main function is to encapsidate both
minus-strand viral RNA and plus-strand cRNA forming the
viral ribonucleoprotein (RNP). The RNA-binding domain has
been located in the central, highly conserved part of the N
protein that spans aa residues 175 to 217 (41). Lysine residues
dispersed between positions 175 and 429 and also three residues, E192, Y206, and S217, located in the RNA-binding
domain were shown to be important for RNA binding (36).
Recently, N protein was shown to act as an RNA chaperone (31).
In the course of transcription and replication, N protein interacts
with the L protein (21); it probably also reacts with the cytoplasmic tail of Gn protein during assembly of new virions. In addition,
N protein performs some ambassadorial duties by interacting with
actin ﬁlaments (34) and also Daxx and SUMO-1 pathway components in infected cells (17, 22, 23, 27).
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actions are dependent on the oligomerization properties of the
coiled-coil motif (7, 28).
Using the MultiCoil prediction algorithm (44), coiled-coils
spanning aa residues 1 to 34 and 38 to 80 have been predicted for
the N protein of several hantaviruses: Hantaan virus, Seoul virus,
Sin Nombre virus (SNV), Prospect Hill virus, and Tula virus
(TULV) (2). In one study (3), synthetic peptides representing
SNV N-protein residues 3 to 35, 43 to 75, and 3 to 75 were shown
to oligomerize, and the longest peptide was shown to adopt an
intramolecular helix-turn-helix conformation. In this paper, we
study the role of the N-terminal coiled-coil structure in the oligomerization of TULV-N protein using a combination of computer
modeling with in vitro techniques: mammalian two-hybrid (M2H)
assay and immunoﬂuorescence assay (IFA).
MATERIALS AND METHODS
Multiple-sequence alignment. The N-protein sequences from the following
hantavirus species were used: TULV, GenBank accession number Z69991; Topografov virus, AJ01164; Khabarovsk virus, U35255; Puumala virus (PUUV),
X61035; Prospect Hill virus, Z49098; Blood Land Lake virus, U19303; Isla Vista
virus, U19302; SNV, L25784; New York virus, U47135; Laguna Negra virus,
AF005727; Rio Mamore virus, U52136; Andes virus (ANDV), U52136; Bayou
virus, L36929; Black Creek Canal virus, L39949; El Moro Canyon hantavirus,
U11427; Rio Segundo hantavirus, U18100; Hantaan virus (HTNV), M14626;
Seoul virus (SEOV), AF288653; Dobrava virus, L41916; and Saaremaa virus,
AJ009773.
Secondary structure prediction. The following methods were used for predicting the N-protein secondary structure: (i) PsiPred (13, 29), which uses feedforward neural networks and PSI-BLAST; (ii) Sam-T99 (14, 32), based on position-speciﬁc scoring matrices; (iii) Jufo (http://www.jens-meiler.de/jufo.html),
which uses primary structure only; and (iv) PROFsec, an improved method of
PHDsec (35). The program Coils (26) was used to predict coiled-coils.
3D structure prediction. Due to the lack of signiﬁcant sequence identity between
the N-terminal domain of the TULV-N protein and proteins with a resolved structure, the three-dimensional (3D) structure prediction for this domain was performed
using a meta server (http://www.bioinfo.pl/meta/) (12) that combines results of various threading methods. Threading methods are used to scan a representative set of
the structures in the Protein Data Bank (4), taking into account both sequential and
structural information of the query and the target proteins. This leads to the detection of hits that might not have sufﬁcient sequence identity but nevertheless share
important structural features with the query. The server then ranks the structure
predictions generated with different methods for the given protein sequence and
provides main-chain coordinates for the 20 best models. Phyre (http://www.sbg.bio
.ic.ac.uk/⬃phyre/), a successor to the server 3D-PSSM (20) that predicted the highest
scoring model, was used in order to generate a model containing both main-chain
and side-chain coordinates.
Plasmids. The plasmids encoding the N protein of TULV, strain Moravia (39),
with N-terminal truncations were created by PCR from the cDNA clone that
contained the complete coding region of the S segment sequence (16). Point
mutations were introduced into pM1-TULVN, pVP16-TULVN, and pcDNA3TULVN plasmids (16) using a site-directed mutagenesis kit (Stratagene) according to the manufacturer’s instructions. All the plasmids were characterized by
restriction analysis and also by sequencing using an ABI PRISM Dye Terminator
sequencing kit (Perkin-Elmer).
M2H assay. The mammalian two-hybrid (M2H) assay was performed essentially as described previously (18). HeLa cells were cultivated in Eagle’s minimal
essential medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin, and streptomycin on 24-well culture plates to approximately
70% conﬂuence and transfected with 0.5 g of pM1 and pVP16 DNA (expressing different N-protein constructs), 0.5 g of reporter DNA pGluc (expressing
ﬁreﬂy luciferase), and 0.01 g of control DNA pRL-SV40 (expressing Renilla
luciferase) (Promega). Transfections were performed in triplicate with 6 l of
FuGene6 reagent for each transfection according to the manufacturer’s instructions (Roche Diagnostics Corporation), and after 24 h the luciferase activities
were determined using the Dual-Luciferase Reporter Assay System (Promega).
The ﬁreﬂy luciferase values were normalized to the Renilla luciferase values, and
the interaction was calculated as described earlier (16).
Immunoﬂuorescence assay (IFA) was performed essentially as described previously (18). Brieﬂy, COS7 cells were transfected with 0.5 g of different
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pcDNA3-N constructs using Fugene reagent (Roche Diagnostics) according to
the manufacturer’s instructions. After 24 h, cells were ﬁxed with 3.2% paraformaldehyde and permeabilized with 0.1% Triton X-100 in phosphate-buffered
saline (PBS). Cells were stained with monoclonal N-protein antibodies (1/50 in
PBS, 1 h at room temperature) and then with ﬂuorescein isothiocyanate-conjugated rabbit anti-mouse secondary antibodies (1/30 in PBS, 1 h at room temperature). The samples were examined using a Zeiss Axioplan microscope with
a ⫻63 oil immersion lens.

RESULTS
Sequence analysis and structure predictions. A multiple
alignment of the 77 N-terminal aa residues of the N protein of
20 distinct hantavirus types/species is shown in Fig. 1A. The
sequence is highly conserved between all hantaviruses (identity
of 43 to 99%) and shows a pattern typical of coiled-coils: a
heptad repeat with a hydrophobic residue in the ﬁrst position
and another hydrophobic residue in the fourth position. In our
alignment, the most hydrophobic residue (the “a” residue in
the abcdefg heptad) corresponds to positions 4, 11, 18, 25, and
32 in the ﬁrst half of the sequence and to positions 44, 51, 58,
and 65 in the second half. All these residues are highly conserved. Residues I11, L/I18, L/V25, L44, and L/I58 are shared
by all hantaviruses. L4 is shared by all except Hantaan and
Seoul viruses, V32 and V51 are shared by all except Murinaecarried viruses (group 3), and L65 is shared by all except
Puumala virus. The “d” residue, which corresponds to positions 7, 14, 21, and 28 in the ﬁrst half of the sequence and to
positions 47, 54, 61, and 68 in the second half, is less conserved
and not exclusively hydrophobic. At position 14 most of the
sequences have histidines, and at position 47 all sequences
have arginines.
The results of secondary structure predictions for the TULV-N
protein sequence are summarized below the sequence alignment (Fig. 1B). The consensus of different prediction methods
used was that the N-terminal part of the protein folds into two
alpha-helices; the ﬁrst helix includes residues 4 to 31(24), and
the second one includes residues 38 to 72. Coiled-coils were
predicted using all three window sizes, i.e., 14, 21, and 28
residues, for the regions spanning residues 4 to 31(24) and 44
to 71 with a probability of 1.0. This, too, indicated that the
N-terminal part of the protein is alpha-helical. Almost identical results regarding the occurrence of coiled-coils were obtained for other hantaviral species: Puumala virus which, like
TULV, belongs to the ﬁrst group, SNV and Andes virus from
the second group, and also Hantaan and Seoul viruses from the
third group. It should be mentioned, however, that for Hantaan and Seoul viruses the probability of the second helix
coiled-coil conformation was somewhat lower when bigger
window sizes (21 and 28) were used: 0.2/0.4 and 0.65/0.85,
respectively.
The tertiary structure prediction for the N-terminal putative
coiled-coil-forming domain (residues 1 to 79) gave the following results. Not less than 18 out of the 20 best models provided
by the meta server were based on coiled-coil domains in different proteins. After manual inspection of the highest scoring
models, the one generated with the 3D-PSSM method and
ranked second was chosen as our working hypothesis. The
model (Fig. 2A) is based on the coiled-coil forming a dispensable insert domain of human DNA topoisomerase I. To obtain
the side chain coordinates for our model, we resubmitted the

VOL. 80, 2006

OLIGOMERIZATION OF HANTAVIRUS N PROTEIN

9075

FIG. 1. A. Multiple alignment of 20 partial sequences of hantaviral N proteins. Symbols used in the Clustal program: *, positions that have a
single fully conserved residue; :, “strong” groups that are fully conserved; ., “weaker” groups that are fully conserved. Hydrophobic residues
comprising a heptad repeat have been shaded. GenBank accession numbers of hantaviral species used in the alignment are the following: Tula virus
(TULV), Z69991; Topografov virus (TOPV), AJ01164; Khabarovsk virus (KHAV), U35255; Puumala virus (PUUV), X61035; Prospect Hill virus
(PHV), Z49098; Blood Land Lake virus (BLLV), U19303; Isla Vista virus (ISLAV), U19302; Sin Nombre virus (SNV), L25784; New York virus (NYV),
U47135; Laguna Negra virus (LANV), AF005727; Rio Mamore virus (RIOMV), U52136; Andes virus (ANDV), U52136; Bayou virus (BAYV),
L36929; Black Creek Canal virus (BCCV), L39949; El Moro Canyon hantavirus (ELMCV), U11427; Rio Segundo hantavirus (RIOSV), U18100;
Hantaan virus (HTNV), M14626; Seoul virus (SEOV), AF288653; Dobrava virus (DOBV), L41916 and Saaremaa virus (SAAV), AJ009773. B.
Prediction of N-protein coiled-coil domains for TULV sequence with various algorithms. (The prediction was also performed for the following
virus sequences, marked in boldface: PUUV, SNV, ANDV, HTNV, and SEOV). The two top lines show a prediction of coiled-coils and disordered
regions. In the lower lines, “H” corresponds to helix and “E” to beta sheets.

sequence of Tula virus N protein (aa residues 1 to 74) to the
renewed 3D-PSSM server (Phyre). The part of TULV-N protein that was modeled included residues 3 to 72. This region
was aligned to residues 643 to 712 of the human DNA topoisomerase I structure (Protein Data Bank entry 1k4tA). The
alignment showed an identity of 25.7%. The e-value of the hit
was 0.0072. Our further analysis of the hantaviral N protein
relies on the model based on the DNA topoisomerase I structure. Our working model suggested that the N-terminal region
of TULV-N protein forms a coiled-coil in which two antiparallel alpha-helices interact via their hydrophobic seams. The
crucial aa residues predicted to interact are the hydrophobic
residues L/I/V at the position “a” of the heptad repeats,
namely, L4, I11, L18, L25, and V32 in the ﬁrst helix and L44,
V51, L58, and L65 in the second helix. This model agrees with
the predictions published earlier (2) and with experimental
data obtained using synthetic peptides (3). To verify this model
we used two in vitro assays: M2H assay and IFA.
Analysis of the N-terminal oligomerization domain of
TULV-N protein. In the ﬁrst set of experiments, deletions of
different lengths were introduced in the coiled-coil-forming
part of TULV-N protein (Fig. 2B). Using immunoblotting, we
ensured that all mutants are produced in comparable quantities (data not shown). Interacting capacities of the truncated
molecules (fused either with the GAL4 DNA-binding domain

[DBD] or the VP16 activation domain [AD]) were tested in the
M2H system (Fig. 3). Altogether, four mutants lacking the ﬁrst
50, 57, 64, and 77 aa residues, respectively, have been constructed. The molecule with the shortest deletion, N44-429,
which was created earlier (16), retained approximately 80% of
the interacting capacity of the full-length N protein. We therefore decided to introduce only deletions that are longer than
44 aa. The molecule with the longest deletion that included the
whole coiled-coil-forming region plus several extra residues,
N78-429, retained approximately 40% of the initial interacting
capacity. This result was repeatedly observed when the deletion was introduced into the N protein fused with the DBD,
AD, or both. Two other mutants, N51-429 and N58-429,
showed a reduced interacting capacity as well. These results
were in agreement with the earlier observations that the Nterminal domain is important for the homotypic interaction
seen in the M2H assay (16). Surprisingly, in the mutant N65429 the interacting capacity measured in the M2H assay remained unaffected. The reason(s) for this remains unknown.
All ﬁve truncated N-protein molecules (fused with AD)
were next tested together with the mutant N1-398 (fused with
DBD). This mutant lacks the last 31 aa residues that form one
of the two interacting alpha-helices in the C-terminal part of
the molecule and therefore can react only with the partners
carrying an intact C-terminal sequence. When used with wild-
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FIG. 2. Model built according to the alignment between TULV sequence (aa residues 3 to 73) and DNA topoisomerase (DNA-TOP) sequence
(aa residues 641 to 712). (A) The model shown is based on the 3D structure of human DNA topoisomerase I. Hydrophobic “a” residues, which
are main forces in the coiled-coil formation, are depicted as space ﬁlled and are labeled. They were targets for point mutations. The arrows show
N-protein truncations that were tested in this study. (B) The alignment. Shaded residues in the DNA-TOP sequence form the hydrophobic
interface of the coiled-coil. TULV hydrophobic residues comprising a heptad repeat are in boldface. Numbers above the TULV-N sequence
indicate “a” residues in heptad repeats. The symbols are described in the legend to Fig. 1. Identity between the aligned regions is 23.3%, and the
bottom line shows the predicted secondary coiled-coil structure in the region. Shaded residues in the DNA-TOP sequence form the hydrophobic
interface of the coiled-coil. In many cases, residues in the DNA-TOP conform to the residues in the TULV sequence.

type N protein, the mutant N1-398 showed complete interacting capacity; when used with another N1-398 molecule, it
showed no interaction at all (Fig. 3). We used this mutant to
ensure that two N-protein mutants will react in our experiments exclusively “head-to-head” and “tail-to-tail.” Data presented in Fig. 3 show that mutants which carried N-terminal
truncations reacted with the mutant N1-398 as efﬁciently as
with the full-length N protein, resulting in reporter activity
comparable to that observed in the ﬁrst set of experiments.
Truncated N-protein molecules with gradually removed coiledcoil-forming heptads showed a reduced interacting capacity.
The mutant with the longest truncation, N78-429, showed the
lowest interacting capacity. Notably, an interacting capacity of
the mutant N65-429 again remained unaffected, and the mutant N58-429 showed a reduced interacting capacity (72%) in
only one of three experiments performed.
These results conﬁrmed that both N-terminal coiled-coils
and C-terminal alpha-helices contribute to the N-N interaction. In a control experiment, when the N-terminal oligomerization domain was removed from one partner, AD–N78-429,
and the C-terminal oligomerization domain was removed from
the other partner, DBD–N1-392, an interacting capacity of the
pair was almost completely abolished.
Intracellular localization and immunoﬂuorescence pattern
of transiently expressed truncated N-protein molecules. Our
previous study (18) showed good correlation between an interacting capacity of the mutated N protein in the M2H assay
and a perinuclear localization, as well as a granular ﬂuorescence pattern of the transiently expressed polypeptide. While
intact N protein localized in the perinuclear region and showed
a bright granular pattern, similar to what was seen in the
virus-infected cells, the N-protein mutants (both point mutants
and truncations) showed a more diffuse localization. To study
the intracellular localization of the N-protein mutants with

the N-terminal truncations, we expressed them transiently in
COS7 cells and then visualized them with TULV-speciﬁc
monoclonal antibody (MAb) 3D3, which recognizes the central
part of the protein spanning aa residues 226 to 293 (25). The
results are summarized in Fig. 4. There was a steady increase
in the number of transfected cells, showing a diffuse immunoﬂuorescence pattern with a stretch of aa removed from the N
terminus of the molecule. An increase as high as sixfold (from
2% to 12%) was observed. Interestingly, a substantial portion
of cells transfected with the mutant N65-429 showed diffuse
immunoﬂuorescence patterns, suggesting that the oligomerization capacity of this mutant was affected.
To exclude the possibility that the appearance of a diffuse
immunoﬂuorescence in this experiment was artiﬁcial (e.g., caused
by unusually high background ﬂuorescence), we checked the
transfected cells with another MAb, 1C12, which recognizes a
conservative, genus-speciﬁc epitope located within the ﬁrst 79 aa
residues (24). All preparations, except the ones with a positive
control, showed no detectable ﬂuorescence (data not shown),
thus conﬁrming speciﬁcity of the observations made with the
MAb 3D3.
Analysis of point mutations at position “a” in the coiled-coil
heptads. Our data suggested that the removal of the whole
coiled-coil-forming region or its parts affected the oligomerization capacity of the N-protein molecule. In the next set of
experiments, we mutated L/I/V residues located at positions 4,
11, 18, 25, 32, 44, 51, 58, and 65 in order to evaluate their
contribution in keeping together the 3D structure of the Nterminal coiled-coil (supposedly crucial for the homotypic interaction). We constructed a set of the N-protein mutants in which
these residues were replaced with glutamine (Q), a polar amino
acid with an aliphatic chain similar to that of leucine. In theory,
mutation of leucine, isoleucine, or valine to glutamine should
have a negative effect on the coiled-coil formation. In addition to
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FIG. 3. Interaction of N- and C-terminal truncation mutants in the M2H assay. Deleted regions are shown in black. Numbers (center-left
column) are averages of normalized luciferase activity values (%) ⫾standard deviations. Numbers are calculated from a majority of experiments
(center-right column). Each mutant was tested in triplicate. Numbers marked with an asterisk are from Kaukinen et al. (16).

single point mutants, four double mutants, I18Q-L25Q, L25QV32Q, L44Q-V51Q, and V51Q-L58Q, were produced.
Data presented in Fig. 5 show the interacting capacity of the
wild-type N protein, as seen in the majority of the experiments.
Three out of 10 single mutants, I11Q, V32Q, and L65Q, re-

tained the interacting capacity of the wild-type N protein; in 7
others this capacity was reduced. Notably, for the mutations
residing in the ﬁrst alpha-helix, L4Q, I18Q, and L25Q, the
reduction was minimal (Fig. 5). The mutant I18L served as a
control for this set. We anticipated that the “quasi-neutral”

FIG. 4. Percentages obtained in three independent counting sessions of localization patterns of transiently expressed N-protein mutants in
COS7 cells. Immunoﬂuorescence was used to visualize N protein in cells transfected with a construct expressing wild-type N protein (wtN), pictured
on the left (a granular pattern was observed in 98% of the cells). Truncation mutant N51-429 is shown in the center (granular pattern in 94% of
cells), and N78-429 is on the right (diffuse pattern in 12% of cells).
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FIG. 5. Interaction of N-terminal point mutants in the M2H assay. Point mutations are indicated by bars. Numbers (center-left column) are
averages of normalized luciferase activity values (%) ⫾standard deviations. Numbers are calculated from a majority of experiments (center-right
column). Each mutant was tested in triplicate.

mutation of isoleucine at position 18 to leucine should not have
an inhibitory effect, which was indeed the case. The mutant
V32P was included to test whether this aa residue is located
within the helix (as it is shown in Fig. 2) or in the loop/turn
which connects two alpha-helices of the coiled-coil. If V32 is
located within the helix, the change to proline (known as a
“disruptor” of alpha-helices) should have a greater effect on
the N-protein-interacting capacity. The results suggested that
V32 is located within the helix.
Of the four double mutants, two (I18Q-L25Q and L25QV32Q) showed unaffected interacting capacity, while this capacity in the other two mutants, L44Q-V51Q and V51Q-L58Q,
was reduced to approximately half. Interestingly, this reduction
was signiﬁcantly more pronounced than that in either of the
single mutants (70%, 75%, and 63%, as well as 75%, 65%, and
43%, respectively), i.e., a cumulative effect of the L/V and V/L
replacements was observed.
Taken together, these results suggested that L44, V51, and
L58 from the second alpha-helix of the coiled-coil contribute
to the stability of the 3D structure. The residues in the ﬁrst
alpha-helix, especially L25 and V32, also made a contribution,
albeit a modest one.
Unfortunately, IFA was not really useful in the evaluation of
point mutations. For instance, the double mutant L44Q-V51Q
that demonstrated reduced interacting capacity in the M2H
system showed an immunoﬂuorescent pattern indistinguishable from that of the wild-type N protein (data not shown). It

seems that the remaining oligomerization capacity of the Nterminal domain is still sufﬁcient to bring together interacting
C-terminal alpha-helices and hence to secure both perinuclear
localization of the mutant protein and the granular pattern of
immunoﬂuorescence. It is worth mentioning that MAbs 3D3
and 1C12 recognized the double mutant equally well.
Finally, we tested one of the charged “d” residues in the
coiled-coil, namely R47. When this aa residue was replaced
with neutral alanine, the interacting capacity of the N protein
remained unaffected. This result suggested that the contribution of the positive R47 to the overall stability of the 3D
structure of the coiled-coil is minimal, if any.

DISCUSSION
Data presented in this paper conﬁrm an involvement of the
N-terminal coiled-coils in the oligomerization of hantaviral N
protein. Taken together with the previously published results
by us (15, 16, 18) and others (2, 3, 42), they support the model
of trimerization based on the “head-to-head, tail-to-tail” mode
of interaction. According to this model (18), three monomers
are brought together via interaction of their N-terminal domains. This initial contact is followed by the interaction between two C-terminal alpha-helices that form a shared hydrophobic space and thus consolidate the trimer formation.
Details of the interaction between the N-terminal coiled-coils
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remain largely unknown. Some possibilities are discussed
below.
Here we would like to stress that in vitro assays used in this
study have had to perform on the “margins” of contribution of
the N-terminal domain to the two-step interaction process, and
those appeared to be rather small. Besides, in the M2H assay,
our main experimental tool, the N terminus of the N protein
was fused to the C terminus of either DBD or AD. This could
complicate evaluation of some mutations within the coiledcoil, especially those that would have a modest impact on the
overall folding. Fortunately, the efﬁciency of mutant evaluation
using the M2H assay was reasonably high: four of ﬁve truncation mutants, 7 of 10 “a” residue point mutants, and two of
four double mutants showed a reduced interacting capacity.
Of course, the M2H assay is not an ideal one. For instance,
truncation of the ﬁrst 65 aa residues did not affect the interacting capacity of the N protein, while the removal of either 58
aa residues or 77 aa residues did. One possible explanation is
that the truncations shorter than 65 aa residues destroy the
structure of the coiled-coil and hence induce a misfolding of
the remaining part of the N-terminal region. This might create
a steric obstacle(s) for moving C-terminal domains of the interacting N-protein molecules into close proximity to each
other and hence for the reporter gene expression. In the mutant N65-429, almost the entire coiled-coil-forming region is
removed, and therefore these steric obstacles may not exist. In
addition, the part of the molecule between positions 65 and 77
might contain aa residues crucial for the oligomerization. This
hypothesis awaits further investigation. Most recently we produced three point mutants, D67A, K73A, and V69Q, in which
conserved charge residues or a conserved hydrophobic “d”
residue was replaced, but we have not seen major changes in
the oligomerization capacity of the N protein.
IFA, in which the conclusions are drawn on the basis of a
somewhat changed pattern of immunoﬂuorescence (that, for
the wild-type protein, is granular and mostly perinuclear), was
less efﬁcient. In our earlier work (18), several mutations introduced into C-terminal oligomerization domains caused drastic
changes in the IFA pattern of transiently expressed N proteins.
In the present study, no pronounced changes were seen with
point mutants, and only an exhaustive search revealed some
changes with the truncated mutants. These IFA results, however, cannot be taken as direct evidence for a reduced oligomerization capacity of the N-protein mutants. An intracellular transport of the N protein is supposedly a complex
process which may include an interaction with a cellular component(s). Although it is quite possible that this interaction
would occur only if the N protein exists in a proper form (e.g.,
trimer/oligomer), the results also suggest that mutations affect
the ability of the N protein to interact with its cellular counterparts. Further studies are needed to clarify this issue.
Model for the trimerization of the N-terminal coiled-coils.
There are at least three different ways in which the N-terminal
coiled-coils can form a trimer (Fig. 6). The ﬁrst possibility is
that the antiparallel coiled-coils of three monomers remain
intact (Fig. 6A). In this case, the interacting forces are generated mainly by charged or polar residues, which are located on
the opposite side of the helix relative to the hydrophobic “a”
residues. Alternatively, the hydrophobic seams of the three
coiled-coils are shared, thus, the main contribution is due to
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FIG. 6. Models of N-terminal coiled-coil trimerization. (A) Coiledcoils are intramolecular, and the trimerization forces are due either to
shared hydrophobic space (conserved leucines, isoleucines, and valines) or to other residues that form intermolecular hydrogen bonds.
(B) Coiled-coils are intermolecular and interact to form a trimer. The
ﬁrst helix of one monomer interacts with the second helix of another
monomer. (C) Coiled-coils form a trimer in a manner in which hydrophobicity is shared between three helices.

the hydrophobic forces. The second scenario includes two
steps: (i) opening of three intramolecular coiled-coils and (ii)
formation of three intermolecular coiled-coils (Fig. 6B). The
ﬁrst helix of one monomer interacts with the second helix of
another monomer. Thus, both helices of each monomer are involved, and three separate antiparallel coiled-coils are formed.
In this case, the interacting forces are supposedly mostly hydrophobic. The third option is that the ﬁrst helices of three
monomers form a parallel coiled-coil trimer (Fig. 6C). Here,
interactions between the helices are expected to be predominantly hydrophobic as well (1, 43). In model A, antiparallel
coiled-coils of the monomers apparently remain intact, while
the other scenarios include conformational changes that involve opening of the intramolecular coiled-coils. Examining
the properties of synthetic peptides representing N-terminal
residues of Sin Nombre virus N protein, Alfadhli et al. (3)
came up with a similar suggestion on the two alternative ways
of forming a trimer: (i) bundling of intramolecular antiparallel
coils or (ii) a conformational switch from intramolecular to
intermolecular coiled-coils.
We favor model A for the following reasons. First, it is the
simplest model that does not require an opening of the coiledcoils of three monomers. Second, this conclusion is not contradicted by results of in silico docking. Three N-protein monomers using the 3D model predicted by the Rosetta ab initio
protocol (5, 6, 37, 38) were docked (as rigid bodies) into a
trimer using the ClusPro server (9). One of the obtained
solutions was a trimeric structure similar to model A (V.
Halttunen, A. Alminaite, and A. Plyusnin, unpublished data).
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Third, some data of Alfadhli et al. (3) point in this direction as
well. These authors observed that at low concentrations, the
peptide representing aa residues 3 to 75 adopted an intramolecule helix-turn-helix conformation, i.e., antiparallel coiledcoil, and only at high concentrations did it assemble dimers
and/or trimers. Furthermore, the idea that charged and/or polar aa residues of the coiled-coils might be important for the
N-protein trimerization (as model A suggests) is in agreement
with our early data that an increase in the ionic strength inhibits interaction(s) between N-protein molecules (16). It is
also supported by the observation that charged and polar residues are abundant in the coiled-coil-forming region, and most
of them are highly conserved (Fig. 1). Our preliminary data on
mutants with the aspartic acid residues at positions 37 and 38
(presumably located in the loop/turn structure on the coiledcoil) replaced with alanines showed that at least one of these
charges contributes to the interaction registered in the M2H
system. Efforts are under way to pinpoint other interacting
charged and polar aa residues and also to model interacting
surfaces presumably formed by the N-terminal domains of
three monomers.
Coiled-coils are among the most abundant domains involved
in protein interactions. They play key roles in virtually every
physiological system. It is a common motif that is often used to
control oligomerization. Very long coiled-coils are the basis for
some of the ﬁbrous proteins, while shorter coiled-coils are
used in several types of proteins, such as transcription factors
and tRNA synthetases. Coiled-coils have one of the simplest
dimerization interfaces, yet they can mediate highly selective
protein associations (28). As a well-deﬁned structure, coiledcoil regions have been chosen as targets for antiviral drugs (8,
33). Future studies are needed to explore this possibility to
control hantaviral infections.
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