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Abstract: A significant fraction of proteins coded in the human proteome do not fold into stable three-
dimensional structures but are either partially or completely unfolded. A key feature of this family of proteins
is their proposed capacity to undergo a disorder-to-order transition upon interaction with a physiological
partner. The mechanisms governing protein folding upon interaction, in particular the extent to which
recognition elements are preconfigured prior to formation of molecular complexes, can prove difficult to
resolve in highly flexible systems. Here, we develop a conformational model of this type of protein, using
an explicit description of the unfolded state, specifically modified to allow for the presence of transient
secondary structure, and combining this with extensive measurement of residual dipolar couplings throughout
the chain. This combination of techniques allows us to quantitatively analyze the level and nature of helical
sampling present in the interaction site of the partially folded C-terminal domain of Sendai virus nucleoprotein
(NTAIL). Rather than fraying randomly, the molecular recognition element of NTAIL preferentially populates
three specific overlapping helical conformers, each stabilized by an N-capping interaction. The unfolded
strands adjacent to the helix are thereby projected in the direction of the partner protein, identifying a
mechanism by which they could achieve nonspecific encounter interactions prior to binding. This study
provides experimental evidence for the molecular basis of helix formation in partially folded peptide chains,
carrying clear implications for understanding early steps of protein folding.

Introduction

A broad category of proteins (around 35% of the human
proteome) do not fold into stable three-dimensional structures,
but are either fully unfolded or contain unfolded regions of
significant length.1–3 These proteins play key roles in many
physiological and pathological processes, including signaling,
cell cycle control, molecular recognition, transcription and
replication, as well as endocytosis and amyloidogenesis.4,5 The
conformational and thermodynamic properties of unfolded
proteins also provide important information for understanding

the molecular basis of protein folding and stability.6–8 Despite
the importance of characterizing this class of proteins, standard,
single conformer-based approaches to structure determination
necessarily fail to adequately describe such highly flexible
systems.9,10 It has therefore become essential to develop new
tools for characterizing their rapidly fluctuating conformational
behavior.

NMR is very well adapted to deal with this question, reporting
on ensemble-averaged parameters that can be interpreted in
terms of a continuum of interchanging conformations.11–13 In
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particular, residual dipolar couplings (RDC)14,15 have been
shown to provide detailed information about structural propensi-
ties in the unfolded state at amino acid specific resolution.16–20

Using a multiconformational ensemble approach based on the
sampling of backbone dihedral angles from an amino acid
specific structural database, inherent conformational properties
and propensity for local structure have recently been identified
in both intrinsically unfolded and chemically denatured
proteins.21–25

A key feature of the complex relationship between structural
dynamics and biological function in intrinsically unfolded
proteins is the observed capacity of some members of this family
to undergo a disorder-to-order transition on interaction with a
physiological partner.2,5,26,27 In these systems, representing a
significant fraction of the proteome,28 molecular recognition is
often accompanied by local folding into a characteristic three-
dimensional conformation. Understanding the physical basis of
induced folding upon binding requires an accurate description
of the conformational behavior of the prerecognition, free form
of the protein. Recently, appreciable effort has been invested
in the prediction of molecular recognition elements on the basis
of primary sequence, using database mining based on predictors
of disorder, secondary structure, and hydrophobic clusters and
on the analysis of structure of the interaction sites in molecular
complexes. 29–32

The inherent flexibility of natively unfolded proteins has
severely hindered the detailed experimental characterization of
the prerecognition state. Nevertheless, the dynamics of polypep-
tide folding upon interaction have recently been studied using
rotating frame relaxation, identifying the formation of initial
encounter complexes via weak, nonspecific interactions that

facilitate the formation of a partially folded state upon binding.33

Such observations support the previously proposed “fly casting”
mechanism that provides a theoretical framework for speeding
up molecular recognition processes via the folding funnel.34 Our
goal is to develop a conformational model for partially folded
proteins, using a recently developed explicit representation of
the unfolded state,22 specifically modified to allow for the
presence of transiently formed secondary structure, and com-
bining this with extensive measurement of RDCs to validate
the ensemble description.

In this study, we have studied the conformational behavior
of partially unfolded NTAIL, the C-terminal domain of the
nucleoprotein (N) of the Sendai virus (SeV), a paramyxovirus
that causes bronchiolitis in mice and primates.35 The RNA
polymerase complex for replication and transcription of viral
RNA in SeV is composed of protein L and the phosphoprotein
P, a tetrameric modular protein comprising both folded and
unfolded domains.36,37 The matrix for this polymerase complex
is a helical structure consisting of the viral RNA and multiple
copies of the viral N protein.38 Positioning of the polymerase
requires an apparently dynamic interaction between the un-
structured C-terminal tail of N (NTAIL) and PX,39 the C-terminal
domain of P comprising three parallel helices and a long
disordered strand, via which it is attached to the tetramerization
domain.22,40,41 Similar observations have been made concerning
measles virus, another member of the ParamyxoViridae
family.42,43 The molecular recognition site of SeV NTAIL appears
as a nascently structured R-helix in free solution, further folding
upon interaction with the C-terminal domain of P. The NTAIL

helix was proposed to orient such that the positively charged
site of the NTAIL helix interacts with a negative patch on the
PX structure.44 Our aim in this study was to quantitatively define
the nature and extent of the R-helical sampling in the unbound
form of NTAIL.

Results

Local Structure in the Molecular Recognition Element of
NTAIL. The sequence of the C-terminal domain of Sendai virus
nucleoprotein, NTAIL (comprising amino acids 443-524), was
submitted to the program AGADIR,45 to estimate the level of
helical propensity along the chain. This resulted in prediction
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of two regions with weak propensity at the N and C termini,
and a central region (476-492) where propensities are predicted
up to 70% (Figure 1). Analysis of secondary 13CR chemical
shifts revealed a similar pattern (Figure S1, Supporting Informa-
tion). The central region (478-490) has previously been shown
to interact with PX via electrostatic interactions involving a
series of arginines situated on one side of the helical domain.44

To investigate the conformational behavior of this partially
formed molecular recognition element in more detail, 1DHN,
1DCRHR, 1DCRC′, and 2DHNC′ RDCs were measured from NTAIL

aligned in liquid crystalline ethylene glycol/alcohol phase
(Figure 2). 1DHN RDCs from the majority of the sequence follow
the classically observed inverted bell-shaped distribution along
the primary sequence, indicative of an unfolded peptide chain.17

Additional structure is apparent, principally in the central region
(476-493), but also in the two regions with low helical
propensities as identified from AGADIR. In the central region,
strongly positive 1DHN RDCs were measured, suggesting the
presence of a helical motif. Positive 1DHN couplings can be
understood in terms of the average orientation of the NH vectors
within a helix being mainly aligned with the static magnetic
field.17,18,20 The origin of the periodicity of these 1DHN

couplings, in addition to that present in the 1DCRHR, and to some
extent 1DCRC′ and 2DHNC′ couplings, is less intuitively clear.
Assuming that the helix is not deformed, such a periodicity can
only occur if the effective orientation of the vectors on either
side of the helix differs relative to the magnetic field, resulting
in an effective tilt of the main axis of the helical element with
respect to this axis.

To provide further insight into these observations, we used
Flexible-Meccano,22 an explicit ensemble molecular description,
applicable to the interpretation of RDCs measured in dynami-
cally fluctuating systems. Using this approach, we have recently
shown that RDCs from partially folded and unfolded proteins
can be predicted by randomly sampling distinct amino acid
specific φ/ψ propensities to construct a large number of
conformers.23–25 RDCs are then predicted from the ensemble
by averaging values predicted for each structure.

Systematic Analysis of RDCs Identifies Three Significantly
Populated Helices. To characterize the conformational behavior
of the central helical segment in NTAIL, we have systematically
investigated possible combinations and populations of continu-
ous helical segments, from a minimum of 4 amino acids to a
maximum of 20, from throughout the molecular recognition
element segment (defined over the range 476-495, see Meth-

ods). Ensemble equilibria comprising combinations of increasing
numbers of conformers (n ) 0, 1, 2, 3, 4) of the 153 helical
conformations were compared to the experimental data. In each
case, the population of each member of the ensemble was
optimized. Three parameters were thus optimized per helix
(comprising the limits of each helix and its associated popula-
tion) and one common scaling parameter per ensemble. Knowl-
edge of these parameters allows a rigorous analysis of statistical
significance of the improved data reproduction with increasing
numbers of helical models present in the ensemble. Best fitting
combinations are summarized in Table 1 and illustrated in Figure
3 for the 1DHN RDCs. A systematic and statistically significant
decrease of the fitting function is found with increasing numbers
of helical conformers until n ) 3, beyond which no significant
improvement is found. The best fitting combination found for
n ) 2 helices selects 476-488 and 479-484, representing a
significant improvement as compared to the n ) 1 model (p <
0.0001). This and the next best fitting n ) 2 solution (478-492
and 479-484) together define the three conformers selected for
the n ) 3 solution. The n ) 3 solution appears to be robust,
again exhibiting a highly significant improvement over the n )
2 solution (p < 0.0001). The next-best fitting combinations for
n ) 3 are identical to the best fitting solution, except for the
details of the termination of the least populated helix (see Table
S1, Supporting Information, for details of less well fitting

Figure 1. Helical propensities present in NTAIL. Helical propensity
determined on the basis of the physical chemistry of the sequence using
the program AGADIR.

Figure 2. Residual dipolar couplings from NTAIL. (a) 1DHN, (b) 1DCRHR,
(c) 1DCRC′, and (d) 2DHNC′ RDCs were measured from throughout the
backbone of the protein aligned in liquid crystalline ethylene glycol/alcohol
phase.
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combinations). Selection of 4 helical conformers provides no
further improvement. The range and distribution of RDCs along
the sequence, including the periodic nature of certain couplings,
are reproduced throughout the helical region within acceptable

limits of experimental uncertainty (Figure 4). The three specific
conformers sampled by NTAIL, H1 (479-484), H2 (476-488),
and H3 (478-492), are populated to levels estimated at 36%,
28%, and 11%, respectively, with the remaining 25% being
unfolded (Figure 5).

NTAIL Preferentially Samples Specific N-Capped Helical
Conformers in Solution. This analysis reveals that the molecular
recognition element of NTAIL cannot be represented by a single
helical element in equilibrium with an unfolded form, but that
specific helical elements that overlap in the sequence are
required to describe the ensemble, of which two are populated
to over 25%.

Examination of the primary sequence of the helices shows
that one of the arginines involved in molecular recognition

Table 1. Data Reproduction from Ensembles with Different Numbers of Helical Conformers

number of
helical conformers �2a/∆f

b helical conformersc % populationd significancee

1 427/96 476-488 52
2 227/93 476-488, 479-484 37, 45 p < 0.0001
3 120/90 476-488, 479-484, 478-492 28, 36, 11 p < 0.0001
4 113/87 476-488, 479-484, 478-495, 479-492 31, 24, 6, 5 p ) 0.16

a Target function measured over all 100 RDCs. b Number of degrees of freedom in the fit (number of couplings – number of optimized parameters).
One helix implies the optimization of three parameters, starting amino acid, final amino acid, and the population. c Range of the invoked helices.
d Population of the invoked helices. The remaining conformers are unfolded. e Significance of the improvement of this model as compared to the simpler
model. Calculated using a standard F-test.

Figure 3. Reproduction of 1DHN RDCs using Flexible-Meccano statistical
coil/explicit helix conformational ensembles. Simulations b–d (blue) were
scaled by a common factor to best reproduce the experimental data (red),
and given �2 values are summed over all four RDC types in the range
472-498. (a) No explicit helical elements. (b) One single helix (four fitting
parameters – see Methods). The best fitting helix stretches from 476-488
and has an optimal population of 52%, with the remaining 48% sampling
unfolded, statistical coil conformations. The �2 for this model is 427. (c)
Two helical elements (seven fitting parameters – see Methods). The best
fitting combinations of two helices comprise 476-488 and 479-484. These
combinations have optimal populations of 37% and 45% and �2 of 227.
(d) Three helical elements (10 fitting parameters – see Methods). The best
fitting helices stretch from 476-488, 479-484, and 478-492 with optimal
populations of 28 ( 1%, 36 ( 3%, and 11 ( 1%, with the remaining 25
( 4% sampling unfolded, statistical coil conformations. The �2 for this
model is 120.

Figure 4. Reproduction of all four RDCs in the helical region of NTAIL.
Comparison of (a) 1DHN, (b) 1DCRHR, (c) 1DCRC′, and (d) 2DHNC′ experimental
RDCs (red) with associated simulated values (blue) using the optimal three-
conformer model presented in Figure 3d. All simulations were scaled by
the same factor to best reproduce the experimental data.
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(R482) is at the center of the shortest element (H1); similarly
H2 comprises two of the arginines involved in the interaction
at its center on two consecutive helical turns (R482, R486), with
H3 additionally containing four arginines, three of which are
positioned on the same side of the helix (R482, R486, and
R490). The presence of these arginines at the center of the
helical motifs may optimize accessibility of the side chains,
thereby optimizing conditions for electrostatic interaction with
the negatively charged cleft on the surface of the phosphoprotein
PX domain, as well as maximizing structural stability of the
side chains within the flexible chain due to the restricted
rotameric propensities of arginine side chains within helical
elements.46

It is particularly notable that all three of the helical segments
identified from the RDC analysis are preceded by an N-capping

amino acid (Figure 5b). In the case of the two most populated
helices, H1 and H2, the N-capping amino acids are aspartic acids
(D478 and D475), while in the case of H3 this is a serine (S477).
Aspartic acid and serine are the most prevalently found helix
capping residues in high-resolution folded structural databases47

(and Figure S2, Supporting Information), with the capping amino
acid side chain forming a hydrogen bond with backbone amides
at positions 2 or 3 in the helix (Figure 5b).48–50 Site-directed
mutagenesis has recognized the importance of N-capping
residues in nucleating and stabilizing helical structures,51,52 and
the observation that the populated helices in NTAIL are all
nucleated by stabilizing N-capping motifs suggests a natural
mechanism designed to promote helical populations. This
mechanism alleviates the problem of establishing and maintain-
ing helical structure in a highly flexible protein and reduces
the energetic and entropic cost of folding from a completely
unfolded chain. Preformation of the helix will also create an
electrostatic interaction surface that will reduce the effective
conformational space to be searched for interaction partners on
the partner protein PX.

Specific N-Capping Projects the Unfolded Chain toward
the Binding Partner. It is of significant interest that the two
most populated conformers (H1 and H2) differ by one helical
turn at both ends. This has the consequence of projecting the
unfolded chain at the ends of the helix in a specific and
conserved direction in the majority of the helical conformers.
This projection does not point away from the partner in the
bound complex, as defined by the position of the arginines on
one side of the helix, but rather in the same overall direction as
the arginine side chains (Figure 5). This observation is only
valid for the first few amino acids preceding and following the
helix, beyond which the statistical coil sampling of the chain
will result in very diffuse directionality, but may be important
in terms of nonspecific interactions away from the binding site,
which facilitate formation of the complex.34

Discussion

The molecular mechanisms governing the folding of intrinsi-
cally disordered proteins upon interaction remain largely
unknown. In this respect, the extent to which regions of the
protein that contribute to binding and function are preconfigured
prior to interaction remains an important question that can prove
difficult to resolve in highly flexible systems. Here, we have
studied the structural properties of the partially ordered recogni-
tion element of NTAIL from Sendai virus, whose interaction site
exhibits helical propensity, but cannot be described by a single
conformational state. We show that despite broad conformational
heterogeneity, analysis of extensive backbone RDCs in terms
of an ensemble of interconverting structures allows remarkable
insight into the structural details of the conformational ensemble.
In particular, we demonstrate that rather than fraying in a random
fashion, the molecular recognition sequence of NTAIL prefer-
entially populates three specific helical conformers. The most
populated conformers differ in length by approximately one
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Figure 5. Molecular representation of the proposed conformational
equilibrium of NTAIL in solution. (a) The four conformations are presented
as: a single structure, representing the 25 ( 4% unfolded conformers, the
shortest helical element, comprising 6 amino acids 479-484, populated at
a level of 36 ( 3%, 476-488 populated at 28 ( 1%, and a longer stretch
478-492 populated to a level of 11 ( 1%. The molecular recognition site
arginines are shown in red. Twenty randomly selected conformers are shown
for each of the helical segments to illustrate the directionality of the adjacent
chains projected from the helix caps. (b) Primary sequence of the central
region of NTAIL showing the positions of the arginines responsible for the
interaction with the phosphoprotein (red) and the N-capping amino acids
(blue). The cartoon figure illustrates an N-capping Asp side chain–backbone
interaction.
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helical turn at both termini and enclose the recognition site
amino acids. The limits of the populated helical segments exhibit
commonly observed N-capping motifs, suggesting that the
preferred conformations are stabilized by these motifs and that
these selected conformers are encoded in the primary sequence
of the protein.

The directionality of the unfolded strand adjacent to the helix
is strongly correlated to the capping position, indicating that
the termination of the helices selectively controls for specific
directionality in the unfolded strands immediately adjacent to
the helical elements. The tendency to project in the direction
of the partner protein can be rationalized on the basis of the
possible existence of short-lived and nonspecific encounter
complexes mediated by amino acids outside the molecular
recognition element. Our understanding of the mechanisms
governing protein folding upon interaction has been greatly
enhanced by theoretical prediction,34 and more recent observa-
tion,33 of weakly binding, nonspecific encounter complexes
formed between partially folded proteins and their partners.
Although we currently have no further experimental evidence
for the existence of such interactions in this particular system,
we appear to have identified a mechanism by which the partially
folded form of the protein could project the adjacent region of
the unfolded strand in the most appropriate direction to achieve
such “fly casting” interactions.

This work adds to our understanding of the interaction of
the SeV PL–polymerase complex with the viral N–RNA
complex. On the side of the tetrameric phosphoprotein, the
surface interaction with NTAIL is formed by the negatively
charged surface of a three-helical bundle, PX. The KD of the
interaction of NTAIL and PX is about 60 µM.44 This relatively
weak local affinity would suggest that at any given time the
polymerase complex will have to ensure two or three PX–NTAIL

interactions to remain associated with the N–RNA matrix. For
the polymerase to move forward during transcription or replica-
tion, PX–NTAIL interactions need to be made and broken very
rapidly. The combined requirements are therefore for a strong
and dynamic affinity between PX and NTAIL that would be
favored by the proposed “fly casting” process, promoting fast
interaction of the projected positively charged amino acids of
NTAIL with the negative surface of PX.

More generally, this study provides further experimental
evidence for the molecular basis of nascent helix formation in
partially folded chains and identifies mechanisms by which the
primary sequence can be exploited to control these events. These
observations have clear implications for our understanding of
the early steps of protein folding.

Methods

Sample Preparation. SeV NTAIL (comprising the sequence
443-524) was expressed and purified as previously described.44

The NMR samples were prepared at a concentration of 0.3 mM in
50 mM potassium phosphate buffer at pH 6.0 with 50 mM NaCl,
10% D2O, and a protease inhibitor cocktail (Complete; Bohringer
Mannheim). Alignment of the protein was achieved with poly
ethylene glycol (PEG C12E5, Sigma) and 1-hexanol (residual 2H
splitting of 21 Hz).53

NMR Spectroscopy. Chemical shift assignment of a shorter
construct of SeV NTAIL (NTAIL(443-501))54 was extended to assign
the longer construct (NTAIL(443-524)) studied here using standard

triple resonance experiments. 1DHN, 1DCRHR, 1DCRC′, and 2DHNC′
residual dipolar couplings were measured at 298 K using
BEST-type55,56 3D HNCO- and HN(CO)CA experiments modified
to allow for spin-coupling measurements in the 13C dimension.57,58

NMR spectra were processed in NMRPipe,59 and peak splittings
were extracted using the program Sparky.60 Uncertainties in
experimental dipolar couplings were assessed using repeat measure-
ments and were estimated as 1 Hz for 1DHN, 1.5 Hz for 1DCRHR (3
Hz for some overlapped peaks), 0.5 Hz for 1DCRC′, and 0.75 Hz
for 2DHNC′.

Flexible-Meccano Calculations. Flexible-Meccano (FM) uses
a Monte-Carlo sampling technique based on amino-acid propensity
and side chain volume. The details of the algorithm have been
presented elsewhere.22 Alignment tensors and RDCs for each
conformer were calculated using PALES,61 an atomic resolution
approach to alignment tensor prediction. Specific N-capping
database conformational potentials were extracted for Asp and Ser
residues and incorporated into the Flexible-Meccano protocol in a
standard way.

FM calculations were also performed using specified φ/ψ
distributions in addition to the standard residue-dependent
distributions. Gaussian distributions with standard deviation of
3° centered on R-helical conformations for φ and ψ {-65°,–40°}
were randomly introduced in a cooperative manner. For each
helix length, an entire FM simulation of 10 000 conformers was
carried out.

Helices of different lengths (from 4-20 amino acids) were
explicitly incorporated into the statistical coil approach, thereby
creating 153 different ensembles, each populated at 100% of the
specified helix. RDCs predicted from these ensembles were then
used to identify the most populated helical conformers by comparing
experimental data to simulated RDCs from combinations of
ensembles from unfolded and partially helical chains. All possible
helical segments were systematically combined, and their popula-
tions were optimized to best reproduce the experimental data using
the following relationships:

Dij,eff ) ∑
k)1,n

pkDij
k + (1- ∑

k)1,n

pk)Dij
U (1)

where pk are the populations of the n helical conformers, for
which Dij

k
are the individual predicted couplings between nuclei

i and j, and Dij
U

are the couplings from the unfolded state. These
effective couplings are compared to experimental data using the
expression:

�2 )∑ (Dij,eff -Dij,exp)
2/σij

2 (2)

where σ represents the uncertainty on the experimental coupling
values. The absolute level of alignment is not known, requiring an
additional scaling of all averaged couplings. The total number of
optimized parameters comprises three per helix (beginning, end,
and population) and one common scaling parameter. Standard
statistical F-tests were applied to test the significance in the
improvement in data fitting. Uncertainties in populations were
estimated from experimental noise based Monte Carlo simulations.
This kind of fitting procedure bears some resemblance to approaches
developed by Forman-Kay and co-workers to develop ensemble
descriptions that are in agreement with experimental data from
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partially folded or unfolded proteins where population weights are
assigned to pregenerated conformers to calculate ensembles of
structures.62
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