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Residual dipolar couplings (RDCs) are powerful reporters of local
conformational sampling in intrinsically unfolded or chemically
denatured proteins,1–8 offering a powerful tool for studying molecular
recognition and protein folding. Although RDCs have been used to
identify transient helical formation within partially folded proteins,
quantitative conformational interpretation has remained elusive. Ex-
perimental 1DNH RDCs previously measured in the S-peptide of
ribonuclease A and NTAIL (443-524), the C-terminal domain of the
Sendai virus nucleoprotein, are shown in Figure 1. Both peptides
contain a helical element sandwiched between unfolded peptide chains,
and in each case “dipolar waves” are visible as a periodicity of i to
(i+3) or (i+4) in the RDC values within the helical elements
(S-peptide: T3-M13, NTAIL: V476-A488). Similar periodicity has been
observed in 1DCRΗR, 1DCRC′, and 2DHNC′ couplings in NTAIL.9 Here we
identify the origin of this phenomenon and develop a simple and
efficient tool to quantify the nature and extent of transient helical
elements present in partially folded proteins.

The observation of dipolar or quadrupolar waves within helical
elements of folded proteins has been shown to provide recognizable
signatures for helical orientation relative to a molecular alignment
tensor or lipid bilayer.10–16 The cause of periodicity of RDCs
measured in partially folded chains is less intuitively clear.
Assuming that the helix is not deformed, this can only occur if the
effective orientation of vectors on either side of the helix differs
relative to the field, resulting in an average tilt of the main axis of
the helical element in the magnetic field. To clarify this phenom-
enon, simulations of RDCs in partially unfolded polyalanine chains
were performed using Flexible-Meccano, an explicit ensemble
molecular description applicable to prediction of RDCs in dynami-
cally fluctuating systems. The algorithm generates conformers of
unfolded chains using a residue-specific φ/� database as previously
described.1 The alignment tensor and RDCs for each conformer
were calculated using PALES17 with the following expression:

Dij )-
γiγjµ0h

16π3rij
3 [Aa(3 cos2 θ- 1)+ 3

2
Ar sin2 θ cos(2�)] (1)

where, Aa and Ar are the axial and rhombic components of the
alignment tensor and (rij, θ, �) are the spherical coordinates of the
ij vector in this frame. RDCs were then averaged over the whole
ensemble. Helices with different lengths and positions in a 100
amino acid polyalanine chain were introduced by randomly
sampling the R-helical region of φ/� space (-65°, -40°) using a
Gaussian distribution with a width of 3°. Helices were initiated at
position 26 with lengths of 4-40 amino acids. The remaining chain
sampled amino acid specific (alanine) backbone dihedral distributions.

Ensemble-averaged RDCs (1DNH, 1DCRΗR, and 1DCRC′) from
within the helical element of each of the ensembles were fit to an
ideal helical structure using eq 1 by optimizing Aa, Ar and R, �, γ
defining the tensor orientation relative to the helix. The fit was
essentially perfect in all cases, and Ar was found to be negligible

for each ensemble. Simulated average 1DNH and 1DCRΗR couplings
are compared for two unfolded polyalanine chains (Figure 2) where
helices were introduced at residues 26-39 and 26-41. A difference
in length of only two amino acids induces distinctly different dipolar
waves. Despite the high flexibility of the long N- and C-terminal
chains, the appearance of periodicity in the RDC profile within the
helix is strongly correlated with the direction of the unfolded chains
as they are immediately projected from the helix ends. If the
dynamic chains are projected in the same direction (26-41), dipolar
oscillations are small, because the effective orientation of the helix

Figure 1. Experimental 1DNH measured previously in (left) the S-peptide
of ribonuclease A at 0.5 M salt and 0 °C aligned in C8E5 PEG/n-octanol9

and (right) NTAIL, the C-terminal domain of Sendai virus nucleoprotein at
50 mM salt and 25 °C aligned in C12E5 PEG/1-hexanol liquid crystals.10

Figure 2. 1DNH and 1DCRΗR (inserts) calculated for a 100 amino acid poly-
Ala chain with helices at 26-41 (top) and 26-39 (bottom). RDCs were
averaged over 50 000 conformers. In each case 15 superimposed conformers
from Flexible-Meccano show the directionality of the unfolded chains
projected from the helix caps. For clarity only the first four residues before
and after the helix are shown. The effective tilt angle imposed by the helix
capping is 1.3° (top) and 18° (bottom).
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is close to parallel to the field. If the chains are projected in opposing
directions (26-39), large oscillations are observed due to the large
effective tilt of the helix.

Simulation thus predicts that two features will be expected to
vary periodically with respect to the number of amino acids in the
helix: the effective tilt (Ω) of the helix axis relative to the alignment
frame and the polarity, F0, describing the angular position of the
helix relative to this axis (Figure 3).

Adapting expressions developed in the context of folded
proteins,10–14 RDCs from helical elements present in an unfolded
chain can then be calculated as follows:

Dij )-
γiγjµ0h

16π3rij
3 [Aa(3(cos Ω cos δ- sin Ω sin δ cos(F- F0))

2 - 1)]

(2)

where δ is the orientation of the vector relative to the helix axis
and F () 2πn/3.6 with n ) 0, 1, . . . , l - 1) is the position of the
individual residue along the helix. Not surprisingly the dependence
of Ω and F0 on helix length can be parametrized using simple
periodic functions (Figure 3). Equation 2 can then be used to
calculate expected RDC distributions (dipolar waves) for helices
of any length, replacing the time-consuming task of simulating
values from explicit ensembles.

In addition to providing an efficient tool for prediction of dipolar
waves within helical elements of partially folded proteins, the
observed periodicity in both Ω and F0 also reveals the origin of
dipolar waves in this type of protein. While Ω governs the amplitude
of the observed dipolar waves, the polarity F0 is the phase of the
observed wave. Both parameters report on the directionality and
behavior of the neighboring flexible chains and can be used to probe
the conformational properties of the unfolded region simply by
analyzing the values measured within the helical element.

The influence of the unfolded chain on the effective helix
alignment depends on the persistence length over which the
conformational sampling of a given vector remains affected by near
neighbors. To estimate this range we used Flexible-Meccano to
predict RDCs from a single helical element within unfolded
polyalanine chains of increasing length. Only small changes were
observed in fitted Ω values for chains longer than six amino acids
from the helix termini (Supporting Information), while F0 converged
after only three amino acids.

In conclusion, we have used extensive sampling of explicit
conformational ensembles to provide new insight into the origin
of dipolar waves measured in helical elements present in partially
folded proteins. We find that the effective helix tilt and polarity
determine the observed periodicity of RDCs within the helix and
that observed dipolar waves originate from directional asymmetry
in the capping motifs beyond the N and C termini of the helix.
RDCs measured within the helix therefore report directly on the
behavior of the neighboring capping strands. In analogy to recent
developments in solution and solid state NMR of folded proteins,
the simple periodic nature of the dipolar wave allows the develop-
ment of analytical expressions that reproduce the helical RDCs
within the flexible chain. This will considerably reduce computa-
tional costs incurred when simulating explicit conformational
ensembles and provide a portable tool for investigating helix
nucleation and fraying in the context of partially folded proteins.
The insight derived here will also contribute to the use of RDCs to
understand the molecular basis of the initial steps of protein folding.
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Figure 3. Dipolar waves in flexible chains. (A) Effective tilt angle, Ω,
relative to magnetic field as a function of helix length l (in residues)
introduced between sites 26 and 65 of a 100aa poly ala. RDCs were averaged
over 2000 conformers and fit to an ideal helix using eq 2. Line corresponds
to the fit of simulated data points with Ω(l) ) k1 exp(-k2l) cos2(κ(l)/2); κ

is the angle between points of chain projection given by κ(l) ) 360(l -
1)/p + 2λ (fitted values: k1 ) 37.3, k2 ) 0.01, p (periodicity) ) 3.6 and λ
) 60). The two simulations in Figure 2 are indicated by filled circles. (B)
Helix polarity, F0, as a function of l. Circles correspond to values derived
from explicit simulation. F0 was obtained by fitting simulated RDCs to eq
2 using an ideal helical structure. Line corresponds to the expected polarity
calculated as the average position of the two points of chain projection.
The polarity can only be accurately determined for Ω > 4°. (C) Top view
of helix of length 16 showing the position of the first (res 0) and last (res
15) residues as well as the positions of chain projection. Dashed line
indicates expected F0 value. (D) Top view of helix length 14. These helices
correspond to the two simulations in Figure 2.
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