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Abstract

The residual dipolar coupling-periodicity planarity correlation makes it possible to determine peptide plane orientations in regular
periodic protein secondary structure elements. Each peptide plane orientation represents a “pixel” of protein structure, and is expressed
in terms of three angles referred to as tilt, phase, and pitch angles. In this report, we present the novel “3P”’ (periodicity, planarity, and
pixels) method that allows one to determine secondary and tertiary structure of a-helical proteins. We demonstrate the 3P method by
determining the structure of domain 1 of the receptor-associated protein (RAP) to a backbone accuracy of 1.0 A using RDCs measured
in a single alignment medium, together with a minimal number of NOE distance restraints, using a new Xplor-NITH module.
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1. Introduction

Before the late 1990s, the determination of protein
structure using NMR relied on a large number of dis-
tance and torsion angle restraints [1]. In recent years,
the geometric correlation between residual dipolar cou-
plings (RDCs) and spin-pair orientation has been uti-
lized in various aspects of structural studies [2,3]. Since
then, there has been considerable interest in interpreta-
tion and application of RDCs for structure determina-
tion and dynamic studies of proteins [2,4-7]. In
particular, RDCs have been used to directly refine
NOE-based protein structures using a simulated-anneal-
ing protocol [2,8], to predict the backbone conformation
aided by protein structure databases [9], and have been
applied alone (though with RDC data from two align-
ment tensors) to determine the ubiquitin protein struc-
ture [6]. In particular, a number of studies have
demonstrated the feasibility of using mostly, if not all
RDC data derive protein backbone structures [10-13].
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Developments in the solid-state NMR field have
established the utility of using the peptide plane as a fun-
damental building block for peptide and protein struc-
ture determination [14,15]. In particular, the
observation of the “Dipolar wave” gives rise to the di-
rect and intuitive correlation between protein regular
secondary structure and dipolar couplings [16], and
has been used to map the locations of helices in mem-
brane proteins, and to elucidate their structure [17,18].
In solution NMR, explicit analytical equations have al-
lowed secondary structure orientations and detailed
peptide plane orientations to be extracted from the
RDCs forming “Dipolar waves™ [19]. These plane orien-
tations contain both global and local conformation
information because they are referenced to a global
alignment tensor, which therefore permits determination
of a 3D structure directly. In this communication we
present “3P,”” a novel and direct structure determination
method for helical proteins, which requires RDCs from
a single alignment medium, and translates RDC data
into an accurate 3D structure via dipolar waves and
the RDC-PP correlation. This method differs from all
current existing methods because it uses intrinsic
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correlations between RDCs and the structures. We dem-
onstrate its application in the determination of the back-
bone structure of domain 1 (D1, ~12kDa) of the
receptor-associated protein (RAP) [20], an a-helical pro-
tein, using newly measured 40 C*~CP and 52 of each N—
HY, C*-C’, and C'-N couplings.

2. Theory

By the nature of their covalent bond geometry, protein
backbone atoms lie in consecutive peptide planes which
are joined together by tetrahedral C* carbon atoms. When
the peptide plane orientations are determined, so is the
protein backbone conformation. As shown in Fig. 1, the
orientation of peptide plane j, is denoted as P; = (6, p;, ;)
by three angles, namely tilt 6;, phase p;, and pitch y; [19].
We refer to the set of orientations { P;} as the peptide plane
pixels. The analytical equation of the RDC-PP correla-
tion expresses RDCs as a function of the overall a-helix
orientation (@, @) (with a fourfold degeneracy) and the
peptide plane orientation angles (6, p;, ;) pertaining to a
spin-pair AB which may be uniquely defined for any cho-
sen degenerate set of (@, @) [19]
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+sin p; sin y28)°}. (1)

Fig. 1. (A) An o-helix comprised of peptide plane “pixels.” The red
line is the helical axis, orientated at angles @ and @. (B) Each pixel,
P;=(9;, p;.y;), is fully defined by three angles describing the peptide
plane orientation relative to the helix axis, and therefore relative to the
alignment tensor. These angles differ from the conventional two polar
angle system [15].

The pixel orientations, P; = (d;,p;7;), can be extracted
directly from the RDCs of a single alignment tensor
(any of the inter-nuclear pitch angles y;‘B can be arbi-
trarily chosen as representing the peptide plane pitch
7;> since they are all related by known constant angles).
In our calculation, we allowed the y values for each
plane to float within a range of +30° about the nominal
a-helix value of y}' = —7.3° (InsightIl, Accelrys), which
is sufficient to account for substantial bend/kink types of
irregularities. Furthermore, to extract P; = (6;, p;,7,), it is
important to obtain accurate values of D, and R, which
were determined iteratively using RDC-PP correlation.

As the first step toward protein structure determina-
tion, the RDC-PP correlation can be used to delineate
the secondary structure of a protein. Secondary struc-
ture types and locations have previously been identified
by their “Dipolar waves” [17,18], but the RDC-PP cor-
relation allows both the rigorous quantitative assess-
ment of secondary structure elements and their overall
orientations @ and @ in the alignment frame by RDCs
alone. The method, therefore, represents a powerful
alternative to the well-known secondary chemical shift
index (CSI) method [21]. It accomplishes this by calcu-
lating the best fit of a segment (or window, w), of con-
secutive peptide planes to experimental RDCs using
the RDC-PP correlation for a type of secondary struc-
ture. The secondary structure score was then given by:

Score,, = (¢, — max{e,})/(max{e,}), (2a)

4
&y = Cy Z(U;)zv (2b)
i=1

where the index i =1,2,3,4 corresponds to HN, C*C,
NC, and C*CP, respectively, and the index
w=20,21, ... indicates the starting peptide plane num-
ber of the window. The deviation ¢’ is the rmsd of RDC
data of type i, in window w. The factor c¢,, is a correction
factor which compensates for missing RDC data, de-
fined as the ratio of the total number of RDC data pos-
sible in a window, w, to the actual number of observed
data in that window. A window size of 6 peptide planes
was used in the current analysis.

With the determination of the orientations of the sec-
ondary structures and the individual peptide plane ori-
entations within them [19], the global protein fold is
determined by use of the Xplor-NIH 3P module which
contains a peptide pixel potential energy term

E}p == k}p Z[(éj - Sj)z + (P, - p;’)z + (V} - ?j)2]7 (3)

where ks p is the 3P force constant in kcal mol~! rad 2,
and the target angles extracted from the RDC data are
indicated by tildes.

The polar angles in a particular set of coordinates
were defined with respect to a coordinate system that
was specified using a rigid group of four artificial atoms,
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Table 1
Simulated-annealing protocol

High temperature Cooling
Time length (ns) 50 250
Temperature (K) 4000 4000 — 100
vdw interactions included C*-C* only All
vdw radii scale factor 1.2 0.9-0.8
vdw force constant (kcal mol ™! 1&’2) 1.0 1.0 > 4.0
NOE restraint force constant (kcal mol™! A’z) 10.0 10.0 — 100.0
Rgyr restraint force constant (kcal mol ™! 10\’2) 100.0 100.0
RDC wave restraint force constant (kcal mol~! rad—2) 25.0 25.0 — 500.0

as has been described previously [22]. This “coordinate
system molecule” is free to rotate. It makes no interac-
tions with any other atoms except through the forces
generated by the RDC wave potential energy term.

The calculation of structures using the 3P module
with respect to the potential was carried out using
molecular dynamics-based simulated annealing (SA) in
torsion angle space using Xplor-NIH [22] as follows.
Starting coordinates for each molecular dynamics trajec-
tory were created with standard covalent geometry but
random torsion angles. The system was then minimized
in torsion angle space against a potential consisting of a
van der Waals repulsive term and a radius of gyration
term [23]. Then the system was annealed in torsion angle
space against a potential consisting of a van der Waals
repulsive term, the 3P pixel restraint potential, and a
radius of gyration term [23], resulting in a conformation
that was compact and free of van der Waals overlaps,
but otherwise random. The simulated-annealing sche-
dule applied to the system is detailed in Table 1. A min-
imal number of NOE distance restraints was also
introduced, which served both as translational restraints
on the helices as well as lifting the fourfold degeneracy
in helix orientation [19,24]. After annealing, the final
coordinates were conjugate-gradient minimized in tor-
sion angle space for 200 steps, using the same potential
energy settings as the end of the annealing.

3. Results and discussion

The first application of the RDC-PP correlation to
D1 was to determine de novo the types, locations, and
orientations of the a-helices from RDCs measured in
one alignment medium. The result, shown in Fig. 2A,
indicates the locations of the three D1 o-helices by their
characteristic score of —1. The absence of a score at 38
and 39 is due to two prolines in these positions, between
helices 1 and 2. In such cases of sparse data, the helix
locations can be seen from the constancy of the align-
ment angles @ and @ of the secondary structure ele-
ments shown in Figs. 2B and C, respectively, as well
as their variations in between the helices. As a compar-

ison, the consensus chemical shift index (CSI) for the
location of the helices is also provided in Fig. 2D.

Using the alignments (O, @) for the helices, the indi-
vidual plane orientations P; = (J;, p;,y;) were extracted
from the RDC data using Eq. (1) as described previously
[19]. Ambiguities in plane orientation arising either from
degeneracy or experimental error were resolved using
the D“P from the intervening tetrahedral centers. In
the cases where RDC data are not complete, the degen-
eracy of plane orientations can also be lifted with the aid
of ¢/} angle data [9,11], although we have not imple-
mented it in our program. The plane orientations, {P;}
were then used as restraints in a molecular dynamics
optimization using the Xplor-NIH 3P module as de-
scribed above and led to the 3D structure determination
of D1 of RAP.

Fig. 3 shows a comparison of backbone structures
that were calculated using the 3P method with that using
direct RDC refinement of an NOE-based structure.
When the minimum of three NOE distance restraints
was used, the backbone accuracy was 1.3A and the
backbone precision was less than 0.5 A. In the calcula-
tion the NOE distance restraints were randomly selected
among ca. 100 experimental inter-helical NOEs, assum-
ing a perdeuterated ILV-methyl protonated sample is
used for structure determination. Therefore, our method
coincides with the current methodology of using perdeu-
terated ILV-methyl protonated samples for solving large
proteins structures (M., > 30 kDa). In these cases, near-
ly all NOE restraints involve the side-chain protons, and
this therefore results in somewhat diminished backbone
accuracy. A comparison of the peptide pixel orientations
obtained from the 3P-NOE method and those obtained
from an RDC refined NOE-based structure yield Pear-
son correlations between the two types of structures of
0.95, 0.98, and 0.98 for tilt, phase, and pitch angles,
respectively. Some discrepancies between the two struc-
tures do exist, primarily in cases where no accurate
DC*P was available to refine the peptide plane position.
Some ambiguity in local peptide plane orientations may
arise in cases where no RDCs from the tetrahedral cen-
ter are available, or where overlapping HN, N, and C’
resonances (such as peptide planes 32 and 42) result in
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Fig. 2. Determination of the secondary structure using the RDC-PP correlation from experimental RDCs: (A) the RDC score of helix character,
indicating the fit of the experimental RDCs to Eq. (1). In this calculation, a score of —1 represents a good fit to an a-helix. (B) The polar angle @ and
(C) the azimuthal angle @, of the overall helical orientations relative to the alignment frame, obtained concurrently with the score. The gaps in (A-C)
are due to missing data or proline residues. The plane numbering refers to the residue number of the amide of a given peptide plane. (D) The

consensus CSI index for comparison.

Fig. 3. The mean backbone structure comparisons: the structure in
magenta was calculated using the conventional protocol and ca. 1600
experimental restraints, including 1057 distance, 157 torsion angle, 158
secondary chemical shift restraints, and 196 RDCs. The 3P structures
were calculated using 196 RDC with the aid of 20 (aqua, left) or 3
(blue, right) randomly selected inter-helical NOE distance restraints.
The backbone accuracies were 1.0 and 1.3 A, respectively, while the
precisions were less than 0.5 A.

no in-plane RDC data. Nevertheless, in contrast to pre-
vious methods of structure determination, which require
a great number of NOE restraints, the 3P method solves

the protein structure with a minimum number of RDC
and NOE:s.

The utility of peptide planes as natural units for solu-
tion structure determination has been recognized al-
ready. Previous approaches include structure
determination using plane orientations extracted from
solid-state NMR measurement and a ¢/ potential
[15] or more recently from RDCs measured from two
alignment media [6]. The peptide plane has also been
used as a structural unit to interpret RDCs in a concert-
ed manner in order to resolve the multi-minima problem
when using the SA protocol to refine a protein structure
[25]. In contrast, our approach makes direct use of the
Dipolar wave correlation between RDCs measured in
a single alignment medium and the plane orientations,
augmented by a few readily available distance restraints,
to derive an accurate 3D backbone structure. The back-
bone accuracy of the D1 restrained secondary structure
region is comparable to the accuracy of the ordered
ubiquitin backbone region determined using a two align-
ment tensor approach [6].

Although our current implementation of the 3P
method is limited to o-helical structure elements, the
method is anticipated to be also applicable to pro-
teins containing regular periodic o-helices and f-
strands.
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Software availability

The Xplor-NIH 3P module along with sample input
script and restraint files can be downloaded from
http://nmr.cit.nih.gov/xplor-nih. The MATLAB pro-
grams for extracting 3P restraints for a-helical regions
of structure from experimental RDC data are available
from the authors upon request.
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