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Abstract In solution NMR spectroscopy the residual
dipolar coupling (RDC) is invaluable in improving both the
precision and accuracy of NMR structures during their
structural refinement. The RDC also provides a potential to
determine protein structure de novo. These procedures are
only effective when an accurate estimate of the alignment
tensor has already been made. Here we present a top—down
approach, starting from the secondary structure elements
and finishing at the residue level, for RDC data analysis in
order to obtain a better estimate of the alignment tensor.
Using only the RDCs from N-H bonds of residues in
a-helices and CA—CO bonds in f-strands, we are able to
determine the offset and the approximate amplitude of the
RDC modulation-curve for each secondary structure ele-
ment, which are subsequently used as targets for global
minimization. The alignment order parameters and the
orientation of the major principal axis of individual helix or
strand, with respect to the alignment frame, can be deter-
mined in each of the eight quadrants of a sphere. The
following minimization against RDC of all residues within
the helix or strand segment can be carried out with fixed
alignment order parameters to improve the accuracy of the
orientation. For a helical protein Bax, the three components
A, Ay, and A, of the alignment order can be determined
with this method in average to within 2.3% deviation from
the values calculated with the available atomic coordinates.
Similarly for pf-sheet protein Ubiquitin they agree in
average to within 8.5%. The larger discrepancy in f5-strand
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parameters comes from both the diversity of the f-sheet
structure and the lower precision of CA—CO RDCs. This
top-down approach is a robust method for alignment tensor
estimation and also holds a promise for providing a protein
topological fold using limited sets of RDCs.

Keywords RDC - Top-down - Alignment tensor -
Secondary structure orientation

Introduction

Since the introduction of weak alignment in solution NMR
spectroscopy (Hansen et al. 1998; Prestegard 1998;
Tjandra and Bax 1997; Tolman et al. 1995), various types
of residual dipolar coupling (RDC) have been commonly
measured (de Alba and Tjandra 2002; Meier et al. 2003;
Prestegard et al. 2004; Prestegard et al. 2005; Tian et al.
2000). RDC offers a unique constraint for protein structure
determination relative to the conventional nuclear Over-
hauser effects (NOE) and can improve structure accuracy
and precision. Most of its application has been in the
structure refinement area (Bax 2003; Lipsitz and Tjandra
2004). This is due to the difficulty in obtaining the align-
ment order independently and the inherent degeneracy in
specifying the vector orientation: one value of RDC cor-
responds to a vector pointing along two symmetric cones
on the surface of a sphere (Bax 2003; Tolman and Ruan
2006).

The de novo structure determination using only RDC
data has been carried out in the bottom—up approach
(Blackledge 2005). The protein structure is built up from
the individual peptide plane. Blackledge and colleagues
have developed the Meccano (Molecular Engineering
Calculations using Coherent Association of Nonaveraged
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Orientations) method to solve the backbone structure of a
protein (Hus et al. 2001). In solving the structure of protein
GBI this method features a large number of input variables
and experimental constraints. It is composed of more than
200 variables specifying the alignment tensor and orien-
tations of every peptide plane and a total of 8 types of
RDCs measured in two alignment media including HN-HN
coupling (Bouvignies et al. 2006). Though the experiment
and computation tasks are challenging, they were able to
solve the backbone structure and derive the amplitude of
the protein backbone dynamics simultaneously. Kontaxis
et al. (2005) and Prestegard et al. (2005) have shown that a
protein structure can be built up using RDCs with the
molecular fragment replacement approach. The alignment
order parameters may be initially estimated from the
powder pattern distribution on several sets of RDCs (Clore
et al. 1998), later known as the Extended Histogram
Method (Bryce and Bax 2004). The prerequisite of the
histogram method is the large dispersed distribution of
RDC vectors. Peptide fragments of 8—10 amino acids or di-
peptides is then placed in the alignment frame and allowed
to rotate to fit the experimental RDC. The trial structure of
the peptide fragment is either extracted from the homology
search in the protein data bank or the allowed region on the
Ramachandran plot. The structure of protein gamma-S has
been solved primarily with the molecular fragment
replacement method (Wu et al. 2005). The fold or even a
relatively high resolution structure of a protein could be
determined when a limited number of NOE constraints
were added (Fowler et al. 2000; Walsh et al. 2005). All the
above methods generally require measurements of several
sets of RDCs under more than one aligned condition in
addition to other NMR constraints.

In solid state NMR spectroscopy, the wheel pattern of a
dipolar coupling-chemical shift correlation obtained using
the PISEMA (polarization inversion spin-exchange at the
magic angle) experiment (Wu et al. 1994) and the dipolar
wave analysis, have been used to derive the orientation of
helices (Mesleh et al. 2003; Mascioni et al. 2004). In
general the helix direction in the PISEMA data can be
extracted in a straight-forward manner. This is due to the
fixed molecular orientation with respect to the magnetic
field, such as oriented lipid bilayers. This is not the case in
solution NMR, because the molecular frame orientation
with respect to the alignment or the magnetic field is not
known a priory. Mesleh and Opella proposed a powerful
method of using RDC wave to calculate the helix orien-
tation (Mesleh and Opella 2003) in the alignment frame.
Initially the average value and amplitude of RDC wave
from the maximum and minimum data points within one
helix fragment are estimated. They then included the helix
orientation parameters to fit the RDC measurements with
four residues at one time. This fitting procedure was
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repeated iteratively to improve the accuracy. The method
had been validated with published N-H RDC data for
helical proteins with known alignment orders (Mesleh and
Opella 2003).

Here we explore a modification to the above method in
order to obtain a robust protocol to derive the alignment
order parameters and direction of o-helix as well as
p-strand from one or two sets of RDCs. To the best of our
knowledge obtaining the orientation of f-strand from the
RDC pattern has not be reported. This can be done without
any prior knowledge about the 3D structure of the protein
or its alignment order. We only require that the chemical
shift assignment of some residues in each of the secondary
structure elements is available. Mesleh and Opella (Mesleh
and Opella 2003) as well as Mascioni and Veglia
(Mascioni and Veglia 2003) showed that the dependence of
the RDC on the residue number is not a straight sinusoidal
function with the inherent periodicity of 3.6 and 2 for helix
and strand, respectively. Unless the secondary structure
element is either along the Z axis or on the transverse
plane of the alignment frame (Mascioni and Veglia 2003),
the RDC can still be approximated as a sine function of the
residue number if the bond vector chosen is parallel to the
major principal axis of the helix or strand. This approxi-
mation was successfully used in calculating the o-helix
orientation using N-H RDC. A similar treatment can not be
applied to a f-strand since the periodicity of the N-H RDC
of a f-strand is very hard to predict (Marassi 2001; Ma-
scioni and Veglia 2003). This is due to among other things
the orientation of the N-H bond that is almost perpendic-
ular to the major axis of the f-strand.

We propose to use the CA—CO bond for the f-strand
which forms a 36° angle to major axis of the f-strand. This
allows the most consistent treatment for both the «-helix
and the f-strand. From the RDC modulation an offset and
amplitude of the pseudo sinusoidal can be extracted. These
are functions of two alignment order parameters, axial
component A_, and rhombicity R, and the two orientation
parameters of helix or strand. Since A, and R are common
to every secondary structure element in the protein, this
approach results in only 2 + 2 X N number of variables
with N being the number of helices and strands. Instead of
using individual RDC measurements, the target function of
the initial global minimization consists of all offsets and
amplitudes derived from the sine-curve fitting of RDC
wave in each secondary structural segment. A less biased
global minimum is expected since the worse fitted sine-
curve segments, usually those with extreme orientations,
automatically are weighted down in the target function. In
addition to the alignment order parameters, the direction of
every o-helix or f-strand can also be obtained in each of
the eight quadrants of the alignment coordinate frame at
the same time (Mesleh and Opella 2003). Further
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minimization of the segment orientation can be performed
at residue level using the formerly derived alignment order,
thus reducing the overall error compared to using the sine-
curve approximation alone.

Theoretical background
Helix or strand frame

The orientation of the RDC vectors within the principal
frame of a-helix or f-strand can be represented as a unitary
vector Iv),

sin 6 cos ¢
sin 6 sin ¢ (1)
cos 0

v) =

where 0 is the bond-tilting angle deviating from +Z axis
and ¢ is the azimuth angle. In general 0 stays within £15°
along the helix and can be considered relatively constant.
The angle ¢ is sensitive to the residue number, and can
cover from 0° to 360° as shown in Fig.1. Each helix or
strand can be represented as a major vector carrying a
series of RDC bond vectors with the same bond-tilting
angle 0 and different azimuth angle ¢. The N-H RDC has
been chosen as the probe to represent the o-helix while the
CA-CO RDC is used for the f-strand. Table 1 listed the 6
values for the above vectors. These dipolar vectors are
chosen because they are close to being parallel to the major
axis of the helix or strand, thus small 0 or n—0. The smaller
magnitude in sin 6 will result in the stronger reflection of
the inherent periodicity of helix and strand in their RDCs.

Helix or strand orientation within the alignment frame

The orientation of any helix or strand can be specified by
two angle parameters within the alignment frame. These are
the tilting angle f (0 ~ m) and the phase angle « (0 ~ 27).
The two successive rotations about the alignment axes Y
and Z are sufficient to cover all possible orientations within
the alignment tensor frame. The transformation matrix 7 is
used to rotate the above unitary vector lv) in Eq. 1.

cosae  sinoe O [cosfp O —sinf
T=|—sina cosa O 0 1 0 (2)
0 0 1 sinf 0 cosf

The alignment tensor is a diagonalized Saupe order
matrix. Since it is traceless, only two parameters are re-
quired, the largest component A, and rhombicity R to
describe its magnitude. By definition R has a range of O to
2/3 (Bax et al. 2001).
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Fig. 1 The illustration of geometrical parameters used in describing
the global helical (A) and strand (B) orientations in the alignment
frame as well as the local RDC bond vector in the secondary structure
frame. The alignment frame is denoted by A, A,, and A_. The
orientation of long principal axis of a-helix or f-strand is given by o
and f3. The RDC bonds employed, N-H for a-helix and CA-CO for -
strand, are shown in red with their direction denoted by 0 and ¢. The
angle 6 is almost uniform in helix/strand and close to being parallel to
the Z axis of helix/strand, while ¢ covers the full 27 range

Table 1 Bond-tilting Angles

Helix*  Anti- Para- sin? 0/ sin 20° Dy (kHz)
strand® strand®
N-H® 168.2° 94.88° 103.0° 9.6 21.66
CA- 45.51° 36.50° 35.80° 2.8 -4.277
(o0

* The dihedral angles used are phi = —57° and psi = —47° for helix,
phi = —139° and psi = 135° for anti-parallel sheet and phi = —119° and
psi = 113° for parallel sheet. Each chain was aligned onto its principal
axes and propagated from —Z to +Z along its N- to C- termini

® The ratio was calculated from those angles shown in bold

¢ Bond lengths of 1.041 A for N-H and 1.526 A for CA-CO are taken
from ref (Ottiger and Bax 1998)
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Aw 0 0
A=|0 A, 0
0 0 A,

Ay = A..(—0.5 + 0.75R)
Ay = A(—0.5 — 0.75R) (3)

RDC Measurement

Any measurable dipolar coupling constants are due to the
weak alignment condition. The RDC equations can be
written as,

D = (3/2) Dunax (V|T"|A|T|) ()

Dmax = _:uthAyB/(87T3rgB) (5)

where D, is the maximum magnitude of dipolar
coupling, T* is the transpose matrix of 7, the 3/2 scaling
factor in Eq. 4 is included to follow the definition of
alignment order and ease the calculation for chemical shift
difference using the same alignment tensor A (Bax et al.
2001), p, is the vacuum permeability, % is Plank constant,
y4 and yp are the gyromagnetic ratio of nuclei A and B and
rap 18 the distance between nuclei A and B. The values of
D2 for N—=H and CA—CO bonds are listed in Table 1. The
commonly used D, is related to D,,,x and A, by

D, = (3/4)DmaxAzz (6)

Based on the above Eqgs.1-5 the individual measurement
D of any covalently bonded nuclei is a function of six
parameters, A, R, o, f3, 0 and ¢ excluding the difference in
Dp.x. Alignment order parameters A,, and R are universal
to every residue within a protein domain. Residues within
the same secondary structure fragment share common o,
and f. The bond-tilting angle 0 is also a general constant
since each bond holds the same projection onto the long
principal Z-axis of helix or strand (Fig. 1). However the
azimuth angle ¢ is the projection of bond vector on the
transverse XY plane of local frame and subjects to a
periodical sine-function. The changes in ¢ give rise to the
oscillation of the RDC curve within a helix or strand.

When proper type of RDC is chosen, the plot of azimuth
angle ¢ vs. D is mostly a pseudo-sine curve. It can be fitted
with a regular sine function,

D =asin(2nx/p +c¢)+d (7)
where x is the residue number, and a, p, ¢ and d are the

fitting parameters. The offset d and amplitude a are of
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interest. Parameter p is periodicity, around 3.6 for a-helix
and 2.0 for f-sheet, while c is the initial phase.

The theoretical offset d can be obtained by integration
over azimuth angle ¢ using Egs. 1-4.

1 2n
d=—
2n 0

[1 +0.75sin” B(R cos 20 — 2)]

Dd¢ = (3/2)DpaxA--(1.5cos’ 0 — 0.5) @®

It is hard to provide a closed formula for the amplitude a
since the dependence of D on ¢ is a sum of two sinusoids
with different frequencies and initial phases. The amplitude
of individual curve can be obtained by doing a Fourier-
transform on the offset subtracted RDCs with respect to ¢,

+00

L p e g — o (o —
V5. Z (D — d)e™dp = [C15(wr — 1) + C28(w — 2)
L Ol (o + 1) +C2*5(w+2)]\/§ 9)

C1 =(3/2)DmaxA; sin 20]—0.375 sin 2(R cos 200 — 2)
— i0.75R sin f3 sin 20/ (10)

C2 =(3/2)DmaxA-. sin 0[0.375(cos® B + 1)(R cos 2 — 2)
+ 1.5 +i0.75R cos f3 sin 2« (11)

where J is the DiracDelta function, w is the frequency
modulation of ¢, Cl and C2 are amplitude of each
frequency, and C1* or C2* is the complex conjugate of C1
or C2. The square bracket parts in Egs. 10, 11 are in similar
magnitude except when the tilting angle f is close to 0, /2
and . We can choose the RDC bond-titling angle 0 to be
close to 0 or © within the helix or strand frame so that the
magnitude of C1 is always larger than that of C2 because of
sin? 0 in C2. For the a-helix N-H RDC has been selected as
the probe and the ratio of sin26/(sin*6) is 9.6. For the f-
strand the best choice would be the CA—CO RDC, which
results in the sin20/(sin*0) ratio of 2.8. Thus the RDC
curve is mostly a C2 modulated C1 sinusoid and the
periodicity largely follows the inherent one of a helix or
strand. We can estimate the amplitude a by monitoring the
sum of the real parts of C1 and C2 when they evolves along
¢ at different frequencies.

a = 0.5 x [Max(real(Cle' + C2¢2%))

. . 12
— Min(real(Cle'® 4 C2¢™%))] (12)

Theoretical distributions of offset d and amplitude a are
plotted in Fig. 2 with assumed alignment order, A, of 10~
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Fig. 2 The simulated distribution of offset (A) and amplitude (B)
plots for N—-H RDCs using Eqs. 8, 12. A.. and R were set to 10~ and
0.3 respectively. The unit for the contours is Hz. The red curve in
panel B corresponds to the contour with 12 Hz value in panel A. The
green circles indicate the 8 degenerate solutions based on one
combination of offset and amplitude, 12 Hz and 10 Hz, respectively
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and R of 0.3, and Egs. 8, 12. One combination of d and a
will results in 8 directions on the surface of a sphere
(Fig. 2B).

Materials and methods
RDC Data

Two proteins have been chosen as test models for the top—
down analysis, Bax and Ubiquitin. The 3D NMR structure
of Bax has been solved previously and consists of nine
helices (Suzuki et al. 2000). The N-H RDC data was
measured and the alignment tensor was optimized (Lipsitz
and Tjandra 2003; Suzuki et al. 2000). Ubiquitin is our
example of a protein structure containing a f-sheet and its
CA-CO RDC was obtained from measurements in align-
ment medium 10 in Clore and Schwieters (2004). There are
five f-strands and one a-helix in Ubiquitin. The experi-
mental error used was the reported values of 0.4 Hz and
0.2 Hz for all N-H RDCs and CA—CO RDCs, respectively.

Sine-curve fitting

Equation 7 was used in the non-linear sine-curve fitting for
each segment of helix or strand with the Levenberg—
Marquardt algorithm. For the a-helix p was fixed at 3.6 and
for the f-strand p was allowed to float between 1.5 and 2.5
(Eisenberg et al. 1984; Marassi 2001). Typical results from
this fitting procedure are shown in Fig. 3. Generally at least
4 residues are needed to provide a solution. The first resi-
due of the helix is usually omitted for fitting since the N-H
bond orientation is determined by its preceding residue
which is not in the helical conformation. Likewise the
residue right after the last helical one is included. There is
typically a constant slope in RDC curve due to a persistent
curvature within the secondary structure that can be par-
ticularly severe in f-sheet. For fitting the f-strand data, a
slope removing procedure is included to get a proper
amplitude. This is achieved by subtracting a linear function
to the RDC whose slope was determined from the linear
regression of the curve. The error estimation was carried
out by Monte-Carlo propagation.

Global minimization

After acquiring the offset d and amplitude a for each sec-
ondary structure element from the sine-curve fitting, the
global minimization can be carried out. The input variables
are the Z components of the alignment tensor A, the
rhombicity R, tilting angle f and phase angle o for each

DNH (H2)

20 25 30 35

0B
T A
Lz
Q ot
O
o

-3’

3 4 5 6 7
Residue Number

Fig. 3 The sine-curve fitting examples of Helix 1 from Bax (A) and
Strand 1 from Ubiquitin (B). The CA—CO RDC of f-strand has been
corrected for its slope before sine-curve fitting
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secondary structure elements. There is a total of 2 + 2 X N
number of variables with N being the total number of
helices and strands. The target function used is,

1 N

X' = ﬁZ{ [(diexp - dicalc)/distd]z + [(aiexp - aicalc)/aistd]z}
i=1

(13)

where dicyic and ajcqc Were calculated from Egs. 8, 12, diex,,
and a;exp and the corresponding standard deviations, digq
and a;yq are determined from the sine-curve fitting. The
Nelder-Mead simplex search method with boundary con-
dition was employed. The error estimation was carried out
by 500 Monte-Carlo calculations. The alignment order
parameters A,, and R are obtained at this step and fixed
during the following minimization. The helix or strand
directional angles § and o are subject to the next residue
minimization step.

Residue minimization

With the knowledge of A,, and R further minimization of
the orientation can be carried out at the residue level for
each helix or strand. The input variables are f8, « and y and
p. The additional angle y specifies the initial offset for
azimuth angle ¢, ranging from 0 to 2z. The individual
azimuth angle ¢; was calculated for each residue using
Eq. 14 where i is the residue number. Periodicity p was
allowed to float within 10% of its ideal values, 3.6 or 2.0.
Here the target chi-square function, Eq. 15, is the sum of
the difference between individual measurement Dje,,, and
the predicted values Djc .. Digq 1 the experimental error
and n is the number of residues within a helix or strand.
Djca1c could be calculated for each residue using Egs. 1-5,
14. BFGS Quasi—Newton algorithm was used in the
minimization.

¢, =y+ix2n/p (14)
1 n
X2 = ;Z [(Diexp - Dicalc)/DiStd]2 (15)

i=1

It is worth noting that the bond-tilting angle 0 is fixed
during the residue minimization. The angle 6 occasionally
deviates from its ideal value when the canonical secondary
structure is assumed. Any allowance for 0 to float would
affect the accuracy of the helix tilting angle f, since the
offset d in particular is sensitive to changes in these two
angles. The curve fitting employed in general is not sen-
sitive to having a few residues with 0 angles deviating
substantially from the canonical one. Only in cases where
all residues in the secondary structure element have 0
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angles that deviate in the same direction from the canonical
one that care must be taken.

MATLAB 7.3 (The Mathworks, MA) was used in all
data analysis while symbolic calculations were carried out
in Mathematica 5.1 (Wolfram Research Inc., IL). All the
computation work was performed on a Mac G4 laptop.

Results and discussion
Offset and amplitude

Based on Eqgs. 1-4 the alignment order parameters and
the orientation of helix or strand within the alignment
frame fully determine the shape of the RDC plot against the
residue number. The offset and amplitude are the only two
essential parameters characterizing a sine function in
addition to the periodicity which is fixed when canonical
secondary structure geometry is assumed. Therefore it is
more efficient to target those two directly. The target
function evaluation is much faster since no effort is ex-
pended in calculating the azimuth angle and the RDC of
each residue. For a helical protein Bax fitting the N-H
RDC results in an average of 6% error range in amplitude
and 2% in offset. As stated in the Theoretical Section the
frequency is not 3.6 or 2 when the tilting angle f is close to
0, n/2 and =, so the fitted results will have a larger distri-
bution. For instance Helix 6 of Bax has a 19% error range
in amplitude and it is on the transverse plane of the
alignment frame. However, this hardly changes the result
since the wrong amplitude with larger standard deviation is
weighted down in the total chi-square function for all
helices. For f-sheet protein Ubiquitin fitting the CA-CO
RDC results in an average of 9% error range in amplitude
and 22% in offset. The larger standard deviation in f-strand
fitted parameters comes from several factors: the experi-
mental error of 0.2 Hz is significant for RDC of CA-CO;
the direction of CA—CO bond is not parallel to the long axis
of the strand; it is harder to fit with only 2 data points in
one period; the direction of the major axis is usually not
linear, and the dihedral angles of f structure is more
diverse.

A, and R

By minimizing the difference between predicted offsets
and amplitudes and fitted values for all secondary structure
elements, the best solution satisfying A,, and R can be
located. The results of A_, and R do vary and may be biased
if the fitting was based on only one or two helices (Mesleh
and Opella 2003). As shown in Figs. 4, 5 and Table 2, the
results are consistent with the alignment orders calculated
from direct minimization of experimental RDCs with
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Fig. 4 Results after the global minimization of Bax. The distribu-
tions of A_. (A) and R (B), the tilting angle of Helix 5 (C) and the
phase angle of Helix 5 (D) were obtained after 500 Monte-Carlo
calculations
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Fig. 5 Results after the global minimization of Ubiquitin. The
distributions of A,, (A) and R (B), the tilting angle of Strand 2 (C) and
the phase angle of Strand 2 (D) were obtained after 500 Monte-Carlo
calculations

Table 2 Experimental result

A (107 R

Bax (pdb)® 7.43
Bax (9 helices) 7.28 = 0.55
Ubiquitin (pdb)° 5.75
Ubiquitin (5 sheet) 5.57 £ 0.23
Ubiquitin (5 sheet + 1 helix) 5.51 +0.29

0.501
0.503 + 0.098
0.210
0.279 = 0.122
0.281 = 0.153

* The error estimation was from Monte-Carlo analysis

" The alignment order of Bax was obtained from the N-H RDCs of
the helical region. The previous NMR determined Bax coordinates,
1F16 (Suzuki et al. 2000) were used in searching for the alignment
tensor using Powell-quasi—-Newton minimization method. D, value
after the minimization was 12.07 Hz

c

The alignment order of Ubiquitin was obtained from the CA-CO
RDCs of f-sheet region. The previous NMR refined Ubiquitin coor-
dinates, 1D3Z (Cornilescu et al. 1998) were used in searching for the
alignment tensor using Powell-quasi-Newton minimization method.
D, value after the minimization was 9.342 Hz

available atomic coordinates for Bax or Ubiquitin. For
Ubiquitin the inclusion of the helix segment in global
minimization did not change the result within the experi-
mental error (Table 2). Generally the axial component A_,
is better determined than the rhombicity R judged by their
standard deviations, which is believed to be the properties
of the two parameters. A_, is the component with the largest
magnitude in alignment tensor (Eq. 3), bearing the highest
sensitivity. For Bax and Ubiquitin A, is determined within
2% and 3% error, respectively. R represents the difference
between two minor components A,, and Ay, and is inher-
ently less sensitive unless R is at its maximum value of
2/3. Consistent with the above determinations the standard
deviations of R increase with decreasing R values
(Table 2). The rhombicity obtained for Bax and Ubiquitin
agree to within 0.002 and 0.07, respectively from the
optimized values using the atomic coordinates. This results
in an average deviation in the three alignment tensor
components of 2.3% for Bax and 8.5% for Ubiquitin. With
the availability of the alignment order the orientation of the
secondary structure elements in this frame can be defined.

The histogram method (Clore et al. 1998) has been the
mainstream approach for initial blind estimation of align-
ment order. Based on the 3-point observation the histo-
grams of NH RDCs for Bax and normalized NH and
CA-CO RDCs for Ubiquitin did not provide satisfying
tensor components: the trace is not zero. The powder-pat-
tern curve fitting method (Skrynnikov and Kay 2000) was
also tested. For Bax values of A, and R were 8.0 x 107
and 0.32, respectively. For Ubiquitin values of A, and R
were 4.4 x 107 and 0.61, respectively. The above values
are optimal ones obtained when the histogram bin size is
set at 1 Hz; either increase or decrease of bin size results in
worse predictions. The Z component A, itself deviates
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away from the coordinates optimized values (Table 2) by
8% and 23% for Bax and Ubiquitin, respectively. Though
the powder-pattern fitting approach is an accurate way to
predict the alignment order (Skrynnikov and Kay 2000),
the top—down method will work better with limited sets of
RDCs.

Helix and strand orientation

The calculated orientation has an 8-fold degeneracy with
two solutions in § angle mirrored by 90° and four solutions
in o angle mirrored by 90° and 180°, consistent with the
theoretical prediction (Fig. 2). The obtained f and o angles
are converted to be in the range of 0 to 90° for ease of
comparison (Table 3 and 4). Generally the distribution of
the calculated f-strand orientation is broader than the
o-helix, judged from larger standard deviation in angle
parameters. The diversity of the ff-strand orientation comes
from both its heterogeneity as secondary structure and the
larger experimental error in CA—CO RDCs. We calculated
the projection angles to compare the secondary structures
orientation obtained by this method and those in the protein
coordinates with a known alignment tensor.

For the helical protein Bax, the helix directions deter-
mined right after the global minimization step are within
20° relative to the previously solved NMR structure and
alignment tensor. The deviation of the helix orientation
from that found in the NMR structure can be described by
their projection angle. This reduces to 10° in average after
the residue minimization step (Fig. 6A, Table 3), which
includes more floating variables, phase angle y and peri-
odicity p in addition to o and f5. The largest standard
deviation is 8° for Helix 1 (Table 3). The precision of helix
orientation is comparable to the ones reported in Mesleh
and Opella (Mesleh and Opella 2003). Inclusion of more
sets of RDC measurements could result in better orienta-
tion accuracy as demonstrated previously (Walsh and
Wang 2005). Theoretically any kinks or curvature in the

helix can be identified (Mesleh and Opella 2003; Walsh
and Wang 2005), the chance to detect it in practice is small
unless the kink-angle is larger than 18°, an estimation of
the confidence range for a a-helix.

One major source of error in determining the helix
orientation using this Top-down method is any persistent
large deviation from a canonical o-helix structure in
dihedral angles. For example the orientation of Helix 3 in
Bax has the largest projection angle 19° (Table 3).
Inspection of the pdb file reveals residues in Helix 3 have
in average large phi angles, —80° compared to the canonical
value of —57°, which changes the N-H bond-tilting angle 0
from 168° to 153°. If we carried out the residue minimi-
zation based on the later 6 value, the projection angle drops
from 19° to 8° (Table 3). If the detailed structure deter-
mination is needed, some constrains such as Talos (Cor-
nilescu et al. 1999) or short range NOEs could be included
in the calculation using the simulated annealing method
(Schwieters et al. 2003) to correct the dihedral angles and
thus the bond-tilting angles.

For the [f-sheet protein Ubiquitin, the average deviation
is 20° and the largest standard deviation is 14° for Strand 4
(Table 4). Even though we have larger uncertainty, ~34°,
in determining the f-strand orientation compared to the
o-helix, it is still possible that the twist or kink of f-sheet
may be identified because the kink-angle in the fS-strand
could be quite large. For Strand 2 of Ubiquitin, the 6 res-
idues could be split into 3 segments and fit individually
during the residue minimization step (Fig. 6B). The sum of
the 3 sub-strand vectors, based on the knowledge of true
vector orientation from pdb file, results in a better agree-
ment of orientations, forming a 19° projection angle in-
stead of 28° from one segment fitting (Table 4). In some
extreme bending situations (e.g. over 40°), it is possible to
split the f-strand into 3-4 residue segments during the
initial sine-curve fitting step. The indication that the
f-strand needs to be fragmented is quite intuitive, as
the sine-curve fitting would not converge or result in very

Table 3 «-Helix orientations in

Bax Bax Top-down method NMR structure® Projection Angle (°)°
QN o ()P B o (%)
HI1: 17-35 70 £6 66 £ 12 74 57 14 £ 8
H2: 54-70 85 +3 9+1 87 13 5+2
H3: 74-82 24 + 1 52+6 6 84 19+1
% The three Eul | d H3: 74-82° 12+1 43 + 4 5 87 8+ 1
e three Buler angles use .
to rotate Bax coordinate are 94°, H4: 88-99 S8 +1 88 + 1 57 89 1+1
41° and 47° in the rotation order ~ H5: 108-126 69 £ 1 72£3 71 90 173
of ZYZ H6: 131-146 88 + 1 76 £ 1 83 81 71
® The error estimation was H7: 150-154 30+ 1 625 30 55 4x2
from Monte-Carlo analysis H8: 159-164 431 21+4 45 5 11 %3
Results of changing the bond- 9. 171 g4 28 + 1 35+5 2 11 122

tilting angle 0 from 168° to 153°
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Table 4 f-Strand orientations in Ubiquitin

Ubiquitin Top-down method NMR structure® Projection Angle (°)°
B o () B ) o (%)

S1: 2-7 18 +4 42 +23 19 32 8x5

S2: 11-18 47 £ 10 48 £ 19 50 14 28 + 12

S2a: 12-13°¢ 48 £ 9 47 £ 18 58 323

S2b: 14-15° 42 £ 8 60 + 15 63 344

S2¢: 16-17° 48 + 12 34 +23 73 24

S2abc! 37+9 28 + 18 50 14 19+6

S3: 41-45 65+5 63 =17 48 80 24+9

S4: 48-51 71+ 12 49 + 25 91 53 31+ 14

S5: 66-74 20+ 6 48 £ 24 20 48 9+5

4 The three Euler angles used to rotate Ubiquitin coordinate are 27°, =76° and 89° in the rotation order of ZYZ

® The error estimation was from Monte-Carlo method

¢ The segment orientation from NMR determination was shown in non-reduced angles

4 S2abc is the summation of three vectors S2a, S2b and S2c. The correct orientation parameters used in vector summation was chosen based on

the corresponding one from NMR structure

DNH (H2)

110 115 120 125

Dcoc (H2)

14 15 16 17

Residue Number

Fig. 6 Examples of refinement on Helix 5 of Bax (A) and Strand 2 of
Ubiquitin (B). The dashed line is the result after the initial global
minimization and the solid line is the curve out of the residue
minimization step. For Strand 2 of Ubiquitin the fitting could also be
carried out on 3 separate segments (see Table 4)

high amplitude value for a ff-strand with a strong curvature.
Though two more angle variables would be introduced in
global minimization for each segment, it is sometimes
beneficial to have more vectors to constrain the results of
the alignment tensor.

The presented top—down approach, derived from the
method proposed previously by Mesleh & Opella (Mesleh

and Opella 2003), features fast RDC data analysis without
prior knowledge of the alignment order or protein structure.
The longest calculation took a few minutes for one round
of global minimization on protein Bax with 20 input
variables. The required measurements are N-H RDCs and
CA-CO RDCs if a f-sheet is present as well as the
chemical shift assignment for structured regions. Inclusion
of other types of RDCs will improve the outcome of the
calculation. In particular for a f-sheet protein a more
precise set of CA—CO RDCs will increase the quality of
the calculated parameters. The directions of helix and
strand can be obtained in 8-fold degeneracy. This degen-
eracy may be alleviated by the use of a second alignment
medium (Al-Hashimi et al. 2000; Hus et al. 2001; Tolman
and Ruan 2006); and long range NOEs (Fowler et al. 2000)
as well as the radius of gyration (Grishaev et al. 2005) that
can restrict the possible helical packing. The top-down
approach relies on the characteristic offset and amplitude
derived from RDC curves within each helix or strand
fragment so that it is less sensitive to missing RDC values
for some residues in the protein sequence. In fact only a
few RDCs are needed per secondary structure elements to
result in a solvable system. This is in contrast to building
the protein structure from an individual peptide plane using
RDC as directional guide at every step. Since this bottom—
up process is sequential in nature, big gaps of missing RDC
data in the protein sequence present larger degrees of
freedom, therefore a much bigger challenge. If the global
fold of a protein is established first from the simple top—
down RDC analysis, other constraints such as distances,
chemical shift index and J couplings from NMR and other
methods can easily be included in the structure refinement.
Less biases and errors would be introduced in the
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top—down approach since the conformational space for
each residue had been reduced, thus high resolution NMR
structures can be obtained more efficiently. This method
will accelerate the NMR structure determination, which is
important for the structural genomics project (Prestegard
et al. 2005; Prestegard et al. 2001).
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