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Abstract We describe a novel method for the robust,
rapid, and reliable determination of J couplings in multi-
dimensional NMR coupling data, including small couplings
from larger proteins. The method, “High-resolution Itera-
tive Frequency Identification of Couplings” (HIFI-C) is an
extension of the adaptive and intelligent data collection
approach introduced earlier in HIFI-NMR. HIFI-C collects
one or more optimally tilted two-dimensional (2D) planes
of a 3D experiment, identifies peaks, and determines
couplings with high resolution and precision. The HIFI-C
approach, demonstrated here for the 3D quantitative J
method, offers vital features that advance the goal of rapid
and robust collection of NMR coupling data. (1) Tilted
plane residual dipolar couplings (RDC) data are collected
adaptively in order to offer an intelligent trade off between
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data collection time and accuracy. (2) Data from indepen-
dent planes can provide a statistical measure of reliability
for each measured coupling. (3) Fast data collection enables
measurements in cases where sample stability is a limiting
factor (for example in the presence of an orienting medium
required for residual dipolar coupling measurements). (4)
For samples that are stable, or in experiments involving
relatively stronger couplings, robust data collection enables
more reliable determinations of couplings in shorter time,
particularly for larger biomolecules. As a proof of principle,
we have applied the HIFI-C approach to the 3D quantitative
J experiment to determine N-C” RDC values for three pro-
teins ranging from 56 to 159 residues (including a homod-
imer with 111 residues in each subunit). A number of
factors influence the robustness and speed of data collec-
tion. These factors include the size of the protein, the
experimental set up, and the coupling being measured,
among others. To exhibit a lower bound on robustness and
the potential for time saving, the measurement of dipolar
couplings for the N-C” vector represents a realistic “worst
case analysis”. These couplings are among the smallest
currently measured, and their determination in both iso-
tropic and anisotropic media demands the highest mea-
surement precision. The new approach yielded excellent
quantitative agreement with values determined indepen-
dently by the conventional 3D quantitative ] NMR method
(in cases where sample stability in oriented media permitted
these measurements) but with a factor of 2-5 in time sav-
ings. The statistical measure of reliability, measuring the
quality of each RDC value, offers valuable adjunct infor-
mation even in cases where modest time savings may be
realized.

Keywords HIFI-C - High-resolution Iterative Frequency
Identification of Couplings - Fast NMR data collection -
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Introduction

The accurate determination of small couplings is frequently
of importance in biomolecular NMR spectroscopy. Appli-
cations include the collection of dihedral angle constraints,
the identification and quantification of trans hydrogen bond
couplings (Cordier and Grzesiek 1999; Cornilescu et al.
1999a, b) and the measurement of residual dipolar cou-
plings (RDCs) (Tjandra and Bax 1997; Tolman et al.
1995). Various approaches developed for acquiring data for
coupling measurements include S3E (Meissner et al.
1997), IPAP (Ottiger et al. 1998a), J-modulated (Ottiger
et al. 1998b) and quantitative J experiments (Chou et al.
2000). The 3D quantitative J experiment (Chou et al. 2000)
was designed specifically for the purpose of measuring the
many couplings of interest in proteins and nucleic acids
that are significantly smaller than the line widths of the
coupled peaks. Such couplings could not be determined
with an acceptable degree of precision by earlier 2D
methods. Later 2D methods have addressed the resolution
demand of ECOSY type of coupling measurements (Permi
et al. 1999; Kover and Batta 2004; Hoshino and Otting
2004), but for proteins with extensive overlap in these 2D
spectra the 3D quantitative J method is preferable. This
experiment utilizes 3D data collection to eliminate peak
overlap and, as a consequence, requires lengthy data
acquisition times. To circumvent this problem, we have
developed a novel reduced dimensionality (RD) experi-
ment that replaces full 3D data collection of a quantitative J
experiment by collection of one or more 2D planes at
judiciously chosen tilt angles. The desired couplings can be
extracted from the resulting planes with great precision.

The extraction of accurate coupling values from col-
lected data, either 2D or 3D, depends on a number of fac-
tors. The robustness of computed values depends on the
signal-to-noise ratio (S/N) for the data, the degree of signal
overlap, and the numerical procedures used in the compu-
tational steps. Overlap can be resolved by collecting higher
dimensional data. However, with increasing dimensions,
problems such as truncation artifacts lead to a progressive
trade-off between resolution and accurate line shape. Thus,
when peak overlap can be avoided, lower dimensional data
with higher resolution may be preferable for reasons beyond
time savings. Long acquisition periods may be necessary for
measuring small couplings, particularly with larger bio-
molecules or more dilute samples. Thus there is a need for a
method for determining couplings rapidly and with a mea-
sure of confidence in the values obtained.
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Our approach to solving this problem is to use reduced
dimensionality (RD) data collection (Szyperski et al.
2002). RD has the potential of alleviating some of the
difficulties of nD NMR by combining information from
different evolution periods into a single dimension. One
RD approach is to create '’N—'°C double- and Zero-quan-
tum coherence in a single evolution time (Szyperski et al.
1993). Similarly, 2D versions of HNCA and HNCO triple
resonance experiments, called MQ-HNCA and MQ-HNCO
have been developed (Simorre et al. 1994). Another RD
approach involves the simultaneous evolution of chemical
shifts from two or more nuclei as single-quantum coher-
ences in a single indirect domain. For example, 3D
experiments can be recorded as 2D planes in which the two
indirect chemical shifts are encoded in the second dimen-
sion. Although losses resulting from additional polarization
transfers during the evolution periods cannot be avoided in
RD experiments (Sattler et al. 1999), resolution and sen-
sitivity gains can be realized.

A number of promising RD techniques have been de-
scribed recently, including the G-matrix Fourier Transform
(GFT) (Kim and Szyperski 2003) and Time-Proportional
Phase Incrementation (TPPI) (Ding and Gronenborn 2002)
methods. The strength of RD methods lies in the possibility
of both reducing the collection time of high-dimensional
spectra and increasing their digital resolution. In HIFI-
NMR, we combined a tilted plane approach (Kupce and
Freeman 2003) with automated peak recognition and
intelligent and adaptive selection of mixture ratios to
minimize overlap and to avoid the need for reconstructing
spectra (Eghbalnia et al. 2005).

By building on the methods proposed in HIFI-NMR, we
have developed a novel method (HIFI-C) for the fast col-
lection and analysis of coupling data. The underlying
principle behind HIFI-C is to combine the high digital
resolution provided by 2D spectra with the ability of tilted-
plane data collection to separate overlapped peaks. The
quantitative J method, which encodes the coupling in peak
amplitudes and thereby avoids the additional signal over-
laps present in spectra with chemical shift encoded cou-
plings, is readily adapted to this approach. HIFI-C
adaptively chooses the optimal angle for a tilted 2D plane
from a 3D quantitative J experiment that minimizes peak
overlaps and provides the needed coupling information. If
one or more additional planes are required, to resolve
remaining peak overlaps, these are chosen adaptively and
iteratively. Because the data for each plane are collected
and processed independently, results from multiple planes
can be used to ascertain the reliability and robustness of
individual RDC values. The time savings result from
automated termination of data collection at the point where
additional acquisitions would not improve the analysis.
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Analysis of HIFI-C data for extraction of J-couplings and
RDC values has been fully automated.

To illustrate the applicability of the HIFI-C approach, we
demonstrate its use in determining RDC values for the N-C’
vector. This is one of the smallest dipolar couplings com-
monly measured, and its determination requires the highest
measurement precision; it thus represents a “worst case”
application of the new method. In addition, NC” is one of the
three types of RDCs needed for accurate alignment tensor
calculation in the EHM (Extended Histogram Method)
developed by Ad Bax (Bryce and Bax 2004). EHM uses the
geometry and symmetry of each peptide plane defined by
the NH, C'CA and NC’ vectors to compute a multitude of
other internuclear vectors (including “synthetic” RDCs) to
obtain a much better sampled RDC histogram that yields a
considerably more accurate alignment tensor. We compare
the Jyc values determined by HIFI-C in isotropic and
anisotropic media and the resulting RDCs with those
determined by conventional 3D methods, which require 2—
5 times longer data acquisition times.

After our studies were completed, another RD approach
to fast collection of coupling data, J-GFT, appeared
(Atreya et al. 2007). We discuss here the relative advan-
tages and disadvantages of J-GFT and HIFI-C.

Materials and methods
Proteins samples

Three labeled proteins were used in this study.
[°H,"*C,"°N]-GB3 (third IgG-binding domain of protein G)
(Gallagher et al. 1994) was a gift from Ad Bax. The 155-
residue ['°C,'>N]-Prp24-12 protein (Reiter et al. 2006) was
a gift from Samuel Butcher. Preparation of the 111-residue
dimeric protein ['°C,"”N]-At5g22580.1 has been described
previously (Cornilescu et al. 2004).

The GB3 sample in isotropic medium contained ~2 mM
[’H,"C,"”N]-GB3 in 93% H,0, 7% D,0, 50 mM sodium
phosphate buffer, pH 6.5, and 0.15 mM NaNj. The GB3
sample in anisotropic medium contained ~1 mM protein
sample under the same solution conditions but with 10 mg/
ml filamentous pfl phage (Hansen et al. 1998).

The Prp24-12 sample in isotropic medium contained
~0.6 mM [C,'>N]-Prp24-12 in 93% H,0, 7% D0,
50 mM potassium phosphate, pH 7.0. The Prp24-12 sample
in anisotropic medium contained the same components
plus 5% (w/v) phospholipid bicelles, consisting of a 3:1
molar ratio of dimyristoylphosphatidylcholine (DMPC)
and dihexanoyl-phosphatidylcholine (DHPC), prepared as
described previously (Ottiger and Bax 1998).

The At5g22580.1 sample in isotropic medium contained
~1 mM ["*C,"°N]-At522580.1, 50 mM sodium phosphate

buffer, pH 6.5, and 0.1 mM NaNj3 in 93% H,O and 7%
H,0. The At5g22580.1 sample in aligned medium con-
tained ~0.7 mM protein under the same buffer conditions
but with 5% (w/v) phospholipid bicelles, consisting of a 3:1
molar ratio of DMPC/DHPC (Ottiger and Bax 1998).

All samples were contained in 280 pl Shigemi microcells.

Data collection

The 3D experiments were recorded using the original
quantitative J method described by Bax (Chou et al. 2000)
(http://spin.niddk.nih.gov/bax/pp/trosy-hnco-JINC-3D). The
2D HIFI-C version of this sequence utilized simultaneous
evolution of the indirectly detected '*C” and '°N dimen-
sions as described in detail the HIFI-NMR paper (Egh-
balnia et al. 2005) and briefly summarized below.

The 2D tilted planes are collected by evolving both By
and "N indirect dimensions simultaneously point by point.
The ratio between the dwell times of the two simulta-
neously evolving dimensions determines the angle of the
resulting tilted plane. Practically, we set the desired '*C’
and "°N spectral windows and multiply the corresponding
dwell times by the sine and the cosine of the chosen tilt
angle. To achieve quadrature detection, we use the States
method independently for each indirect dimension, result-
ing in four FIDs recorded interleaved for each time incre-
ment. These four FIDs represent all possible combinations
of real and imaginary points of the indirect dimensions.
The four FIDs are then separated in two spectra, each
containing the real and imaginary points for one of the
simultaneously evolving dimensions (**C"), but only the
real or the imaginary points of the second one ('°N).
Fourier transformation of these two data sets results in two
spectra, 90° out of phase, with duplicated peaks arising
from the indistinguishable “+” and “~” N frequencies.
The sum of these two spectra results in a spectrum that
contains a single set of peaks with the frequencies of
the two simultaneously evolving nuclei added together
(“+ tilt” spectrum). The difference between the two spectra
yields a spectrum containing the other set of peaks at the
position of the subtracted frequencies (“— tilt” spectrum).
The HIFI-C pulse sequence (Fig. 1) and all processing
scripts are posted on the web at http://miranda.nmrfam.
wisc.edu/HIFI/RDC.

To enable benchmarking and comparison of results from
standard 3D quantitative J and HIFI-C experiments, data
for each protein were collected in 3D and HIFI mode in
both isotropic and aligned states as outlined in Table 1.
The 'Jon coupling was derived from the relative intensity
in two interleaved 3D spectra or from one or more HIFI 2D
gradient and sensitivity enhanced HNCO spectra with Ty
dephasing intervals of approximately 1/(2 'Joy) (reference
intensity) and approximately 1/ Jen (attenuated intensity).

@ Springer
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Fig. 1 Pulse sequence scheme for the 2D HIFI HNCO quantitative
Jon experiment. Narrow and wide pulses correspond to flip angles of
90° and 180°, respectively. All pulse phases are x, unless specified
otherwise. All '*C’ pulses have the shape of the center lobe of a sinx/x
function. Narrow '*C” pulses bracketing the t; evolution time are 90°
pulses, all other Ber pulses are 180°. B pulses are soft squared
pulses with a flip angle of 180°. GARPI decoupling was used on '°N
during acquisition. Delay durations: A =2.4 ms; k = 5.3 ms;
T =33.7 ms; A =16.6 ms; 0 = 14 ms; t = 0.8 ms. For the reference
spectrum, the first 180° pulse on '*C’ is given at position a; for the
attenuated spectrum this pulse is given at position b. Constant time
evolution is used for the >N dimension when t,/2 < 9: ty, = 6 — (t/
2), to, = 0.0, tye = (t/2); Semi-constant time '°N evolution is used
when t/2 > J: tp, = 0.0, to, = (t:/2) — 0, tye = (t2/2). For collecting
HIFI tilted planes: t; = [(i — 1)/swC’] X cosf and t, = [(i - 1)/

Table 1 Experimental details

G, G, G G G

G7

swN] X sin0; i is the increment counter common to both simulta-
neously evolving indirect dimensions; swC” and swN are the spectral
windows of the '*C” and '"N dimensions respectively; 0 is the
projection angle of the tilted plane. Phase cycling: ¢, = x,—x,
P2 = X, X,—X,—X, (3 = X, Prec = X,—x. Four FIDs are collected for each
increment to accomplish quadrature detection for both 13¢” and N
indirect dimensions. Quadrature detection for '>C” dimension is
achieved by changing the ¢, phase to y,—y. Quadrature detection for
>N dimension is achieved by changing ¢ to —x and inverting the sign
of the rephasing gradient G,. For processing of the HIFI tilted planes
refer to the text and references therein. Gradients are 1 ms WURST
shaped z-axis gradients, except for the dephasing and rephasing
gradients, G1 and G2 that are set to 2.3 ms and 0.5 ms, respectively.
Gradient strengths (G/cm): G1: 19.6, G2: +/-9.14, G3: 17, G4: 2, GS5:
3, G6: 4, G7: -3, G8: 5

Protein Medium Data collection mode Field (MHz) Number of transients Signal-to-noise Total time (h)
Mean SD
GB3 Isotropic 3DJ 900 2 650 243 7.9
GB3 Isotropic HIFI-C 900 8 239 94 1.7
GB3 pfl 3DJ 600 4 315 161 17.5
GB3 pfl HIFI-C 600 16 88 45 3.1
PRP24-12 Isotropic 3D1J 800 8 64 64 44.1
PRP24-12 Isotropic HIFI-C 600 48 19 16 14.6
At5g22580.1 Isotropic 3D1J 600 8 133 289 31.5
At5g22580.1 Isotropic HIFI-C 600 64 58 131 17.7
At5g22580.1 Bicelles 3DJ 600 16 35 50 63.1
At5g22580.1 Bicelles HIFI-C 600 192 27 37 48.6

The random error in the 'Jon value extracted in this
manner is inversely related to the S/N in the reference
spectrum. As described in the 3D quantitative J paper, a
S/N of 30:1 in the reference spectrum yields random errors
of less than 0.2 Hz in the extracted 'Jon value (Chou et al.
2000).

NMR spectra of the GB3 samples were collected at
25°C. NMR spectra of Prp24-12 in isotropic medium were
acquired at 30°C and in anisotropic medium at 32°C. NMR
spectra of At5g22580.1 in isotropic medium were acquired
at 25°C and in anisotropic medium at 35°C.

@ Springer

Data were recorded on Varian INOVA spectrometers with
cryogenic probes operating at 600 MHz 'H frequency (GB3,
Prp24-12, At5g22580.1), 800 MHz (Prp24-12), and
900 MHz (GB3). The lowest field (600 MHz) would have
provided the highest quality HNCO data because of fast '*C’
relaxation effects; the other spectrometers were used simply
because they were available. Comparisons between 3D
quantitative J and HIFI-C were made at the same fields (with
the exception of Prp24-12 data). The 3D spectra were re-
corded as 38-45%(t;, "N) x 38-45%(t,, °C) x 769-1161*
(t3, 1H) data matrices. Acquisition times were 12.4-23.8 ms,
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10.1-18.2 ms and 80.0 ms in the #, t, and #; dimensions,
respectively. The 2D-HIFI spectra were collected as 70-110*
(t1, °N + 1°C) x 769-1161%(z3, 'H) data matrices. Acquisi-
tion times were 30.0-64.1 ms, 21.2-54.7 ms and 80.0 ms in
the t;, and #, dimensions, respectively.

The adaptive decision process for optimal data collec-
tion protocol enables the user to balance the competing
needs among short data collection times, sample stability
and robust analysis of the extracted couplings (Fig. 2). In
the HIFI method, two tilted planes are obtained after each
data collection run (equivalent to a projection of the 3D
signals onto a 2D plane tilted by an angle «). One plane
contains a single set of peaks with the frequencies of the
two simultaneously evolving nuclei added together (+o
spectrum). The second plane contains the other set of peaks
at the position of the subtracted frequencies (-« spectrum).
The S/N in either case would be equivalent to that of a
single spectrum acquired over the sum of the data acqui-
sition times of the two spectra.

Each plane is processed independently and may result in
signals with peaks with slightly different line shapes and
amplitudes; this effect is more pronounced in the case of
weak signals that are typical for the attenuated spectrum
when collecting data by quantitative J method. When data

—
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High SNR?

Test for F Yes

signal stability "~~~ ¢
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Yes —( Overlap resolved?)
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Fig. 2 The “adaptive decision process for optimal data collection”
protocol used by HIFI-C starts with HN, N, and C’ peak positions
determined from a previous HNCO experiment (standard or HIFI-
NMR (Eghbalnia et al. 2005). From this information, the optimal
plane with minimal peak overlap is computed, and data for this plane
are collected and analyzed for satisfactory stability in the signal-to-
noise-ratio (S/N) over time. Significant changes in S/N may be an
indication of sample instability and may suggest that the collection of
further data may degrade the results. If the S/N is stable, the choice is
made to collect an additional plane (if the signals are overlapped) or
to collect additional scans (if the signals are not overlapped). The
process continues until the desired measure of accuracy and precision
in the data has been achieved

collection from m different tilt angles is needed, 2m planes
are obtained. The 2m extracted coupling values, obtained
from m independent observations and 2m independent
computations, show statistical fluctuations around the mean
coupling for each residue. The variance in fluctuations of
all residues can be statistically screened in order to obtain
information about the reliability of extracted coupling
values.

The main step in the HIFI-C approach is to collect data
for the plane with the least signal overlap from the com-
bined +/— HIFI planes. If isotropic data have been collected
by the HIFI approach, these angles are already available.
Otherwise, the HIFI dispersion function can be used to
determine this angle from a 3D HNCO peak list.

Extraction of RDC values

Scalar and dipolar couplings from both experiments are
extracted in the same quantitative J style, i.e., from peak
intensity ratios rather than splittings. Because the S/N in
the attenuated spectrum is very low, the precise peak
positions are picked from the reference spectrum (with
high S/N), and the intensity at those exact positions are
measured in the attenuated spectrum by using the 3D
Fourier interpolation feature in NMRPipe (Delaglio et al.
1995). An in-house developed script (available on the web
at http://miranda.nmrfam.wisc.edu/HIFI/RDC) can be used
to map previously determined HNCO assignments onto
these HIFI planes.

For each HIFI tilt angle, the two planes provide inde-
pendent measurements of peak amplitudes. We calculated
each J or J + D coupling from these measurements and
took the average of the two when differences were smaller
than 0.5 Hz. When the difference was larger than 0.5 Hz
and peak overlap occurs in one of the planes we used the
value from the plane with the non-overlapping peaks. For
the three proteins used to test the HIFI-C method, a single
HIFI plane was sufficient to obtain all or more than 95% of
the measurable NC’ couplings. However, additional tilt
planes (with optimal dispersion) can be acquired if needed
to resolve overlaps. Each additional plane provides one
more pair of measured values of peak intensities (if no
overlap occurs), which provide -cross-validation and
increased precision in the extracted couplings.

Results and discussion
Proteins investigated
We used three proteins on hand in the laboratory for testing

the HIFI-C method. GB3 is a benchmark protein of 55
amino acids with high resolution crystal and high quality

@ Springer
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NMR refined structures available, allowing not only the
comparison of the RDCs extracted by HIFI-C and 3D, but
also fitting them to a structure. Although the GB3 sample
we used happened to be perdeuterated (because it had been
prepared for another type of experiment), this labeling
pattern was expected to have no effect, positive or nega-
tive, on the data collected. PRP24-12 was chosen as an
example of a protein of medium size (159 residues);
however, because the protein proved to be unstable in the
oriented medium, only isotropic couplings could be ob-
tained. We report the results as an example of measurement
of small couplings for a medium sized protein. The third
protein, At5g22580.1, a 25 kDa homodimer, provided an
example of a larger protein for which a comparison of
RDCs obtained from HIFI-C and conventional 3D experi-
ments was possible.

Test of the HIFI-C approach under isotropic conditions

Accurate extraction of couplings requires the careful con-
sideration of S/N in the reference spectrum, which deter-
mines the error of measurement. The correlation between
the isotropic couplings for GB3 extracted from HIFI and
conventional 3D spectra (Fig. 3A) yielded a Pearson’s
correlation factor R of 99.8% and a pairwise root mean
square deviations (rmsd) of 0.15 Hz.

For the PRP24-12 protein, the 3D experiment provided
coupling data for 150 assigned peaks, whereas the pair of
HIFI-C planes from the first optimal projection angle
yielded data for 149 couplings. The 149 isotropic couplings
obtained by both methods yielded a pairwise rmsd of
0.29 Hz. When the eight peaks with S/N < 10 were ex-
cluded, the rmsd became 0.25 Hz (Fig. 3B); and the cor-
relation factor R was 94.0%.

With the third protein, At5g22580.1, HIFI-C yielded
isotropic couplings for 99 residues as compared to 105
from 3D. Over these 99, the pairwise rmsd was 0.3 Hz. The
largest difference (1.3 Hz) was for a signal affected by

peak overlap in both (+ and —) HIFI planes; when data for
this residue were excluded, the rmsd became 0.2 Hz (data
not shown).

Test of the HIFI-C approach under conditions of partial
alignment

The high stability of GB3 in the pfl phage alignment
medium, along with its high data quality, allowed rigorous
comparison of Dyc values determined by the HIFI-C
method (single pair of planes selected at 60°) with those
from the traditional 3D experiment (Fig. 4A). The
[C,'>N]-At5g22580.1 protein partially aligned by bi-
celles, was stable during the collection of HIFI-C data. A
single tilted plane (at 28°) plane was sufficient to extract all
102 NC’ couplings in the aligned state (the same number as
obtained from the 3D spectra). HIFI-C data from two
additional tilted planes were obtained for comparison
purposes. However, during the subsequent recording of 3D
quantitative J data, the magnitude of the alignment started
to diminish (as determined from decreased quadrupolar
splitting of the water signal in 1D deuterium spectra
measured between all experiments in the aligned state).
Nevertheless, after scaling up the extracted couplings to
compensate for the decrease in the alignment tensor, the
RDCs extracted by the two methods showed a very good
agreement (Fig. 4B) with a pairwise rmsd of 0.6 Hz.
Moreover, the additional scatter in Fig. 4B when compared
with the correlation plot under isotropic condition in
Fig. 3B is due not only to inherent reduced signal-to-noise
ratio caused by dipolar peak broadening but also to pos-
sible changes in the alignment tensor rhombicity during the
3D experiment. In this case, consistent data from 2 to 3
HIFI planes (i.e. 4-6 independent measurements) constitute
a clearly more accurate measurement than a single 3D
experiment on less than perfectly stable aligned protein
sample. This was further confirmed by the lower pairwise
rmsd obtained when comparing (averaged) couplings

Fig. 3 Comparison between
couplings measured by HIFI-C
and 3D quantitative J
experiments under isotropic
conditions for (A) the 56 amino
acid GB3 protein (R = 99.8%,
rmsd = 0.03 Hz) and (B) the
159 amino acid PRP24-12
protein (R = 94.0%,

rmsd = 0.25 Hz)

(A)

J o (HIF) [Hz]

i |(B)

J o HIF) [Hz)
=)
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Fig. 4 Comparison between NC’ RDC values measured by HIFI-C
(HIFI) and 3D quantitative J (3D) methods. (A) Correlation plot
(R =0.998, rmsd = 0.15 Hz) of NC’ RDC values for the GB3 protein.
RDC values were obtained for 53 out of 55 residues. Two residues
were excluded because of overlap in the 3D spectrum (one was also

extracted from measurements with different HIFI tilt
angles, i.e. ~0.2 Hz for isotropic state and 0.4 Hz in
aligned state (Supplementary material, Fig. 4).

Comparison of RDC values extracted by HIFI-C with
those from conventional 3D NMR

Our reliability tests are based on statistical comparison of
RDCs derived from HIFI-C and the standard 3D quanti-
tative J experiment. In the case of HIFI-C, data from sev-
eral independent planes can be used individually, or
combined, for comparative analysis.

In comparing Dy values for GB3 derived from 3D and
HIFI-C (Fig. 4A) we observed three outliers (labeled by
residue number i of the N;C’;_; pair) showing differences
larger than twice the pairwise rmsd. These small differ-
ences stem exclusively from the measurements in the
aligned state, because the isotropic values of the couplings
measured by the two methods are practically identical
(pairwise rmsd is 0.03 Hz). A way of closely inspecting
these differences is by comparing the experimental Dyc
values with ones back-calculated from the extensively re-
fined 3D structure of GB3 (PDB ID 1P7F). The outlier
analysis is presented in the Supplementary material,
Table 2. In two cases, those corresponding to larger RDCs
(i.e. smaller relative experimental errors), the HIFI-C Dy¢
values extracted from the single tilt angle (60°) are closer
to the values back-calculated from the structure than the
Dner values from the 3D quantitative J experiment. For the
third outlier, that corresponding to the smallest Dyc’, both
experimental Dycr values diverge equally (~0.3 Hz) from
the back-calculated value.

The excellent correlations (Figs. 3A and 4A) attest to
the accuracy of the HIFI-C method when compared to the

(B)

Dy (HIFN) [Hz]
L2
0

Dy 3D) [Hz]

shifted in the aligned state, possibly due to slightly different pH. (B)
Correlation plot (R = 0.940, rmsd = 0.6 Hz) of NC” RDC values for
the 25 kDa homodimeric At5g22580.1 protein. The RDC correlation
was obtained for all 102 residues, with HIFI-C data from a single
tilted plane (+28°)

traditional 3D quantitative J approach. The precision in
measuring the NC’ dipolar couplings (which are among the
smallest measurable RDC values) by HIFI-C is virtually
identical to that provided by the 3D experiment. Thus, we
can safely conclude that larger RDCs (such as Dy, Deoye
etc.) can be obtained by the HIFI-C approach with even
better precision at a fraction of the experimental time
needed for the 3D method.

Similar analysis of the RDC values for At5g22580.1 in
terms of its structure was not possible owing to the lower
precision of the available structure along with the lower
precision of the RDC measurements by both 3D and
HIFI-C approaches. Despite the larger number of scans
collected, the HNCO spectra of the homodimer have con-
siderably broader peaks and lower S/N than those for GB3
(Table 1). Correlation plots for Jyc values for
At5g22580.1 in isotropic and aligned media derived from
3D J and three HIFI-C planes (28°, 57°, and 77°) are
presented in the Supplementary material, Fig. 1. Outliers
(labeled by i of the N,C’; , | pair) for At5g22580.1 in the
RDC comparison plot in Fig. 4B that are larger than twice
the pairwise rmsd (0.45 Hz) are listed in the Supplemen-
tary material, Table 3. These outliers correspond to resi-
dues that are in regular secondary structural elements: on f3
strands (8, 41, 42), at an end of a f strand (100), on
o-helices (71, 78) and at an end of an o-helix (67).

The HIFI-C extracted J + D couplings in the aligned
state of At5g22580.1 have been analyzed statistically
(Table 2). The average S/N for the three pairs of HIFI-C
planes was approximately 26. Tilted planes were collected
in pairs in the “most informative” order, i.e. roughly that
with the least amount of peak overlap in each plane.
Couplings were extracted automatically from each plane
and cross-matched in each pair of planes (+/— tilt angle)
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in order to obtain a single list of extracted couplings. The
method offers independent measurements from each plane
and affords increased precision of the extracted couplings
by averaging across all valid measurements, exclusion
data from overlapped peaks, and identification of outliers.
It is interesting to note that even though the number of
overlapping peaks increased in the subsequent optimal
planes (from 7 to 16 to 19; Table 2), the redundancy (i.e.
number of couplings extracted from both planes) also
increased and, more importantly, the pairwise rmsd of the
couplings extracted from each pair of planes did not
deteriorate (it actually decreased). In fact, the correlation
between the couplings extracted from the +77°/-77° pair
of planes (the 3rd optimal tilt angle) is at least as good as
that of the +28°/-28° pair (the Ist optimal tilt angle)
(Supplementary material, Fig. 3). A similar statistical
analysis of the isotropic couplings obtained by HIFI-C for
At5g22580.1 yielded much smaller rmsd values owing to
the sharper peaks in the isotropic state; with an average
spectral S/N of approximately 60 (Supplementary mate-
rial, Table 1).

The observed high correlation of recovered RDC values
across different planes in the HIFI-C method with S/N >25,
coupled with the similar correlation with data collected by
the standard 3D quantitative J method, points out the
robustness and accuracy of both methods at high S/N.
However, it was not possible to determine the accuracy and
precision of RDC values recovered from 3D data sets at
lower S/N. The outliers (Supplementary material, Table 3)
were analyzed further to see if deviations of recovered
RDC values are correlated with S/N values. No such cor-
relation was observed in the data relating S/N to extracted
RDCs in from either the 3D or the HIFI-C method. The
results suggest that the accuracy of the recovered RDC
values does not fall off linearly at S/N values below ~25,
but instead is essentially random.

Data from independent HIFI-C planes provide a mea-
sure of precision, and this information can be used to
determine whether or not to include RDCs as restraints in a
structure determination step. Additional discussion and
figures regarding the variation of extracted RDC values in
different planes is presented in the Supplementary material.

Table 2 Statistical analysis of the couplings extracted from HIFI-C data collected for the At5g22580.1 protein in the aligned state, at three
different tilt angles (two planes per tilt angle) collected in the “most informative” order (plane 1 first)

Rmsd:
HIFI Couplings Rmsd: d tli
a . : outlier
Order Plane Overlap extracted all points Outliers points
included® e
excluded
+28° 6 0.65 Hz 6 0.45 Hz
-28° 28 (n=81) (n=175)
0.71 Hz 0.61 Hz
1 +28°/-28° 7 102/102
(n=45) (n=15)
+57° 13 0.51 Hz 5 0.38 Hz
-57° 27 (n=91) (n=286)
0.48 Hz 0.40 Hz
2 +57°/-57° 16 100/102
(n=36) (n=82)
+77° 27 0.50 Hz 5 0.38 Hz
-77° 23 (n=95) (n=90)
0.42 Hz 0.37 Hz
3 +77°/1-77° 19 101/102
(n=30) (n=283)

% For each plane, the overlap column records the number of peaks that overlapped only in that plane; for each pair of planes (shaded rows) the
overlap column records the number of peaks that overlapped in both planes

® Owing to overlap in individual planes, and the collection of data in pairs of planes, the reported number of couplings extracted is for the pair of

planes

¢ Pairwise root mean square deviations (rmsd) for the extracted couplings between pair of planes (+,—): non-shaded rows, for all peak pairs
(overlapping and non-overlapping); shaded rows, only for non-overlapping peak pairs. The number of couplings involved is given by n

9" Qutliers are those where the difference between couplings extracted from the +/— planes is larger than twice the pairwise rmsd

¢ The rmsd in the shaded rows was calculated only between couplings for which averaging was applied (see text). The number of couplings

involved is given by n

@ Springer



J Biomol NMR (2007) 38:341-351

349

Comparison of the HIFI-C with the J-GFT reduced
dimensionality method

An RD method was recently reported (J-GFT) (Atreya
et al. 2007) and applied to the simultaneous measurement
of five mutually correlated NMR parameters: '°N backbone
chemical shifts and the four one-bond spin-spin couplings,
Ber g, Bee-B3¢’, PN, and N-"H". The experi-
ment was demonstrated by measuring RDC values for a
small (8 kDa) protein. The J-GFT method has the advan-
tage of measuring several RDC types simultaneously. From
the data reported, however, small couplings obtained by the
J-GFT approach appear to be less robust than those
obtainable by the HIFI-C method. For example, the authors
reported a pairwise rmsd of 0.85 Hz for the NC” couplings
(over ~44 of 54 total) obtained by J-GFT at two different
magnetic field strengths. In addition, their reported pair-
wise rmsd values between NC” RDC values determined by
3D quantitative J and J-GFT at the two magnetic fields
were 0.75 Hz and 0.9 Hz, respectively. The relative errors
in many of the reported NC’ couplings (as large as 50—
100%) suggest that the measurements may not be of
practical use as structural constraints. By comparison, the
pairwise rmsd between HIFI-C and the traditional 3D
quantitative J experiment for a similar sized protein (GB3)
was 0.15 Hz (over 53 of 55) (Fig. 4).

Because the J-GFT experiment requires the simulta-
neous evolution of one chemical shift and four coupling
constants in a constant time fashion, with consequent
reduction of sensitivity in each added dimension, it is un-
clear that this approach will be practical for larger proteins.
The evolution of the backbone '°N chemical shift alone
may not serve to resolve all the peaks for proteins larger
than 8 kDa; if so, this would require the co-evolution of
additional frequencies and further reduce sensitivity or
increase the data collection time. Another uncertainty is
how the proposed GFT-J approach for dealing with spin-
system-specific phase shifts of cosine-modulated signal
components would work for larger systems with weak and
overlapped signals. The HIFI-C approach has been dem-
onstrated here with a considerably larger (25 kDa
homodimer) protein (Supplementary material, Fig. 2).

Finally, the fully automated data analysis and statistics
afforded by HIFI-C provide rapid extraction of coupling
data along with a measure of the reliability and robustness
of the couplings, not currently available with J-GFT.

Conclusions
The HIFI-C approach described here (Fig. 2), although

similar to the original HIFI experiment (Eghbalnia et al.
2005) in its use of adaptively selected optimal planes for

reducing 3D data collection to 2D, differs from HIFI-NMR
in its fundamental goal. Whereas the HIFI experiment aims
simply to identify the positions of peaks in 3D frequency
space, the HIFI-C experiment aims to determine the
intensity of each non-overlapped peak. We have shown that
HIFI-C provides a fast, robust, and automated method for
extracting coupling information from 3D spectra. Although
we have focused here on examples of residual dipolar
coupling measurements, the approach should be applicable
to other situations. For example, a TROSY 3D HNCO
experiment was used to detect hydrogen bonds in a 30 kDa
[2H, ]3C, ]5N]-pr0tein (Wang et al. 1999). In such an
experiment, the optimal repetition rate is given by the "HY
T, value. To acquire the data in a reasonable period of time
(3.8 day), the authors used a repetition rate of 2.6 s instead
of the optimal value of 5 s. The HIFI-C approach should
permit the use of the optimal (5 s) repetition rate (for
highest sensitivity) in the 2D tilt planes and speed up the
data collection considerably.

The HIFI-C approach for rapid and robust measurement
of RDCs could lead to substantial improvements in the
speed and accuracy of NMR structure determinations,
refinement, and validation (Andrec et al. 2001; Clore and
Schwieters 2003; Cornilescu et al. 1998; Delaglio et al.
2000; Hus et al. 2000; Qu et al. 2004; Tjandra et al. 1997,
Wang and Donald 2004; Wedemeyer et al. 2002). Fast data
collection can reinforce the potential advantages of RDC-
based NMR structure determination, which include the
ability to determine structures from a small number of
NMR experiments and the promise of overcoming the
protein size limit of traditional NMR structure determina-
tion approaches.

As shown here, in addition to speeding up data collec-
tion, HIFI-C may make it possible acquire information on
oriented samples before they degrade. RDCs are measur-
able only in solution when the protein is in a so-called
nematic dilute liquid crystalline form or in anisotropically
compressed hydrogels, where large molecules (often much
larger than the protein), are added to the solution. These
agents align in the magnetic field of the spectrometer due
to their own magnetic properties. The interactions between
the aligning agent and the protein effectively reduce the
number of possible orientations and lead to an “average”
orientation of the protein with respect to the magnetic field,
which leads to the creation of measurable RDCs. The
presence of the agent, however, can introduce conditions
that are deleterious to the long-term stability of the protein
sample, or the agent itself may become unstable.

The observed correlations in the benchmark protein as
well as the other test protein are well within experimental
error margins and suggest that HIFI-C results can be used
reliably. The inclusion of the RDC terms in the NMR
energy function for structure calculation can result in a
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highly rippled energy surface with innumerable sharp local
minima (Bax 2003), making the search problem exceed-
ingly difficult. However, if the starting model is close to the
true structure, and only robust RDC values are included,
convergence will be more likely and more reliable. The
additional statistics afforded by HIFI-C regarding the
reliability and robustness of RDC values should be useful
in determining a reliable subset or in weighting the dataset
on the basis of reliability in order to achieve better con-
vergence in the structure determination stage.
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