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Abstract The presence of dipole-dipole cross-correlated
relaxation as well as unresolved E.COSY effects adversely
impacts the accuracy of 'Jyy splittings measured from
gradient-enhanced IPAP-HSQC spectra. For isotropic
samples, the size of the systematic errors caused by these
effects depends on the values of 2JNH(,(, 3JNH/; and 3JHNHO(.
Insertion of band-selective 'H decoupling pulses in the
IPAP-HSQC experiment eliminates these systematic errors
and for the protein GB3 yields 'Jyy splittings that agree to
within a root-mean-square difference of 0.04 Hz with
values measured for perdeuterated GB3. Accuracy of the
method is also highlighted by a good fit to the GB3
structure of the "H-'>N RDCs extracted from the minute
differences in 'Ty splitting measured at 500 and 750 MHz
'"H frequencies, resulting from magnetic susceptibility
anisotropy. A nearly complete set of *Jyu, couplings was
measured in GB3 in order to evaluate whether the impact
of cross-correlated relaxation is dominated by the '*N—'H*
or "N-'H” dipolar interaction. As expected, we find that
2 Jnmy < 2 Hz, with values in the a-helix (0.86 + 0.52 Hz)
slightly larger than in f-sheet (0.66 £ 0.26 Hz). Results
indicate that under isotropic conditions, N—HY/N-H” cross-
correlated relaxation often dominates. Unresolved E.COSY
effects under isotropic conditions involve 3JHNHZX and Jxmos
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but when weakly aligned any aliphatic proton proximate to
both N and HY can contribute.
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Introduction

Measurement of residual dipolar couplings (RDCs) in
proteins by solution state NMR provides an important
source of structural information (Prestegard et al. 2000).
Not only can the orientational information derived from
such measurements be of very high precision, defining the
orientation of vectors for a rigid molecule to within a few
degrees, the common axis system relative to which the
vectors are aligned provides a common reference frame for
all vectors within the molecule. This sets RDCs apart from
restraints derived from NOEs and °J couplings, which
define positions and torsion angles relative to neighboring
atoms (Tolman et al. 1995; Tjandra et al. 1997). When
RDCs are measured under linearly independent alignment
orientations—up to five mutually orthogonal alignments in
principle are accessible—inconsistencies between the
measurements and a rigid protein structure can provide
quantitative information on the amplitude and direction of
the internal dynamics of the corresponding internuclear
vectors relative to the molecular frame (Peti et al. 2002;
Tolman 2002; Bruschweiler 2003; Hus et al. 2003; Bou-
vignies et al. 2005; Bouvignies et al. 2006; Lakomek et al.
2006; Tolman and Ruan 2006; Lakomek et al. 2008; Lange
et al. 2008; Yao et al. 2008b). If amplitudes of fluctuations
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of the bond vector orientations are small, the impact of
such dynamics on the measured RDCs is a small, second
order perturbation. It reaches a maximum when the vector
is oriented parallel to the z axis of the alignment tensor, and
even then, random isotropic motion in a cone of semi-angle
7° reduces the motionally averaged RDC by only 1% rel-
ative to a static vector along that z axis. For quantitative
analysis of RDCs in terms of internal motion, high accu-
racy of the RDC measurement is therefore of the utmost
importance. Even though the reliability of a given RDC
measurement is often estimated from the reproducibility of
results in duplicate identical experiments, which can be
extremely good, this type of random measurement error
does not account for potential systematic errors inherent to
the measurement itself (Cutting et al. 2002). In particular,
the effect of cross-correlated relaxation, which can impact
the relative contribution of unresolved multiplet compo-
nents to the observed signal, has previously been identified
as a potential source of systematic error in the measure-
ment of scalar and dipolar couplings (Ottiger et al. 1998b;
de Alba and Tjandra 2006a; de Alba and Tjandra 2006b).

Here, we describe a modified version of the gradient-
enhanced '""N-'H IPAP-HSQC experiment, commonly
used for '>’N='H RDCs in proteins, in which the effect of
dipole-dipole cross-correlated relaxation is effectively
removed. The modified experiment includes band-selective
"H pulses that decouple the aliphatic protons from the
amide '°N nuclei. This modification removes the impact of
dipole-dipole cross-correlated relaxation on the line shape
and also removes small asymmetries in the line shapes of
the "’N—"H correlations that can result from E.COSY-type
effects (Griesinger et al. 1986; Montelione and Wagner
1989) when aliphatic protons are scalar—and/or dipolar
coupled to both the amide "HY and "°N.

We demonstrate that for the small protein GB3, mea-
surement of ">’N—"H 'Jyy; couplings with the band-selective
decoupled (BSD) IPAP-HSQC experiment yields values
that are within the random measurement error (0.04 Hz)
from values recorded for a perdeuterated sample, where the
cross-correlation and E.COSY effects are absent. Mea-
surement of the magnetic field dependence of the '"N-'H
'Tau splittings, which include minute dipolar coupling
contributions resulting from very weak protein alignment
caused by magnetic susceptibility anisotropy of the protein
(Gayathri et al. 1982; Tolman et al. 1995; Tjandra et al.
1996), as well as a small dynamic frequency shift (Tjandra
et al. 1996; Werbelow 1996; de Alba and Tjandra 2006a;
de Alba and Tjandra 2006b), yields results that fit well to
the protein structure. Similarly, measurement of RDCs in
the presence of liquid crystalline Pfl yields values that fit
very closely to vector orientations recently derived from
measurements in a fully deuterated form of the protein
(Yao et al. 2008b).
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Experimental section
Sample expression and purification

K4AK19EV42E and K19AV42ED47K mutants of the 56-
residue third IgG-binding domain of protein G, GB3, were
made by expression in Escherichia coli BL21 (DE3%*) cells,
transformed with a pET-11 vector containing the mutated
GB3 gene. Preparations were grown in M9 minimal media,
containing "’NH,CI and uniformly '*C- enriched glucose
as well as under conditions of full deuteration of the non-
exchangeable protons, by expression in 99% D,0, using
M9 minimal media, containing uniformly '*C/*H- enriched
glucose (3 g/L) as well a 1 g/L H/">N/'3C Celtone growth
medium (Martek Biosciences, Columbia, MD). Protein
expression was induced by 0.2 mM IPTG. Cultures were
centrifuged and resuspended in 20 ml PBS buffer. The
cells were lysed at 80°C and centrifuged again. The
supernatant was loaded on a Superdex 75 HilLoad 26/60
(Amersham Biosciences) column, equilibrated with NMR
buffer (25 mM sodium phosphate, 50 mM NaCl, 0.05%
w/v NaNj3, pH 6.5). Final K4AK19EV42E-GB3 NMR sam-
ples contained ca 4 mM '*C/"*N- or '>N/'*C/*H-enriched
protein in 300 pl volume (95%/5% H,O/D,0). A similar
sample of the K19AV42ED47K '*C/'>N-GB3 was pre-
pared that additionally included ~ 8 mg/mL Pfl phage
(http://www.asla-biotech.com), yielding a solvent quadru-
polar *H splitting of ~ 7 Hz (Hansen et al. 1998).

NMR spectroscopy

All NMR experiments were carried out at 298 K on a
Bruker Avance 750 MHz spectrometer, equipped with a
three-axes gradient, triple resonance, room temperature
probe, or on Bruker Avance 500 and 600 MHz spectrom-
eters, equipped with z-axis gradient, triple resonance,
cryogenic probes.

The 3D HNCA[HA]-E.COSY experiment for measure-
ment of *Jxmy (Wagner et al. 1991; Wang and Bax 1996)
was recorded at 600 MHz, using high resolution in the '°N
dimension by extensive folding in this dimension and using
mixed-time evolution (Ying et al. 2007), and a data matrix
consisting of 75(t;, 2C% x 90(t,, "N) x 750(ts, 'H)
complex points, f1max = 24.9 ms, frmax = 86.4 MS, f3ax =
78 ms, an interscan delay of 1.4 s, and 4 scans per FID.
The time domain data were apodized with a squared, 90°-
shifted sine bell function in the 73 dimension and with
regular 90°-shifted sine bell functions in both of the indi-
rect dimensions, and zero-filled to 512 x 512 x 2048
complex points. The refocusing INEPT and its 'H -
selective sinc-shaped and Q3 pulses, used by Wang and
Bax (1996), were replaced by Rance-Kay gradient-
enhanced detection (Kay et al. 1992).
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Measurement of 'Jyy splittings was carried out with
the '"N-"H IPAP-HSQC experiment of Fig. 3, either in the
absence or presence of aliphatic 'H decoupling during the
1, evolution period. The selective aliphatic 'H decoupling
pulses are of the 180° IBURP type (Geen and Freeman
1991), centered at 2.4 ppm and covering a bandwidth
of £ 2.8 ppm (pulse duration 1.6 ms at 500 MHz,
1.066 ms at 750 MHz). More details are given in the leg-
end to Fig. 3.

Two-dimensional spectra were recorded as interleaved
in-phase and anti-phase data matrices of 200(¢;) x 704(t,)
complex points each, fin.x = 76 ms, frn.x = 70 ms, an
interscan delay of 1.5 s, and 2 scans per FID. The time
domain data were apodized with a squared, 90°-shifted sine
bell function in the ¢, dimension and with a 90°-shifted sine
bell function in the #; dimension, and zero-filled to
4096 x 8192 complex points prior to 2D Fourier trans-
formation. All spectra were processed and analyzed using
the software package NMRPipe (Delaglio et al. 1995).
Peak positions were determined by parabolic interpolation.

Results and discussion

Origins of systematic errors in 'Jyy splitting
measurement

As has been pointed out previously (Ottiger et al. 1998b;
de Alba and Tjandra 2006a; de Alba and Tjandra 2006b),
relaxation interference between the one-bond '°N-'H
dipolar interaction and the dipolar coupling between '°N
and another nearby proton, H®, causes the four compo-
nents of the >N doublet-of-doublets to relax at different
rates. Even while the Jy_yr couplings are generally
unresolved, their presence results in a small asymmetry of
the line shape in the '°N dimension, which impacts peak
picking and thereby the accuracy of the 'Iyy splitting
(Fig. 1a, b).

A requirement for dipole-dipole cross-correlated relax-
ation to affect the measured 'Jyy splittings is that the '°N
nucleus has a scalar or residual dipolar coupling to a
remote proton HX. For a non-zero coupling between '°N
and "HR, the "N multiplet for this three-spin system is a
doublet of doublets where, under the assumption of iso-
tropic tumbling and ignoring both '’N chemical shift
anisotropy and internal dynamics, the multiplet compo-
nents relax at rates proportional to [l/rfl]H + 2P5(cosO)/
rirH r?q,HR + llrfif,HR], where rng and ry_pgr are the N-H
bond length and the N-H® internuclear distance, respectively,
and P,(cost) = (3cos>0—1)/2, with 0 the angle between
the ""N='H™ and ">N-'HR vectors. For the case where 'Jxy
and Jn_yr have the same sign, the plus sign in front of the
2P5(cos0) term refers to the outer and the minus sign to the

inner multiplet components (Fig. 1a). The impact of cross-
correlated relaxation on the coupling measurement depends
not only on Py(cosO)/ra_mr, but also on the size of the
scalar or RDC interaction between the "H® and '°N nuclei
(Fig. 1b). Three-bond J couplings between '*N and 'H”,
3JNH,;, can be as large as 4 Hz and intraresidue H” nuclei
also can be proximate to '°N, depending on the backbone
and sidechain torsion angles ¢ and y,. Indeed, dipole-
dipole cross-correlated relaxation involving H” spins pre-
viously has been implicated as a source of error when
extracting 'Jyy splittings from intensity-modulated HSQC
spectra by quantitative-/ experiments (Tjandra and Bax
1997; de Alba and Tjandra 2006a; de Alba and Tjandra
2006b). For geometric reasons, the intraresidue distance,
'N-Hp = 2.3A, and 0> P>(cost) > -0.5 when rypp is
short. For the case where the intraresidue H” is the passive
spin, ry.py, ~ 2.0 A and P>(cos0) can be as large as + 0.6.
So, even while the ZJNH“ couplings are known to be small
(Bystrov 1976; Archer et al. 1991), their impact may be
amplified by the short ry.p, distance and the potentially
large P,(cosf) values. Contamination of the 1JNH splitting
measurement resulting from intraresidue '"H*-"°N interac-
tion therefore is difficult to evaluate without a better
estimate of the %/y1,, coupling. Moreover, under conditions
of weak alignment the two-bond '>N-'H* RDC can
become relatively large due to the short internuclear dis-
tance, thereby also impacting the magnitude of the
distortion caused by cross-correlated relaxation. 'SN-HR
RDCs scale relative to the '’N—"H one-bond RDCs as (rne/
rN,HR)3, and are about 10-fold weaker than 1DNH couplings
when assuming rn_gr = 2.2 A. For example, for a weakly
aligned sample with axially symmetric alignment and
D, ~ 10-15 Hz, the largest ISN_HR RDCs are ca 2.0-
3.0 Hz.

When 'H® has an RDC and/or scalar coupling to both
the amide '°N and "HY, and the "H spin state is (partially)
conserved between °N evolution and 'HY detection, the
"H-°N correlation will contain an E.COSY contribution
(Griesinger et al. 1985; Griesinger et al. 1986; Meissner
et al. 1998). Under isotropic conditions, only couplings to
the intraresidue "H” spin are sufficiently large to give rise
to such an E.COSY pattern. However, under aligned con-
ditions, any '"H within ~ 3 A from the >N nucleus can
have a non-negligible RDC to both '*N and 'HY. Although
the magnitude of *Jynp, is tightly defined by the inter-
vening backbone torsion angle, ¢, very little quantitative
information is available for the */yy, coupling, except that
these values are frequently too small to permit measure-
ment from resonance intensities in quantitative-J (QJ)
correlation experiments such as HNHB (Bystrov 1976;
Archer et al. 1991). We therefore used an E.COSY-type
experiment to measure the isotropic 2/, couplings in
GB3.
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Fig. 1 The impact of a third spin, HX, on the measurement of one-
bond 'H-'°N J splittings. (a) Interference between 'HR-'>N and
'"H-'N dipolar relaxation contributions cause differential line widths
and amplitudes for the components of the '’N multiplet. For visual
purposes, a larger than realistic value is used for Jy_gr (20 Hz). The
lower multiplet is simulated in the absence of relaxation interference,
with a line width of 15 Hz. The top spectrum corresponds to the case
where Jy_pr and Jy_pg have the same sign, and P,(cosf) < 0, with
exaggerated relaxation interference and outer/inner line widths of 17/
33 Hz. (b) Effect of the magnitude of the error in 'Jyy splitting
measurement  AJ,,,, calculated for 7. = 10ns, rwu = 1.04 A,
renr = 2.5 A, ' N CSA = 170 ppm, 600 MHz 'H frequency, as
a function of P,(cos0), where 0 is the H-N-HR angle, in the absence
of internal dynamics. Results are shown for three values of Jy_gr:

Conceptually the simplest way to avoid contamination
of one-bond coupling measurements by the above men-
tioned relaxation interference or E.COSY effects utilizes
perdeuteration of the protein, followed by back-exchange
of the amide protons. Indeed, measurement of RDCs in a
perdeuterated set of GB3 mutants recently has been shown
to yield N-H vector orientations that yield exceptionally
good Karplus curve fits (0.33 Hz rmsd) between H-N-C*-H"
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1.5 Hz (solid line), 3 Hz (dotted) and 4.5 Hz (dashed). The two
extreme relaxation rates, corresponding to P,(cosf) = 1, are
139 £ 1.4 57", The time domain data were apodized with an
exponential function to yield a final linewidth of ~12 Hz prior to
peak picking. Splittings were determined from the distance between
the highest points of the two SN—{'H"} doublet components. (c)
Schematic diagram for the E.COSY character of 'H-'N HSQC
correlations obtained with the gradient-enhanced '°’N — 'H transfer
scheme, with the passive spin H® not being attached to 'N. The
appearance of the E.COSY effect is also impacted by the >N line
width, shown larger for the upfield '’N—{'H} component than for the
downfield one. Note that in practice the Jynyr and Jy_gr couplings
are often not resolved, and the effect simply manifests itself as a
skewed peak shape (see arrows in Fig. 4)

dihedral angles and experimental 3JHNH“ couplings (Yao
et al. 2008a), and also results in RDC-derived N-H order
parameters that closely follow the '°N-relaxation-derived
profile (Hall and Fushman 2003). As demonstrated in the
present study, "H-'>N RDC measurements of comparable
accuracy can be made in protonated proteins by suitable
adaptation of the pulse sequence, including band-selective
decoupling of the aliphatic protons.



J Biomol NMR (2009) 43:161-170

165

Measurement of ZJNHM

For measurement of the ZJNH“ coupling we resort to the
same type of HNCA[HA]-E.COSY experiment as was
previously used for measurement of 3 s, (Montelione
and Wagner 1989; Wang and Bax 1996) (pulse scheme in
Figure S1). However, as the E.COSY displacement is
measured in the '’N dimension of the spectrum, recording
was optimized to obtain highest resolution in this dimen-
sion. In the 3D spectrum, two intraresidue 'H-PN-13¢
correlations are obtained, corresponding to 'H* in the loa>
and |f> spin states. The two correlations are separated in
the '*C* dimension by the large L splitting; their o
displacement in the 3D spectrum can then easily be mea-
sured from the relative displacement of these two
resonances in the >N dimension of the spectrum (Fig. 2a).
Values as a function of residue number are shown in
Fig. 2b, and confirm that ZJNHO( couplings indeed are very
small (<1.6 Hz), with little dependence on residue type or
secondary structure. For the intraresidue correlations in
Fig. 2a, the downfield '*C*~{'H*} doublet component
connects with the upfield ">N—{'H”*} component. Taking
into account the negative sign of the "’N and '*C mag-
netogyric ratios, this indicates that 2 Jna and e, are of
the same sign, and of opposite sign relative to the (nega-
tive) 'Jau couplings. The '"N—{'>C*} de- and rephasing
delays in the HNCA pulse scheme were adjusted to opti-
mize sensitivity for the intraresidue connectivities, but
weak correlations to the '*C* of the preceding residue are
also seen in Fig. 2a. For example, Fig. 2a shows the cor-
relation between E24 HY and A23 C* These weaker
correlations also exhibit an E.COSY pattern, with the
horizontal displacement corresponding to *Jxy,. Here, the
downfield '*C*{'H*} doublet component correlates with

2o (Hz)

Fig. 2 Measurement of 2Jnuz values in the K4AK19EV42E mutant
of GB3. (a) Superimposed regions of six SN-13C* cross-sections
taken through the 3D HNCA[HA] E.COSY spectrum. The spectrum
has been recorded at high resolution in the >N dimension, such as to
enhance the precision at which the 2Jnmy (and 3Jyp,) can be
measured. The pulse sequence used for generating this spectrum is

B)

0.8 |

04}
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the downfield 'N-{'H*} doublet component, indicating
lJCaHa x 3 JnHo < 0, again taking into account the negative
sign of yN. Values for 3 JNHo are largest (ca-1.6 Hz) when
Y ~ — 50° ie., in a-helical conformations, and small
(~ —0.5 Hz) for y =~ 120° (f-sheet) (Wang and Bax
1995). However, with the sequential H*-N distance being
greater than 3 A in a-helices, 3JNHa contributions from
cross-correlated relaxation to the perturbation of the
apparent 'Jyy splitting are negligible.

Band-selective-decoupled gradient-enhanced '"N—"H
IPAP-HSQC

The ""N-'"H IPAP-HSQC of Fig. 3 is conceptually very
similar to the earlier version of this experiment (Ottiger
et al. 1998a), which records two > N-"H HSQC spectra in
an interleaved manner without "H decoupling in the '*N
dimension. In one such spectrum, the SN—{'H} doublet is
in-phase; the other one is recorded with a delay of duration
of ~ (2 lJNH)fl, during which 1JNH is active, preceding #,
evolution and causes the ]5N—{ ]H} doublet to be antiphase.
Due to the additional delay, this second spectrum is slightly
weaker than the first one but, after applying a suitable
scaling factor, addition or subtraction of the two spectra
yields a spectrum containing either the downfield or the
upfield ""’N—{'H} multiplet component (Yang and Nagay-
ama 1996). The scaling factor is 0.95 for GB3 system in
our measurement, and becomes smaller as the rotational
correlation time of the protein increases. Uniform scaling is
adequate for GB3 and other proteins with uniform
dynamics, but may be inadequate for systems with variable
dynamic properties, e.g., when the protein contains long
flexible loops. The problem can be partially solved by
reducing the relaxation differences between IP and AP
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available as Supplementary Material. The intense correlations corre-
spond to intraresidue connectivities; the weaker correlations (e.g.,
E24) correspond to sequential connectivities to '*C* of the preceding
residue. (b) 2]HNC“ values as a function of residue number. Error in
the measurement is estimated at + 0.2 Hz
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Fig. 3 Pulse scheme of the gradient-enhanced 2D BSD-IPAP HSQC
experiment. The pulses in the box are only applied for generating the
antiphase (AP) spectrum and are omitted for generating the in-phase
(IP) spectrum. Narrow and wide pulses correspond to 90° and 180°
flip angles respectively. The "H 90° water flip back pulse is sine-bell
shaped, has a duration of 1.5 ms, and is only applied for the IP
experiment. Solid shaped 'H pulses are of the IBURP2 type (Geen
and Freeman 1991) and serve to decouple H*# from '°N. They are
centered at 2.4 ppm, with a duration adjusted to invert £ 2.8 ppm. A
600 ps 180° hyperbolic secant shaped pulse (Silver et al. 1984),
centered at 116 ppm, is used to decouple C* and C'. Rance-Kay t,
quadrature detection is used by alternating the phase of the >N 90°

spectra, e.g. executing both IP and AP spectra with the
boxed region of Fig. 3 in place, but inserting 'H 180°
pulses at the center of each ¢ delay (and removal of the 180
"H pulse applied between the two & delays, see Fig. S2 for
details). Relative scaling of the two spectra prior to addi-
tion/subtraction nevertheless remains necessary as for the
AP spectra '’N magnetization on average is more in-phase
than for the IP spectrum, making it less sensitive to 'H spin
flips during 26. The IPAP-HSQC experiment of Ottiger
et al. (1998a) does not include gradient-enhanced detection
or active water flip-back, causing the spin state of 'H* and
other protons to be “scrambled” by the reverse-INEPT
scheme which separates '>N evolution and "HY detection.
If, instead, a gradient-enhanced conversion scheme is used
to transfer '’N magnetization back to 'HY (Kay et al.
1992), the spin state of protons not attached to '°N to first
order (neglecting relaxation during the transfer scheme)
remains unchanged, and an E.COSY type fine structure can
be seen in the 'H-'°N correlations. This fine structure
(Fig. 1c) results from protons that have a non-zero 3JHH or
RDC interaction to "HY and a "Jyn or RDC interaction to
5N, Although, to first order, the unresolved fine structure
in the upfield and downfield ">’N—{'H} doublet components
is the same, thereby not impacting the 'N—"H splitting
derived from such spectra, in practice the line widths of the
two 1JNH doublet components differ in the 5N dimension
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pulse after G¢ between x and —x, in concert with alternating the
polarity of G4 and Gs (Kay et al. 1992). Pulsed field gradients
G 24,53 are sine-bell shaped 6.6 (G;), 9.0 (G,), 28.2 (G4), —28.2 (Gs)
and 28.2 (Gg) G/cm. G3, Gg and G are rectangular with strengths of
16.2 (Gz), 0.6 (Gg) and —0.6 (G;) G/cm. Gradient durations:
G|,2,3,4,5,6,7,8 = ]9, 265, ]7, ]O, ]O, t|/4, t1/4, 0.203 ms. Delay
durations: 6 = 2.65 ms; ¢ = 0.55 ms. A more balanced way of
recording IPAP spectra can be achieved by reducing the relaxation
difference between IP and AP, executing both IP and AP spectra with
the boxed region of Fig. 3 in place, but inserting "H 180° pulses at the
center of each 6 delay (and removal of the 180 'H pulse applied
between the two J delays, see Supplementary Figure S2 for details)

due to interference between the '"N—'H dipolar and '°N
CSA relaxation mechanisms (Goldman 1984). This dif-
ference in line width, combined with the presence of
(unresolved) fine structure, can give rise to problems when
using peak fitting software to determine the center of each
SN—{'HY} doublet component, thereby adversely
impacting the accuracy at which 'Jyy splittings can be
measured.

Band-selective 'H decoupling of the aliphatic protons
during the #; evolution period provides an easy solution to
remove the fine structure in the '’N dimension of the
spectrum. In principle, this could be accomplished by
application of a single band-selective 'H inversion pulse at
the mid-point of #; evolution. However, during the appli-
cation of such a pulse, the "N dephasing caused by the
'Tun coupling is scaled down. This 'Jyy scaling during the
pulse results from '"H™ nutation about an effective field that
deviates from the z axis, impacting '/ dephasing in the
same manner as does off-resonance decoupling. For this
reason, the decoupling is accomplished by the application
of two band-selective IBURP pulses: one preceding and
one following the 180° '°N pulse that is already present for
gradient encoding. In this manner, the effect of evolution
during the application of the IBURP pulses is fully refo-
cused, and "N—{'H"} doublets can be phased to pure
absorption.
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Optimal sensitivity can be obtained when the water
signal is actively restored to the z axis during the execution
of the pulse sequence (Grzesiek and Bax 1993). Weak
gradients of opposite phase are used during #; evolution,
such that the water signal which is inverted during the first
IBURP pulse is not subject to radiation damping, and the
second IBURP pulse then returns it to the 4 z axis. As
mentioned above, the gradient-enhanced readout sequence,
following #, yields zero net rotation for proton spins not
directly attached to 15N, and therefore leaves the water
along the + z axis. Prior to #; evolution, the water-flip back
feature is accomplished in slightly different ways for the
in-phase and anti-phase versions of the experiment: For the
in-phase experiment, where #; evolution immediately fol-
lows the initial '"H —» '’N INEPT magnetization transfer, a
90° water-selective pulse is applied to restore water mag-
netization to +z; for the antiphase experiment, the water
magnetization is flipped back to the +z axis by the non-
selective "H 90°_, purge pulse, applied just prior to '°N
evolution (Fig. 3).

The above described band-selective inversion pulses
remove the net #; evolution of Jy_yr couplings, and thereby
the unresolved fine structure and associated line shape
asymmetry from the >N dimension. It is interesting to note
that cross-correlated relaxation affects QJ experiments in
the same manner as the IPAP-HSQC experiment described
here, and the same solution to removal of these effects in
such QJ experiments has been described previously by de

Alba and Tjandra (de Alba and Tjandra 2006b). Whereas
the E.COSY effects do not impact the QJ experiments, we
find that the systematic errors in the 'Jyy splitting mea-
surement resulting from them for the gradient-enhanced
IPAP-HSQC experiments are comparable to those resulting
from cross-correlated relaxation.

Application to GB3

Two-dimensional gradient-enhanced '’N-"H IPAP-HSQC
spectra, in the absence and presence of band-selective-
decoupling during t; evolution, were recorded for mutants
of GB3, developed previously to alter GB3’s alignment in
liquid crystalline Pf1 (Yao and Bax 2007). As can be seen
for a small expanded region of such a spectrum recorded
under isotropic conditions (Fig. 4a), in the absence of
band-selective-decoupling several of the correlations show
a small tilt, marked by arrows, resulting from E.COSY
effects involving 3JHNHOc and 2JNH1. This tilt disappears
when band-selective-decoupling is used (Fig. 4b). For
weakly aligned samples recorded in the presence of Pfl,
the effect tends to be more pronounced as the RDCs can be
considerably larger than 3 Juni and 2T nmy (Fig. 4c) but it
again disappears upon the use of band-selective decoupling
(Fig. 4d). Comparison of the 'Jyy splittings extracted for
the isotropic protonated sample with those obtained for
perdeuterated '*C/'°N- enriched protein (where experi-
ments with and without band-selective decoupling yield

Fig. 4 Small regions extracted
from the IPAP-HSQC spectra, A) 18 L 114 C) > 125
displaying the downfield @ S
doublet components for a small N > | 126
spectral region of (a, b) Ti6 | 115 15\
isotropic and (¢, d) Pfl-aligned & ppm
GB3. (a, ¢) Recorded in the Al9 L127
absence and (b, d) in the r1e & —
presence of band-selective
1 . . D46 128
H decqup!mg during t;. .The 53 117
arrows indicate the skewing of —_ >
the cross peak shape resulting
T T T T T T T
from unresolved.E.COSY 94 93 92 91 90 89 88 éo 7'_9 7' 8 7' ; 7' 5
patterns (see main text and
Fig. 1c)
B) e D) _ 125
Tig 3 (©)
44 L12
126
Ti6 115 5N
ppm
L127
116 (@)
A19
128
153 117
© B D46
T T T T T T T T T T T T
94 93 92 91 90 89 88 80 79 78 77 78
H ppm "H ppm
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Fig. 5 Comparison of backbone U splittings measured for the
U{'H,"*C,’>N} and U{?H,"*C,!>N} K4AK19EV42E mutant of GB3.
- splittings measured for the protonated and deuterated samples

values that are within experimental uncertainty from one
another) shows excellent agreement when band-selective
decoupling is used (Fig. 5b) but considerable scatter and a
systematic offset in the absence of band-selective decou-
pling (Fig. 5a).

The observation that the 'Jyy splitting in the absence of
band-selective decoupling is systematically larger results
from the above described cross-correlated relaxation effect:
The 3JNH,; coupling is negative (taking into account the
negative sign of yy), as is the value of P,(cosf). For 2JNHO“
the sign of the coupling is positive (Fig. 2) but so is its
P>(cos0) (for the common case where the backbone torsion
angle ¢ falls between —153° (T18) and —64° (K10)).
Therefore, in both cases the outer multiplet components in
the diagram of Fig. 1b are sharper and slightly more
intense than the inner components, giving rise to the small
increase in the magnitude of the apparent splitting. When
line broadening is applied in the >N dimension, which
decreases the asymmetry in the line shapes of each of the
doublet components, the difference in splitting relative to
measurements on the perdeuterated protein decreases, but
so does the precision of the measurement (data not shown).

High quality of the values of the 'Jyy couplings
obtained with band-selective decoupling on protonated
samples is also demonstrated by fitting the difference in
! Jn measured at 750 and 500 MHz 'H frequencies to the
structure of GB3. The difference in 'Jyy results from two
contributions: a dynamic frequency shift (Tjandra et al.
1996; Werbelow 1996; de Alba and Tjandra 2006b) and
residual dipolar coupling, caused by the weak alignment of
the protein induced by anisotropy of its magnetic suscep-
tibility (Gayathri et al. 1982; Tolman et al. 1995; Tjandra
et al. 1996). Even while the differences in RDC at 500 and
750 MHz are extremely small, they agree well with the
structure of the protein (Fig. 6). The best fit, shown in
Fig. 6, includes a uniform +0.106 Hz contribution from
the dynamic frequency shift, which is in excellent agree-
ment with a theoretical value of 0.102 Hz, expected for a
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using the gradient-enhanced IPAP-HSQC experiment a in the absence
and b in the presence of band-selective decoupling. The measure-
ments were performed at 750 MHz 'H frequency
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Fig. 6 Correlation between experimental (x axis) and predicted
magnetic field dependence of the 'Jyy splittings in GB3. The
predicted values are obtained from an SVD fit of differences between
'Jan splittings measured at 750 and 500 MHz 'H frequencies to the
N-H vector orientations of GB3 (Yao et al. 2008b), with the dynamic
frequency shift treated as a variable which is assumed to be uniform
across all amides. The fitted alignment tensor amplitude (D,) is
—0.121 Hz, the rhombicity is 0.576 and the three Euler angles are
18°, 314°, 117° (z-y-z convention) relative to the frame of the PDB
coordinates (entry 20ED). The fitted dynamic frequency shift equals
0.106 Hz, in good agreement with an expected value of 0.102 Hz,
calculated for 7. = 3.3 ns (Hall and Fushman 2003)when neglecting
internal dynamics and using the constants and approximations of
Tjandra et al. (1996). The root mean square deviation (RMSD)
between the experimental and best-fitted 0129 values is
0.037 Hz

rigid protein diffusing isotropically with a rotational cor-
relation time of 3.3 ns (Hall and Fushman 2003).

To test the performance of regular IPAP and BSD-IPAP
HSQC on an aligned sample, we measured the RDCs
of aligned protonated U["’N,'’C] mutant GB3
K19AV42ED47K (D, = 12.0 Hz). By fitting the RDCs to
the structure previously determined on the basis of six sets
of RDCs, measured under different alignments on per-
deuterated proteins, the BSD-IPAP determined RDCs yield
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an rmsd of 0.29 Hz while the regular IPAP RDCs yield
0.33 Hz. The improvement is only moderate, and the low
rmsd indicates that the error in measuring the 'Jyy splitting
partly cancels when calculating the RDC from the differ-
ence in such splittings. However, it is also worth noting
that the RDCs measured on deuterated proteins, and used to
refine the structure, yield an rmsd of 0.22 Hz
(D, = 10 Hz), suggesting that structural noise in part
obscures the improved accuracy of the BSD-IPAP RDCs.

Concluding remarks

The precision of NMR measurements, as defined by their
random error or reproducibility when repeating the same
measurement, provides only a lower limit for the true
uncertainty in the measurement. Especially in cases where
systematic errors can occur, such as demonstrated above
for 'Jyi measurement on protonated proteins where cross-
correlated relaxation and unresolved E.COSY effects can
perturb the measured couplings, the true uncertainty can be
considerably larger than the random error. For our 'Jyy
measurements in GB3, the systematic errors resulting from
cross-correlated relaxation and E.COSY effects are at most
a few tenths of a Hertz, i.e., nearly two orders of magnitude
smaller than the RDC values measured in Pfl. When using
such couplings for the purpose of structure determination
or refinement, the impact of these errors tends to be neg-
ligible. For example, 2° of structural noise causes root-
mean-square changes in predicted couplings that are about
7% of the applicable dipolar coupling strength, D,
(Zweckstetter and Bax 2002). This therefore means that for
aligned proteins, with I1D,| values greater than ~5 Hz, the
measurement errors are of the same order as the impact on
RDC:s of changes in bond vector orientations by at most a
few degrees, smaller than the errors made by common
assumptions such as planarity of peptide groups. For most
practical purposes, these measurement errors therefore
have negligible impact during structure calculation. On the
other hand, when interpreting inconsistencies between
measurements made under different alignment conditions
in terms of dynamics (Peti et al. 2002; Tolman 2002;
Bruschweiler 2003; Hus et al. 2003; Bouvignies et al.
2005; Bouvignies et al. 2006; Lakomek et al. 2006; Tol-
man and Ruan 2006; Lakomek et al. 2008; Lange et al.
2008; Yao et al. 2008b), substantial amplitudes of internal
dynamics may be required to reconcile small differences
between observed RDCs and values predicted for a rigid
protein. In this respect, it is interesting to note that for a
recently measured set of RDCs on six perdeuterated GB3
mutants, dynamics analysis of the RDCs yielded a more
homogeneous pattern of internal dynamics (Yao et al.
2008a) than for earlier measurements on the same set of

protonated GB3 mutants (Yao et al. 2008b). For the per-
deuterated set, RDC analysis of the internal dynamics
yields a profile closely resembling that obtained from "N
relaxation (Hall and Fushman 2003), except for larger
amplitude motions in two loop regions (Yao et al. 2008a;
Yao et al. 2008b).

Supplementary material

One figure showing the HNCA[HA] pulse diagram; Bruker
code for the pulse programs used for this experiment and
for the band-selective-decoupled IPAP-HSQC experiment
of Fig. 3; one figure showing a modified IPAP-HSQC
experiment and corresponding Bruker code; one table with
the 2Jxmy couplings measured in the K4AK19EV42E GB3
mutant; one table with the 'Jyy splittings measured for the
protonated protein at 500 and 750 MHz.
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