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Abstract

Sensitivity-enhanced 2D IPAP experiments using the accordion principle for measuring one-bond 3C’-13C* and 'H*-13C* di-
polar couplings in proteins are presented. The resolution of the resulting spectra is identical to that of the decoupled HSQC spectra
and the sensitivity of the corresponding 1D acquisitions are only slightly lower than those obtained with 3D HNCO and 3D
HN(COCA)HA pulse sequences due to an additional delay 24. For cases of limited resolution in the 2D PN-'HN HSQC spectrum
the current pulse sequences can easily be modified into 3D versions by introducing a poorly digitized third dimension, if so desired.
The experiments described here are a valuable addition to the suites available for determination of residual dipolar couplings in

biological systems.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Residual dipolar couplings (RDCs) [1,2] of partially
aligned molecules provide important long-range con-
straints for protein NMR structure determination. The
most commonly used five RDCs in proteins are the
backbone one-bond PN-THN, BN-3C/, BC/-13C* and
'H*-1B3C* and two-bond 'HN-13C’ dipolar couplings [3].
If the 2D BN-'HN HSQC spectrum is well-resolved, it is
relatively easy and straightforward to measure the one-
bond PN-'HN, BN-13C’ and two-bond 'HN-13C’ di-
polar couplings [4-6]. However, the determination of
one-bond BC’-1BC* and 'H*-'3C* dipolar couplings is
more involved and takes considerable measuring time.
Frequently it is necessary to record 3D experiments [7—
12], even though the values of one-bond 3C'-13C* and
'H*-13C* couplings are quite large and the corre-
sponding 2D BN-'HN HSQC spectrum is well-resolved.
It therefore is highly desirable to have optimized
experiments available for measuring the latter two
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couplings in two-dimensional spectra. In this commu-
nication, sensitivity-enhanced [13,14] 2D IPAP [15] ex-
periments that use the accordion principle [16,17] are
presented. They are ideally suited for the determination
of one-bond BC'-13C* and 'H*-13C* dipolar couplings
in proteins. Combination of experiments allows one to
extract all five of the above listed RDCs in a suite of 2D
spectra, provided the corresponding 2D PN-'HN
HSQC spectrum is well-resolved. For highly overlapped
cases of 2D P'N-'HN HSQC spectra this suite of 2D
experiments can be easily transformed into a 3D suite by
introducing a poorly digitized third dimension.

2. Sensitivity-enhanced IPAP experiment for measuring
13C'-13C couplings

Fig. 1A presents the pulse sequence of the sensitivity-
enhanced IPAP experiment for measuring one-bond
BC-13C* couplings. The forward and backward "N—
BC" INEPT transfer steps occur in the periods a-b and
e—f, respectively. Two alternating m pulses in the 3C?
channel depicted by the solid and the dashed open bars
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Fig. 1. Pulse sequences of sensitivity-enhanced IPAP experiments for measuring one-bond 3C’~13C* (A) and '3C*-'H* (B) residual dipolar cou-
plings. Narrow (filled) and wide (open) bars represent 90° and 180° pulses with phase x, respectively, unless indicated otherwise. Proton 90° soft
pulses of 1 ms duration are used for Watergate [18] water suppression and these are depicted by short filled bars. The carrier frequencies in the 'H,
I5N, BC’, and 3C* channels are positioned at 4.7 (water resonance), 118, 177, and 56 ppm, respectively. The power levels for 90° and 180° pulses in
the 13C’ and 13C* channels are set at Awp/(15)"/? and Aw/(3)"/?, respectively, with Awy being the difference in Hz between the 1*C’ and 13C* carrier
frequencies. The inter-pulse delays are: © = 2.5ms, 4 =4.75ms, o = 12.5ms, f = 4.5ms, 6 = 1.7ms, and ¢ = 1.5ms. The PFG g, g;, and g3 are sine-
shaped with maximal 20 G/cm and durations of 3, 1.5, and 0.6 ms, respectively. For a system with very fast relaxing 2N,HY magnetization, proton
decoupling can be used and inserted in the period a—f, starting 27 after point a and finishing 27 before point f, by changing the two y-phase pulses in
the °N channel into two x-phase pulses in pulse sequence (A). Two proton-decoupling periods can be implemented to replace the hatched = pulses,
starting and ending at the hatched m pulse positions and covering the two 2f periods, respectively, in pulse sequence (B). (A) For the (4n — 3)th
and (4n — 1)th experiments, the phase cycles are set as: ¢, = x,x, —x, —x; ¢, = 8(x),8(—x); ¢3 =x; and ¢, = x, —x,x, —x,y, —y,», —y in the (4n—
3)th experiments and ¢, = x, —x,x, —x, —y, ¥, —y, y in the (4n — 1)th experiments; ¢s = y in the (4n — 3)th experiments and ¢s = —y in the (4n — 1)th
experiments; ¢g = 4(x),4(y); ¢7 =4(),4(—x); ¢g =4(—x),4(—y); and Pre, = x, —x, —x, X, X, —X, —X, X, —X, X, X, —X, —X, X, X, —x. For the (4n — 2)th
experiments, a 90° phase increment is set to ¢, ¢3, and ¢g.. With respect to the (4n — 3)th experiments. For the (4n)th experiments, a 90° phase
increase is set to ¢; and ¢g., and a 90° phase decrease is set to ¢ with respect to the (4n — 1)th experiments. The '3C*  pulses between points b and ¢
are located at the positions of the open bars in the (4n — 3)th and (4n — 1)th experiments, while they are shifted to the positions of the dashed bars in
the (4n —2)th and (4n)th experiments. (B) For the (4n —3)th and (4n — 1)th experiments, the phase cycles are set as: ¢ =y, y, —y, —y;
by =4(x),4(—x); D3 =x; Q4 =x,—X,X, =X, X, —X,X, =X, ¥, =V, ¥, =V, ¥, —V,¥,—y in the (4n—3)th experiments and ¢, =x,—x,x, —x,

=X, X, =X, =V, ¥, =V, ¥, =V, ¥, —», ¥ in the (4n — 1)th experiments; ¢s = y in the (4n — 3)th experiments and ¢s = —y in the (4n — 1)th experiments;
bs = 8(x),4(y); p7 = 8(y),4(—x); ¢g = 8(—x),8(—y) and ¢ge. = x, —x, —x,x, —x, X, x, —x. For the (4n — 2)th experiments, a 90° phase increment is set
to ¢5 and ¢y, with respect to the (4n — 3)th experiments. For the (4n)th experiments, a 90° phase increase is set to ¢; and ¢g.. and a 180° phase
decrease is set to ¢, with respect to the (4n — 1)th experiments. The two proton n pulses shown by hatched bars are applied 2.5 ms after point a and
before point e, respectively. The 3C* ©t pulses between points ¢ and d are located at the positions of the open bars in the (4n — 3)th and (4n — 1)th
experiments, while they are moved to the positions of the dashed bars in the (4n — 2)th and (4n)th experiments.

are inserted between b and ¢ and the *C’-13C* coupling the cos(2mJcct;) term as an amplitude modulation to the
Jcc evolves during d—e. The two m pulses in the 3C?* detected FID. Alternatively, inserting the two « pulses in
channel at the positions, depicted by open bars, select the 3C* channel at the positions of the dashed open
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Table 1

Modulation of the 3C’~'3C* coupling Jcc and the "N chemical shift frequency wy of the raw and manipulated FIDs in the 2D series for values of

from 1 to TD,/2

2D series number Real part Imaginary part

4n-3 cos(2nJccty) cos(wuty — wnty) —cos(2mJccty ) sin(wpty — onty)
4n — 2 sin(ZTchctl) sin((oth — thl) sin(2m]cct1) COS((OHZZ — (,L)Ntl)
4n—1 cos(2nJccty) cos(wnty + onty) —cos(2mJccty ) sin(wnty + onty)
4n — Sil’l(lechcll) sin((oth -+ (ONtl) Sin(zT[Jccll ) COS((DHZZ + (})Nll)

2n—1)=@4n—-3)+(4n-2)
2n= (4n—1) + (4n)

2n—1)=(4n—-3)—(4n-2)
2n=(4n—1) — (4n)

cos[wnts — (N + 2nJcc)t
COS[O)le + (N + 21Jcc)ty

—sinfopt — (N + 2nJcc)t
—sin[out + (N + 2nJcc)t
(

(

( ] ]
( ] )]
coswpty — (on — 2mcc)h ] —sinfopt — (on — 2nJcc)t]
COS[LUHZZ + ((UN — 2TEJCC tl} ) }

— Sil’l[wth + (o — 21Jcc)ty

bars, the sin(2nJ/cct;) term is selected. The segment g-h
of the pulse sequence is simply the sensitivity-enhanced
SN-'HN HSQC sequence and the "N chemical shift
evolves as the phase modulation to the detected FID.
Table 1 summarizes the modulations of the 3C'-13C*
coupling Jcc and the N chemical shift frequency wy of
the raw and manipulated FIDs in the 2D series.

During the period between points b and c, the in-
phase magnetization —4C',N.HY decays simply by the
3C’ transverse relaxation rate compensating for the
intensity loss of the anti-phase magnetization during
the same period. The anti-phase magnetization
8C',C*N.HN is generated by using a 3C’-13C* INEPT
transfer step from point b to ¢ with a intensity factor of
sin(2nJcc4). As compared to the "N-'HN couplings,
the 3C’-13C* couplings are more uniform and
sin(2nJcc4) = 1 holds quite accurately. Since the 3C'—
3C* coupling is about the half of the "N-'HN coupling,
a scaling factor of 2 is introduced here for the evolution
of the BC'-13C* coupling in order to keep the apparent
splitting within the same range as in a "N—'HN IPAP
spectrum. Although the introduction of a scaling factor
of 2 reduces the sensitivity of the spectrum by broad-
ening the resonance lines, the error in measuring the
splitting is also reduced by a factor of 2 when the cou-
plings are calculated from the apparent splittings, di-
viding the latter by the scaling factor 2. As is shown
below (see Fig. 3), a better correlation is obtained for the
measured and predicted 3C’-13C* RDC data compared
to the '"H*-13C* RDC data, although the *C’-13C?
RDCs are quite small. This suggests that the error in the
BC'-13C* coupling measurement is small.

As presented in the first four rows of Table 1, the raw
dataset consists of (2TD;) x TD, points. The *C'-13C?
coupling Jcc modulates the amplitude of the detected
FIDs, while the >N chemical shift frequency wy the
initial phase. By adding/subtracting the (4n — 2)th and
(4n)th rows to/from the (4n — 3)th and (4n — 1)th rows,
two new datasets with TD; x TD, points are obtained
and these are listed in the two middle rows and the last
two rows of Table 1, respectively. By manipulating these
new datasets in an echo, anti-echo manner [13,14], 2D
Fourier transformation results in two sensitivity-en-

hanced sub-spectra with the "N-'HN HSQC cross-
peaks located at (wn + 2nJcc, wy) and (on — 2nJcc,
wpy), respectively. Since a scaling factor of 2 is used, half
of the displacement along the N dimension between
these two sub-spectra provides a direct measure for the
one-bond C'-13C* couplings.

3. Sensitivity-enhanced IPAP experiment for measuring
TH-13C couplings

Fig. 1B displays the pulse sequence of the sensitivity-
enhanced IPAP experiment for measuring the one-bond
'H*-13C* couplings. Similar to the sequence in Fig. 1A,
the a-b and d-e periods contain the forward and
backward PN-1B3C'-B3C*-'H* INEPT transfer steps,
respectively. The 'H*-13C* coupling Jcy evolves in the
period b—c. Two = pulses in the '*C* channel alternate
between the positions depicted by open and dashed bars
during c—d for selection of the cos(m/cu#) and
sin(nJcpt)) terms. The segment f-g is the sensitivity-
enhanced PN-'HN HSQC sequence. Table 2 summa-
rizes the modulations of the 'H*~'3C* coupling Jcy and
the >N chemical shift frequency wy to the raw and
manipulated FIDs in the 2D series.

From a simple analysis based on the product opera-
tor formalism, the magnetization at point b can be ex-
pressed as 8H;‘C§‘C’;N:. It evolves into two terms:
8H;‘C§C’;N;cos(m]cﬂt1) and —4H?C/.N.sin(nJcut) at
point c¢. During period between ¢ and d, a *C'-13C?
INEPT transfer step transforms the sin(m/cyt;)-modu-
lated magnetization into —8H§C;C’Zstin(2nJccA).
For the cos(mJcut)-modulated magnetization —8H?
C)C':N., the period from the point ¢ to d is simply a
relaxation delay to compensate for the intensity loss of
sin(nJcpt )-modulated magnetization during that pe-
riod. Since the 3C'-13C* couplings are quite uniform,
sin(2nJcc4) = 1 holds almost accurately. This alleviates
any problems associated with the very wide range of
BC*'H* couplings during the "*C*-'H* INEPT
transfer step [9] that is used to generate the anti-phase
magnetization of '*C* with respect to 'H®. In addition,
using 'H? rather than 3C? for the 3C*~-'H* coupling
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Table 2

Modulation of the '"H*-13C* coupling Jcy and "N chemical shift frequency wy of the raw and manipulated FIDs in the 2D series for values of n

from 1 to TD,/2

2D series number Real part Imaginary part

4n-3 cos(mJcnty ) cos(wuty — wNIy) —cos(mJcuty) sin(wuty — wnty)
4n — 2 Sin(T[JCHl]) sin(wth — thl) sin(m]cﬂtl) COS(UJHIZ — thl)
4n—1 cos(mJcnty ) cos(wntr + onty) —cos(mJcuty) sin(wuts + onty)
4n — Sil’l(TEJCHl]) sin(wth + (DNZ]) sin(nJCHtl) COS((DHZ’Z + (DN[])
(2}1 — 1) = (4}1 — 3) + (4}1 — 2) COS[(DHIZ — ((UN + TIJCH)[]] — Sin[lez — (CUN + TEJCH)[]]
2n = (4}1 — 1) + (4}1) COS[&)HZZ + ((DN =+ TL]CH)tl] — sin[wth =+ ((J)N =+ TL]CH)tl]
2n—1)=(4n—-3)—(4n—-2) cosjont, — (on — Tcn)t] —sinfopt — (on — Wen)t)
2n = (4}’1 - 1) - (4}1) COS[(UHZZ + (UJN - TEJCH)t]] - sin[wth —+ ((UN - TEJCH)tl]

evolution has further advantages since it is insignifi-
cantly affected by the large homonuclear 3C*-13CP
couplings.

The first four rows of Table 2 contain the raw dataset
consisting of (2TD;) x TD, points. The 'H*-*C* cou-
pling Jcy amplitude modulates the detected FIDs and
the N chemical shift frequency wy the initial phase.

Adding/subtracting the (4n — 2)th and (4n)th rows to/
from the (4n — 3)th and (4n — 1)th rows, yields two new
datasets with TD; x TD, points and these are listed in
the two middle rows and the last two rows in Table 2,
respectively. Echo, anti-echo manipulation [13,14]
of these new datasets, and 2D Fourier transformation
results in two sensitivity-enhanced sub-spectra with the
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Fig. 2. Experimental IPAP spectra recorded on a sample of ~0.5mM uniformly '*C,'*N-labeled protein GBI, dissolved in liquid crystalline PF1
(15 mg/ml) in 95% H,0/5% D,0 at pH = 7 using the pulse scheme presented in Fig. 1. The spectra were recorded on a Bruker DMX 600 spectrometer
with a 'H frequency of 600.13 MHz. (A) and (B) are the IPAP pair for measuring one-bond '*C’~'3C* couplings, recorded using the pulse sequence in
Fig. 1A. Since a scaling factor of 2 was used for the 1*C'-13C* coupling evolution, the displacement in the spectra is two times the coupling value.
Other parameters are: 2D spectral widths SW; x SW; =2500 x 8992.806 Hz, data points of the raw time domain dataset 2(TD; x
TD,) =2(512 x 1024), ns = 32, recycle delay = 1s. The total experimental time is approximately 9 h. The spectra were processed with the window
function of squared sine bell in both dimensions, which consist of 1024 x 1024 points. (C) and (D) are the IPAP pair for measuring one-bond 'H*—
13C* couplings, recorded using the pulse sequence in Fig. 1B. The coupling value is given by the displacement in these spectra. All other parameters
are as listed for the (A) and (B) pair above, except ns = 62, resulting in a total experiment time of approximately 18 h. All spectra were processed with
squared sine bell window functions in both dimensions, consisting of 1024 x 1024 points. Data processing was carried out using nmrPipe and

nmrDraw software [20].
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ISN-THN HSQC cross-peaks located at (wn + nJ/cH, ©p)
and (wn — ©Jcy, wy), respectively. The displacement
along the "N dimension between these two sub-spectra
provides a direct measure for the one-bond 'H*-13C*
couplings.

4. Results and discussion

The IPAP experiments using the pulse sequences
presented above were recorded on a sample of ~0.5mM
uniformly 13C,'3N-labeled protein GB1 [19], dissolved in
liquid crystalline PF1 (15mg/ml) in 95% H,0/5% D,0
at pH ~ 7, and the corresponding dipolar couplings were
measured. The experimental spectra displayed in Figs.
2A and B are the IPAP pair for determining one-bond
BC-13C* couplings that were recorded using the pulse
sequence depicted in Fig. 1A, and Figs. 2C and D the
IPAP pair for measuring one-bond 'H*~'3C* couplings
using the pulse sequence of Fig. 1B. Since a scaling
factor of 2 was used for the evolution of the '3C'-13C*
coupling, the apparent displacement in the (A) and (B)
pair of spectra is twice the value of the coupling,
whereas in the (C) and (D) pair the displacement is equal
to the coupling. All data were processed with nmrPipe
and nmrDraw [20].

The correlations between measured and predicted
Dcc values (A) and D¢y values (B) are shown in Fig. 3.
RDCs were calculated using the program SSIA [21]
based on the refined NMR structure (PDB code: 3GB1)
[22] as the model structure. As can be noted, good
agreement between experimental and calculated RDCs
is observed. For the Dcc couplings, the correlation co-
efficient is 0.985 and the alignment tensor parameters
D, =7.8 and R = 0.665. For the Dcy values, the corre-
lation coefficient is 0.980 and the alignment tensor
parameters D, =8.0 and R = 0.653. Note, the displace-
ment measured on a specific amide "N-'H cross-peak
corresponds to the coupling in its preceding amino acid
residue.

It should be pointed out that the pulse sequences in
Figs. 1A and B are only 24 longer than the 3D HNCO
and HN(COCA)HA pulse sequences, respectively. Since
24 = 9.5ms, the sensitivity of the proposed pulse se-
quences approaches that of 3D HNCO and HN(CO-
CA)HA pulse sequences, respectively. Although the
resonance lines in the >N dimension are broadened by
the use of accordion principle, as demonstrated experi-
mentally on the GB1 sample, the proposed experiments
are very efficient and allow for easy and accurate de-
termination of residual dipolar couplings.

In summary, sensitivity-enhanced IPAP experiments
using the accordion principle were devised for measur-
ing one-bond *C’-1*C* and 'H*-'3C* residual dipolar
couplings in proteins. The resolution of the resulting
spectra is identical to that of the decoupled HSQC
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Fig. 3. Correlations between measured and predicted RDCs. (A) D¢c
values and (B) Dcy couplings. For the Dcc values, the correlation
coefficient is 0.985 and the alignment tensor parameters D, = 7.8 and
R = 0.665. For the Dcy values, the correlation coefficient is 0.980 and
the alignment tensor parameters D, =8.0 and R = 0.653. Calculated
RDCs were obtained using the refined NMR structure (PDB code:
3GBI1) [22] as the model structure and the program SSIA [21].

spectra. The sensitivity of the pulse sequences is slightly
lower than that of the 3D HNCO and HN(COCA)HA
pulse sequences given the additional delay of 24 =
9.5ms. In addition, the precision of the measurements
can be controlled by the digital resolution along the °’N
dimension. If the resolution of the 2D PN-'HN HSQC
spectrum is not sufficient, the present experiments can
be easily transformed into 3D versions by introducing a
poorly digitized third dimension. The most appealing
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feature of the experiments presented here is the ease
and simplicity with which the dipolar couplings can
be extracted. We believe that these experiments will
find widespread application for determining one-bond
BC-13C* and 'H*-'3C* residual dipolar couplings in
proteins.
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