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Abstract

A simple, sensitivity-enhanced HSQC experiment is described which separates the upfield and downfield com-
ponents in the indirect dimension into different subspectra. The sequence is similar to the generalized TROSY
scheme; however, decoupling of the X-nucleus is used during detection. A detailed analysis of relaxation effects,
precision and sensitivity of the method is presented. The approach is demonstrated in a two-dimensional water flip-
back1H-15N HSQC which measures1JHN splittings in isotropic and oriented samples of ubiquitin and the hepatitis
C protease. The results are in excellent agreement with splittings obtained from a conventional1H-coupled HSQC.

Residual dipolar couplings in weakly aligned mole-
cules are observable in high resolution NMR spectra in
a similar way as electronically mediated J-couplings.
They provide unique information on the length and
orientation of the internuclear vector (Saupe and En-
glert, 1963; Bothner-By et al., 1981). Very weak
alignment (∼10−4) of macromolecules in the mag-
netic field has been achieved by the anisotropy of their
magnetic susceptibility (Tolman et al., 1995; Tjandra
et al., 1996) resulting in one-bond1H-15N or 1H-13C
dipolar couplings on the order of a few Hertz. Such
small dipolar couplings have been determined with
very high accuracy (Tolman and Prestegard, 1996;
Tjandra et al., 1996). The recent introduction of a
stronger alignment (Tjandra and Bax, 1997; Bax and
Tjandra, 1997) in the presence of lipid bicelles (Ram
and Prestegard, 1988; Sanders and Schwonek, 1992;
Vold and Prosser, 1996) has resulted in much larger
residual dipolar couplings. Therefore, less stringent
conditions are placed on the precision of the cou-
pling constant determination, and interest has shifted
to simpler and more sensitive schemes.

A particularly convenient method is the separa-
tion of the data into two subspectra containing only
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resonances of spins where the coupling partner is in
either the|α> or the |β> state (Ross et al., 1996;
Fäcke and Berger, 1996; Meissner et al., 1997a,b;
Andersson et al., 1998a; Ottiger et al., 1998). Since
the resonance is split into a doublet, the sensitivity of
most of these experiments is half compared to a cor-
responding decoupled scheme. Sensitivity-enhanced
schemes for the measurement of one-bond J-couplings
have been proposed as a quantitative J-correlation,
constant-time HSQC (Tolman and Prestegard, 1996)
and as an HSQC with spin-state separation in the de-
tected proton dimension (Andersson et al., 1998a).
Because of long-range couplings to other protons,1H
resonances are usually much broader than the reso-
nances of15N and13C nuclei. Therefore, measurement
of one-bond J-couplings is more sensitive and/or more
precise during the evolution of the heteronuclei than
during the evolution of protons. In this communication
we show that a sensitivity-enhanced water flip-back
HSQC with spin-state separation in the indirect di-
mension can be implemented by a modification of
the TROSY sequence (Pervushin et al., 1997, 1998;
Czisch and Boelens, 1998). The approach is similar
to the recently proposedα/β-HSQC-α/β experiment
(Andersson et al., 1998b). However, in the present
scheme heteronuclear decoupling is used during the
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Figure 1. Pulse sequence of the DSSE-15N-1H-HSQC. Narrow and
wide pulses denote 90◦ and 180◦ flip angles, respectively, and un-
less indicated otherwise the phase is x.1H and15N carrier positions
are on the1H2O resonance and at 116.5 ppm, respectively. Rec-
tangular low power1H pulses are applied usingγHB1 = 250 Hz,
the sine-bell shaped 90◦ pulse has a duration of 1.1 ms. All regular
15N pulses are applied at an RF field strengthγNB2 = 5.6 kHz,
whereas the15N decoupling is applied at an RF field strength of
γNB2 = 1.25 kHz. Delay durations:δ = 2.25 ms; T= 2.7 ms.
Phase cycling:φ1 = x,−x; φ2 = −y; φ3 = −x; receiver= x,−x.
Gradients (sine bell shaped; 25 G/cm at center): G1,2,3 = 2, 2.5,
and 0.2 ms. Application of the last15N 90◦ pulse (open rectangle,
φ4) is only necessary for the detection of the narrow component of
the proton doublet (see text). In this case,15N decoupling during ac-
quisition is omitted and separate FIDs are recorded with alternating
phase settings (φ4 = −x, x) of the last15N 90◦ pulse.

proton evolution period and a detailed description of
precision, sensitivity and relaxation artifacts is pro-
vided. The appearance of the subspectra is the same as
for the in-phase/anti-phase (IPAP)1H-coupled HSQC
(Ottiger et al., 1998) albeit at a signal-to-noise ratio
which is increased by

√
2.

The scheme in Figure 1 consists of a water flip-
back 1H-15N HSQC experiment which incorporates
a double reverse INEPT scheme before the detection
period, similar to the TROSY sequence (Pervushin
et al., 1997) and the earlier sensitivity enhancement
schemes (Palmer et al., 1991; Kay et al., 1992). With-
out relaxation this double reverse INEPT represents a
unitary transform of the density matrix at time point
b into another density matrix at time pointc. The ef-
fect of this unitary transform on transverse nitrogen
magnetization is most easily described by considering
the transformation of the four basis vectors Nx, Ny,
2NxHz, 2NyHz. At time pointc, we can restrict our-
selves to the observable components of the transverse
proton magnetization, i.e. Hx, Hy, 2HxNz, 2HyNz. In
this case, the evolution fromb to c is described by:

Nx = NxHα +NxHβ → p ∗ s∗ 2HyNz (1a)

2NxHz = NxHα −NxHβ→−p∗ s∗ Hy (1b)

Ny = NyHα +NyHβ → s2 ∗Hx (1c)

2NyHz = NyHα −NyHβ→−2HxNz (1d)

where s= sin(2πJT), p= 1 if φ2 = −y, φ3 = −x,
and p= −1 if φ2 = y, φ3 = x. It is evident from
Equation 1 that the pulse sequence between pointsb
andc maps x- and y-components of nitrogen magne-
tization onto x- and y-components of proton magneti-
zation. This behavior is analogous to the preservation
of pathways and the sensitivity enhancement scheme
originally proposed by Cavanagh and Rance (1990)
and Palmer et al. (1991). If15N decoupling is switched
on at pointc, proton anti-phase signals in Equations 1a
and 1d do not lead to observable magnetization. Since
the last nitrogen 90◦ pulse acts only on these two
signals in the pathway of Equation 1, it can also be
omitted, thus leaving the signals stemming from Nx
and 2NyHz as undetectable proton/nitrogen zero- and
double-quantum coherences. The sign of signals from
Equation 1b changes under the inversion ofφ2 and
φ3. Therefore, the observable proton signals resulting
from 2NxHz and Ny magnetization can be separated by
adding and subtracting two FIDs recorded with phase
settingsφ2 = −/+y, φ3 = −/+x, respectively.

On the other hand, transverse nitrogen magnetiza-
tion with the proton in the|α> or in the|β> state can
be separated by the different behavior under rotations
around the z-axis. This is easily seen from the repre-
sentation of Equation 1 where the proton components
of the transverse nitrogen magnetization are expressed
in terms of polarization operators Hα and Hβ (Ernst et
al., 1987). A rotation by 90◦ around the z-axis at point
b of the NxHα or NyHα magnetization corresponds to
a rotation by 90◦ for proton magnetization at pointc
(assumingp = s = 1). The opposite rotation of pro-
ton phases is observed for magnetization originating
on the NxHβ or NyHβ components of the nitrogen dou-
blet. When phasesφ2 andφ3 are inverted (p = −1),
the inverse phase behavior results. It is therefore possi-
ble to separate the upfield and downfield components
of the nitrogen doublet by the proton phase change
which is induced when the nitrogen pulse phaseφ1 is
incremented by 90◦ (Pervushin et al., 1997).

Assuming a state of the density matrixρa at point
a as−2HzNy for φ1 = x and as 2HxNx for φ1 = y,
chemical shift and J-coupling evolution will lead to a
density matrixρb at pointb as:

ρb(φ1 = x) = −NyHα cos((ωN + πJ)t1)

+NxHα sin((ωN + πJ)t1)+NyHβ cos((ωN − πJ)t1)

−NxHβ sin((ωN − πJ)t1) (2a)
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ρb(φ1 = y) = NxHα cos((ωN + πJ)t1)

+NyHα sin((ωN + πJ)t1)−NxHβ cos((ωN − πJ)t1)

−NyHβ sin((ωN − πJ)t1) (2b)

In order to perform simultaneous quadrature de-
tection and separation of the upfield and downfield
components of the nitrogen multiplet four FIDs with
the following phase settings forφ1, φ2, and φ3
are recorded for every t1-increment (I: x,−y,−x; II:
y,−y,−x; III: x,y,x; IV: y,y,x). A straightforward
calculation using the results of Equations 1b and c
shows that the usual cosine- and sine-modulated sig-
nals in t1 and t2 can be obtained from suitable linear
combinations of these FIDs:

−(I + III )x − (II − IV)y = [(s2+ s) cos((ωN + πJ)t1)

−(s2− s) cos((ωN − πJ)t1)] cos(ωHt2) (3a)

(II + IV)x − (I − III )y = [(s2+ s) sin((ωN + πJ)t1)

−(s2− s) sin((ωN − πJ)t1)] cos(ωHt2) (3b)

(I + III )x − (II − IV)y = [(s2+ s) cos((ωN − πJ)t1)

−(s2− s) cos((ωN + πJ)t1)] cos(ωHt2) (3c)

−(II + IV)x − (I − III )y = [(s2+ s) sin((ωN − πJ)t1)

−(s2− s) sin((ωN + πJ)t1)] cos(ωHt2) (3d)

where subscripts x and y correspond to data points in
the x- and y-channel of the proton receiver. The corre-
sponding signals modulated by sin(ωHt2) are obtained
by rotating the receiver phases by 90◦ in Equation 3.
Fors = 1, i.e. T= 1/(4J), Fourier transform of the lin-
ear combinations of Equations 3a and b and of Equa-
tions 3c and d will yield two subspectra containing
only the upfield or downfield nitrogen singlets.

For s = 1, the amplitude of the signals equals
2 in Equation 3. However, as four FIDs have to be
coadded the noise is increased by a factor of 2 as com-
pared to one FID. Note that the reverse INEPT step
of a normal 15N-decoupled HSQC sequence trans-
forms a coherence of type 2NyHz into a proton signal
Hx. Therefore, the signal-to-noise ratio is the same
for a normal HSQC singlet and for the upfield and
downfield components obtained from the new doublet-
separated sequence. However, in the doublet-separated
scheme a loss in signal to noise per unit time of

√
2 re-

sults as twice the number of FIDs have to be recorded
per complex t1-increment. For the recently published
IPAP scheme (Ottiger et al., 1998), the amplitude of

each doublet component is half of the peak amplitude
in a 15N-decoupled HSQC. Therefore its sensitivity is
a factor of

√
2 smaller compared to the new sequence.

Conventional water-flip-back pulses were incorpo-
rated at appropriate points in the sequence of Figure 1
to further increase the sensitivity for fast exchanging
amide protons (Grzesiek and Bax, 1993; Stonehouse
et al., 1994). As the scheme in Figure 1 performs both
DoubletSeparation andSensitivity Enhancement, we
refer to it as DSSE-HSQC.

Large variations in one-bond couplings result from
the contribution of the residual dipolar couplings. The
condition T= 1/(4J),s = 1 is therefore rarely fulfilled.
As a result, the second component of the doublet is not
completely suppressed in Equation 3. The intensity
ratio of this component over the selected component
is (1− s)/(1 + s). Thus for small deviations1J= J
−1/(4T)<< 1/(2πT), this ratio equals approximately
(2π1JT)2/4. The suppression is therefore the same
as in the non-enhanced IPAP sequence (Ottiger et al.,
1998).

The discussion so far has neglected relaxation ef-
fects. As pointed out by Ottiger et al. (1998), the
differential relaxation of doublet components due to
dipolar/CSA interference is usually of little concern
for proteins during the short reverse INEPT steps be-
tween time pointsb andc. A more serious source of
error are the different lifetimes of transverse Ny and
the 2HyNx coherences during the first reverse INEPT
step between time pointsb andc (Equations 1b and
c). In non-deuterated proteins, the 2HyNx coherence
has a considerably shorter lifetime than the Ny mag-
netization. This is due to strong proton-proton dipolar
relaxation and proton-proton J-couplings. The relative
loss due to these mechanisms can be incorporated into
Equation 1b (and into Equation 1d) by scaling the
right-hand side with a loss factorr. As only signals
resulting from terms in Equations 1b and c contribute
to observable magnetization, it is easily seen that be-
sides an overall factorr2, this additional lossr has
the same effect as changings to s/r. The net effect is
an incomplete suppression of the non-selected doublet
component with an intensity ratio to the selected com-
ponent of(1− s/r)/(1+ s/r). For a typical difference
in loss rates between the Ny and the 2HyNx coherences
of 50 Hz and for T= 2.7 ms, the incomplete suppres-
sion due to this loss is approximately−13%. In cases
where the loss factorr and the incomplete suppres-
sion are uniform, such artifacts can be removed by a
suitable linear combination with the spectrum of the
non-selected component.
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The pulse scheme is demonstrated for samples of
the hepatitis C protease (comprising residues 1–180
of hepatitis C (strain BK) non-structural protein NS3
with an additional N-terminal methionine and an ad-
ditional C-terminal ASKKKK sequence) in complex
with a peptide-like inhibitor (Barbato et al., unpub-
lished results) and for ubiquitin. In order to derive
structural information contained in the residual dipo-
lar couplings of weakly aligned molecules, samples of
the hepatitis C protease were prepared as an isotropic
solution as well as in an anisotropic state where the
weak alignment is induced in the magnetic field by the
presence of DMPC/DHPC lipid bicelles (Sanders and
Schwonek, 1992; Tjandra and Bax, 1997; Ottiger and
Bax, 1998). Three samples of uniformly15N-enriched
proteins were used: (I): 0.3 mM hepatitis C protease in
complex with the inhibitor, 16 mM phosphate, 0.2%β-
octylglucoside, 2.8% (w/v) DMPC/DHPC in a weight
ratio of 3.1:1 (Ottiger and Bax, 1998), pH 6.6. (II):
0.8 mM hepatitis C protease in complex with the in-
hibitor, 20 mM phosphate, 0.3%β-octylglucoside, pH
6.6. (III): 1.5 mM human ubiquitin (VLI Research,
Southeastern, PA), pH 4.7. Solutions of∼220µl (95%
H2O/5% D2O) were placed in Shigemi microcells.

All measurements were carried out on a BRUKER
DMX-600 spectrometer equipped with a standard
5 mm, triple-resonance, triple-gradient probe. The 2D
DSSE15N-1H spectra were collected with the follow-
ing numbers of complex data points and acquisition
times:100∗, 60 ms (t1) × 512∗, 55 ms (t2) for samples
of the hepatitis C protease complex (37◦C) and 400∗,
240 ms (t1) × 700∗, 76 ms (t2) for ubiquitin (25◦C)
respectively. Data processing and analysis were per-
formed using the programs NMRPipe (Delaglio et al.,
1995) and PIPP (Garrett et al., 1991).

Figure 2 shows small regions of the DSSE-15N-1H-
HSQC spectrum of the 0.3 mM hepatitis C protease
complex recorded in the aligned state with the pulse
sequence of Figure 1 (total measuring time 16 h). The
narrow downfield (Figure 2A) and the broader up-
field (Figure 2B) components of the nitrogen doublet
were separated according to the linear combinations
of FIDs described by Equation 3. Suppression of the
non-selected components was in all cases better than
∼15%, i.e. undetectable at the signal-to-noise level of
the spectrum.

Figure 2C displays the one-bond1H-15N residual
dipolar couplings1DNH for the hepatitis C protease
complex calculated as the difference of doublet split-
tings recorded in the liquid crystalline aligned state
(sample I) and in the isotropic state (sample II). A

Figure 2. Data derived from the DSSE-15N-1H-HSQC recorded on
the hepatitis C protease/inhibitor complex. (A,B): Selected regions
of the DSSE subspectra (A:15N downfield, B: 15N upfield) of
the 0.3 mM hepatitis C protease complex recorded in the aligned
state with the pulse sequence of Figure 1. (C) One-bond1H-15N
residual dipolar couplings1DNH,exp for the hepatitis C protease

complex. (D) Differences1DNH,exp − 1DNH,X-ray between mea-

sured (1DNH,exp) and calculated dipolar couplings (1DNH,X-ray)
derived from PDB entry 1A1R.

total of 77 dipolar couplings are currently assigned
ranging from∼ −20 Hz to∼10 Hz. This indicates
that the alignment is comparable to the alignment of
ubiquitin observed at approximately twofold higher
concentration of the lipid bicelles (Tjandra and Bax,
1997).

Figure 2D depicts the differences in the observed
dipolar couplings and the expected dipolar couplings
calculated from a 2.5 Å X-ray structure of hepati-
tis C protease in complex with an activator peptide
from the hepatitis C (strain H) non-structural protein
NS4A (PDB entry 1A1R). An asymmetric alignment
tensor was derived from a least squares fit of the X-
ray coordinates to the observed dipolar splittings. Only
non-mobile residues as identified by15N relaxation
parameters ({1H}- 15N NOE> 0.7, Rexchange< 5 Hz)
were considered in the fit (N= 51). The rms devia-
tion between the observed dipolar couplings and the
calculated couplings is 4.8 Hz, whereas the rms of
the measured dipolar couplings is 9.2 Hz. The NMR
quality factor, defined as the ratio of these devia-
tions (Cornilescu et al., 1998), is 0.52, thus indicating
that there are substantial differences between the solu-
tion structure and the X-ray coordinates. Part of these
structural differences are due to some of the highly
conservative substitutions of amino acids between the
two protease constructs. Another part of these devi-
ations is expected from crystal packing artifacts and
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Figure 3. (A) Comparison of one-bond1H-15N splittings for ubiq-
uitin derived from the DSSE-HSQC (Figure 1) and a conven-
tional water-flip-back HSQC without a proton decoupling pulse
in the nitrogen evolution period. Both experiments were carried
out under identical conditions, i.e. same number of complex data
points, acquisition times and identical experimental time (1 h). Two
(DSSE-HSQC) or four (conventional HSQC) scans were recorded
for every single FID. (B) ratios of the peak amplitudes of the
15N downfield components derived from the DSSE- HSQC and
the conventional HSQC spectrum recorded under the conditions of
Figure 3A.

from the structural differences induced on the protease
upon binding to two highly different ligands, i.e. the
inhibitor (NMR data) and the activator peptide (X-ray
data). The three largest deviations (>10 Hz) stem from
residues D103, V107 and S147 which are involved
in crystal packing and in the ligation of the NS4A
peptide. Despite these deviations, the correlation coef-
ficient between the observed and calculated splittings
is 0.85.

In order to test the precision of the splittings de-
rived from the DSSE-HSQC experiment, their val-
ues were compared to splittings derived from a1H-
coupled HSQC. Figure 3A shows1JHN couplings for
ubiquitin in the isotropic state derived from both meth-
ods. The agreement between both data sets is excellent
as indicated by a pairwise root-mean-square differ-
ence of 0.07 Hz. Assuming the same statistical errors
in both measurements, the precision of the individ-
ual DSSE measurement is therefore 0.05 Hz. Besides
systematic errors stemming from the mentioned relax-
ation effects and pulse imperfections, the relaxation
rates of the transverse nitrogen coherences Nx,yHα and
Nx,yHβ limit the achievable precision in the DSSE
experiment. For the hepatitis C protease complex at
37◦C the isotropic rotational correlation time is ap-
proximately 10.1 ns, i.e. about 2.5 times longer than
for ubiquitin at 25◦C. The transverse nitrogen relax-
ation rates for the hepatitis C protease complex are
therefore approximately 2.5 times faster. Assuming
that the precision of 0.05 Hz for ubiquitin is purely
limited by nitrogen relaxation rates, the achievable
precision of the J-couplings in the DSSE experiment

for the hepatitis C protease is expected to be about
0.13 Hz. As the range of the observed residual dipo-
lar splittings in Figure 2C is two orders of magnitude
larger than this value, the achievable precision of the
DSSE-HSQC experiment is highly sufficient.

Figure 3B illustrates the sensitivity gain of the
DSSE experiment versus a conventional1H coupled
HSQC with water flip-back (Grzesiek and Bax, 1993).
The ratios of peak amplitudes in both experiments
carried out with the same total experimental time for
the ubiquitin sample have a mean value of 1.84 (Fig-
ure 3B) and 1.87 for the15N downfield and upfield
components, respectively. This corresponds to a loss
of∼7.5% as compared to the theoretical value of 2 not
taking into account relaxation. As explained, this loss
is dominated by the fast decay of the proton-nitrogen
zero and double quantum magnetization present in the
first reverse INEPT step of the TROSY (Equation 1b).
The loss also includes effects of pulse imperfections
and a less complete refocusing of the water magne-
tization. As expected, the rms value of the noise in
one single DSSE subspectrum is 1.407 or∼√2 larger
than in the water-flip-back1H-coupled HSQC. The to-
tal sensitivity gain is therefore 1.31 and close to the
theoretical value of

√
2.

Pervushin et al. (1998) have shown that not only
1Hz, but also15Nz Boltzmann magnetization at the
beginning of the TROSY pulse sequence contributes to
the observable magnetization during the proton detec-
tion period. Depending on the relative phases of proton
and nitrogen pulses during the first INEPT step, the
downfield and the upfield components of the1H-15N
doublet are either enhanced or decreased by this∼10–
20% contribution of the15N Boltzmann population.
On the Bruker DMX instrument, the choice of relative
phases in Figure 1 has the advantage that the broader
and therefore weaker upfield nitrogen resonance is
enhanced whereas the narrow downfield resonance is
reduced in its intensity.

In cases where the destructive interference of dipo-
lar and CSA relaxation mechanisms leads to a narrow-
ing of one of the components of the proton doublet,
it might be desirable to detect only the narrow1H
upfield component and correlate it to either the up-
field or downfield component of the15N doublet. This
can be achieved by omitting the heteronuclear de-
coupling scheme during data acquisition in the pulse
scheme of Figure 1 and applying the last nitrogen
90◦ pulse (φ4 = −x). The sequence is then identical
to the generalized TROSY (Andersson et al., 1998b)
and correlates the narrow nitrogen component with
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the narrow proton component and the broad nitrogen
component with the broad proton component in a one-
to-one fashion. If the signal from the broad proton
component is too weak or too broad for analysis of
the coupling constants, it is necessary to record a sec-
ond data set where the broad nitrogen component is
correlated to the narrow proton component. A phase
change ofφ4 from −x to +x achieves the required
inverse correlation by interchanging nitrogen|α> and
|β> spin states during the proton detection period. As
twice the number of FIDs have to be recorded, a loss
in sensitivity of

√
2 results compared to the DSSE-

HSQC sequence. However, part of this loss could be
regained if the Boltzmann15N component is used in
a way that both the upfield and the downfield com-
ponents are enhanced when they are selected in the
respective subexperiments.

The achievable gain from the reduction of the
proton linewidth during detection strongly depends
on the relative contribution of the proton CSA and
proton/nitrogen dipolar interaction to the total pro-
ton linewidth. In the case of an 85%–90% uni-
formly deuterated,15N-labelled sample of HIV-1 Nef
(residues 39–206, Grzesiek et al., 1995) at 14 T
magnetic field strength and 35◦C, the difference in
linewidth between the upfield and downfield compo-
nents of the proton doublet is about 30% as measured
from the line shape of the proton doublet separated
HSQC. This difference in linewidth is much smaller
than expected for an isolated1H-15N spin system
because1H-1H dipolar interactions and chemical ex-
change contribute measurably to the relaxation of both
proton doublet components (Ishima et al., 1998). In
practice, this means that the sensitivity gain from the
proton line narrowing for this sample does not com-
pensate for the loss resulting from the detection of only
one doublet component. Larger gains in sensitivity
are however expected for higher levels of deuteration,
lower contributions of proton chemical exchange to
the linewidth and stronger magnetic fields where the
cancellation of the local dipolar and CSA fields is
more complete (Pervushin et al., 1997).
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