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Abstract

Novel E.COSY-type HSQC experiments are presented for the accurate measurement of one-bond 'SN-'HN and 'SN-!*C’ and
two-bond PC'-'HN residual dipolar couplings in proteins. Compared with existing experiments, the (8,J)-E.COSY experiments
described here are composed of fewer pulses and the resulting spectra exhibit 1.4 times the sensitivity of coupled HSQC spectra.
Since residual dipolar couplings play increasingly important roles in structural NMR, the proposed methods should find wide spread
application for structure determination of proteins and other biological macromolecules.

© 2002 Elsevier Science (USA). All rights reserved.
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The importance of residual dipolar couplings has
been amply documented for protein structure determi-
nation by NMR spectroscopy [1-3]. Five different kinds
of couplings are commonly employed, namely, one-
bond 15N71HN, ISN*BC/, 13C/*13Ca, 13ctx71Ha’ and
two-bond PC'-'HN couplings along the polypeptide
backbone [3]. In general, residual dipolar couplings can
simply be obtained from the difference in J couplings
measured in the presence of an alignment medium [4-6]
and in isotropic solution, given that the observed J is the
sum of scalar and dipolar coupling. Residual dipolar
couplings provide a set of long-range constraints that
allow further refinement of traditional protein NMR
structures or aid in the determination of domain orien-
tation in multi-domain proteins. Therefore, accurate
and efficient methods for extracting these couplings are
of major importance in structural NMR. Here, we de-
scribe novel, sensitivity-enhanced E.COSY type HSQC
experiments that can be used for this purpose. In par-
ticular, we present pulse sequences for measuring one-
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bond N-'HY and “N-'3C’ and two-bond 3C'-'HN
couplings in proteins.

One-bond N-'HN dipolar couplings are routinely
determined from coupled HSQC spectra in a simple and
efficient manner. Drawbacks of coupled HSQC experi-
ments are their relatively low sensitivity, just half of that
of in a decoupled HSQC spectrum. In addition, overlap
problems due to coupled pairs are encountered and it
frequently becomes difficult to unambiguously assign
the individual partners of the pairs in crowded spectral
regions. Although there are a number of experiments [7—
9] for accurate measurements of one-bond N-'HN
couplings, a frequently employed method uses the IPAP
approach [10]. One-bond P’N-13C’ couplings can also be
extracted from so-called quantitative J-correlation ex-
periments [11] using intensity analysis [12]. The accuracy
of the intensity analysis, however, is critically deter-
mined by the signal-to-noise ratio in the spectra. An-
other way to measure one-bond ’N-'3C’ couplings and
the only way to determine the two-bond C'-'HN
couplings consists of separating the two 3C'-'HN
doublet components in the HSQC spectra based on the
E.COSY principle [13]. Unfortunately, the resulting
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HSQC spectrum with E.COSY splittings [14] from
passive 3C’-nuclei has only low resolution and low
sensitivity. Compared to "N-'HY dipolar couplings,
BC/-THN, and '"N-3C’ couplings are approximately

represent the proton and nitrogen magnetizations, re-
spectively. This magnetization evolves under the N
chemical shift frequency wn and becomes o(#;) at the
end of the evolution period

three and eight times smaller due to the longer inter-
nuclear distance and the gyromagnetic ratios involved.
Such small couplings are clearly more difficult to mea-
sure accurately and reliably. In particular, any overlap
between components of the E.COSY pairs will have
detrimental effects on the accuracy of the extracted
coupling, given that the position of the peak maximum
is affected by the overlap [15]. For any splitting that is
measured from the relative peak displacement, one has
to keep in mind that the accuracy of the peak position is
directly proportional to the signal-to-noise ratio and is
inversely related to the line width, thereby limiting the
attainable accuracy considerably. In addition, problems
caused by overlap or imperfect phasing can never be
completely avoided.

The pulse sequences of the proposed sensitivity-
enhanced E.COSY-type HSQC experiments are illus-
trated in Fig. 1. The sequence displayed in (a) is used to
measure the one-bond "N-'HN coupling and is easily
understood using the product operator formalism [16].
The magnetization at the beginning of the evolution
period ¢, is described by ¢(0) = —2H.N,, where H and N

O'(ll) = —ZI‘IZNy COS(wal) + 2H2Nx Sin(thl). (1)

The mixing pulses simultaneously transform 2H.N, into
—H, and 2H.N, into —2H,N.. At the beginning of the
detection period %, the magnetization o(¢;,0) can be
described by

o(t1,0) = H, cos(wnt1) — 2H,N. sin(wnty). (2)
As evidenced by Eq. (2), the phase after evolution of
the >N chemical shift frequency wy during the # pe-
riod becomes the initial phase of the "N-"H" coupling
evolution during the #, period. During the detection
period, the detectable magnetization can be expressed
as

a(t, ) = H,cos(wputy) cos(tSyutr + onti)
+ H, sin(ont) cos(mInut, + ontr)
= H,[cos(wnt, + m/nnts + onty)
+ cos(wpt, — TInntr — onty)]/2
+ H,[sin(wyty + mnutz + ont)
+ sin(wyt, — What — ont)]/2. (3)
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Fig. 1. Pulse sequences of sensitivity-enhanced (6,J)-E.COSY HSQC experiments for measuring one-bond N-'HN and '"N-13C’ and two-bond
BC/-THN couplings. Narrow (filled) and wide (open) bars represent 90° and 180° pulses with phase x, respectively, unless indicated elsewhere. Proton
90° soft pulses with 1 ms duration are used for Watergate and they are indicated by short-filled bars. The carrier frequencies in the 'H, "N, 3C’, and
13C* channels are positioned at 4.7 (water resonance), 118, 177, and 56 ppm, respectively. The power level for 3C’ and '*C* pulses is set at
Awo/(3)]/2, where Awy is the difference in Hz between '>C’ and '*C* carrier frequencies. The inter-pulse delays are t = 2.5ms and 4 = 17.5ms. The
PFG g and g, are sine-shaped with maximal 20 G/cm with durations of 3 and 0.6 ms, respectively. The phase ¢, is incremented by 90° synchronously
with incrementing #, which is incremented in States manner [24]. In (a), the phase cycles are as the follows:
o=y, ¢y =x,—x, p3 =x,x,—Xx,—X, Q4 =y, ¥, —y,—y, and ¢ = x, —x, —x,x, and the phase ¢, is incremented by 180° to achieve acquisition of
echo and anti-echo signals in the two successive experiments of the 2D series. In (b), the phase cycles for the in-phase data set are as follows: ¢; =y,
by =x, p3 =x,x, =X, =X, Py =V,¥,—V,—V, 5 =Xx,—X, ¢g =X, ¢7 =x,x,x,x,—x, —X, —x, —X, and ¢, =x, —x, —x,x, —x,x,x, —x, and the phase
cycles for anti-phase dataset are: ¢, =y, ¢ =x, ¢z =x,X,—x, =X, Py =V,V, =V, =V, P5 =X,—X, Qg = —X, ¢7 =y,y,¥,¥, =y, —y, —y, —y, and
PRec = X, —X, —X, X, —X, X, x, —x. Adding or subtracting the in-phase and anti-phase data sets yields two new data sets which are Fourier transformed.
The phase ¢, is incremented by 180° to achieve acquisition of echo and anti-echo signals in the two successive experiments of the 2D series.
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In Eq. (3), the first and third terms describe the real and
imaginary parts of the low field (high frequency) peak of
the 'Jyu doublet that belongs to the nitrogen with fre-
quency wy. The second and forth terms correspond
to the real and imaginary parts of high field (low
frequency) peak of the !Jyy doublet, belonging to the
nitrogen with frequency —wy. Therefore, an E.COSY-
type cross peak [14] centered at (0,wy) is created
exhibiting splittings of 2wy and 'Jxy along the w, and
, dimensions, respectively. Inverting the sign of the
phase ¢,, the sign of second term in Eq. (2) is inverted
correspondingly. This is equivalent to inverting the sign
of wn. Therefore, Eq. (3) can be written as

a(t1,ty) = Hicos(wuty + m/nuty — onty)
+ cos(wpt, — TInnty + onh)]/2
+ H,[sin(opt, + mnuts — ontp)
+ sin(wyt, — ©nnt, + ont)]/2. (4)

For the pulse sequence in Fig. 1a, Egs. (3) and (4) ac-
curately describe the (2n — 1)th and (2r)th FIDs ac-
quired at a given ¢, in the 2D series, respectively. The
signals described by Egs. (3) and (4) are echo and anti-
echo with respect to one other. By manipulating the time
domain data set in the echo, anti-echo manner [17,18],
2D Fourier transformation leads to a sensitivity-
enhanced spectrum. In contrast to the conventional
E.COSY spectrum in which two passive couplings from
a third nuclear spin within the correlated spin-pair are
compared, the present E.COSY spectrum compares the
active one-bond coupling 'Jyy and one chemical shift
(wn) within the correlated spin pair. For convenience,
we name this type of E.COSY experiment (J,J)-E.CO-
SY. The implementation of the (9,/)-E.COSY experi-
ment is based on a similar strategy as described
previously for reduced dimensionality triple resonance
spectra [19]. The spectral width in the w;-dimension is
set to twice the "N chemical shift frequency range and
an artificial >N resonance offset is achieved by using
TPPI [20,21]. In this manner, the two peaks of each
E.COSY peak-pair can be located in distinctly different
regions of the 2D plane.

A sensitivity enhancement by a factor of 1.4 can be
achieved for the (J,/)-E.COSY-type HSQC experiment,
retaining identical resolution to the decoupled HSQC
spectrum if the digital resolution is the same as in the
coupled HSQC spectrum. This follows from a compar-
ison of two 2D experiments with identical ¢ (max) and
total measuring times: the spectral widths are (SW;) x
(SW3) and (2SW)) x (SW,), and the number of scans
and time domain data points are (2NS) x (TD;) and
(NS) x (2TD;y), respectively. Without any manipulation
of the time domain data, the same 2D Fourier trans-
formation results in two 2D spectra having the identical
digital resolution albeit with a slight increase in signal-
to-noise ratio in the latter because of the increased

spectral width [22]. If the time domain data of latter
experiment is manipulated in an echo, anti-echo man-
ner, the resulting 2D Fourier transformation yields an
identical digital resolution 2D spectrum with 1.4 times
improved signal-to-noise [17,18]. This is equivalent to
0.7 times the sensitivity of the decoupled HSQC spectra.
For any practical application, however, it is not neces-
sary to keep the same digital resolution as in the coupled
or decoupled HSQC spectra and the sensitivity can be
further increased if ¢ (max) is reduced.

In our (3,J)-E.COSY experiment, the !Jyy couplings
are measured in the homo-nuclear dimension, rather
than in the hetero-nuclear dimension. The latter is
standard practice in most existing experiments [7-10].
For the 'Jny coupling itself, no difference between the
two dimensions exists. The 'Jyy splitting in the hetero-
nuclear dimension, however, may be affected by proton
exchange if the exchange rate approaches the 'Jng
coupling constant. For proteins aligned in liquid crystal
media, the resulting error may be considerable. For
the !Jnp splitting in the homo-nuclear dimension, the
line-shape of !Jyg doublet may be distorted by
3Jin gy effects from coupling, combined with the cross-
correlated SN-'H and '"HM-'H* dipolar relaxation.
Fortunately, the cross-correlated >'N-'H and '"HN-'H*
dipolar relaxation rates are small and do not distort the
line-shape of the 'Jny doublet significantly.

As for any experiment that contains pulses during the
evolution period for measuring J couplings, corrections
have to be made to correct for the finite pulse widths
[8,23]. This represents a drawback for the routine use of
such an experiment. It is therefore highly desirable, to let
the coupled spin-pairs evolve, without being disturbed
by any pulses during the evolution period. In addition, it
is well known that higher sensitivity goes hand-in-hand
with fewer pulses in multiple-pulse experiments. In this
respect, the proposed (6,J)-E.COSY experiment exhib-
its superior features compared to many of the existing
methods.

The pulse sequence displayed in (b) is a modification
of that in (a). The refocusing pulse in the '3C’ channel is
omitted with the net effect that each cross peak in the
resulting (J,J)-E.COSY spectrum is split further by the
attached '*C’ spin. For a coupled NH spin-pair with a
passive coupling to a third '*C’ spin, the E.COSY
splitting of the NH spin-pair is achieved without any
pulse disturbance during the evolution and detection
periods. Philosophically similar to the IPAP experiment
[10], the E.COSY splitting from the '3C’ spin can be
manipulated in-phase, if the magnetization at the be-
ginning of evolution period is 2H.N,, or anti-phase, if
the magnetization at the beginning of evolution period is
4H.N,C.. The magnetization 4H.N,C. is obtained by
implementing a N — C’ INEPT transfer step before the
evolution period as shown in Fig. 1b. 2H,N, magneti-
zation is created right after the INEPT transfer from
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proton to nitrogen. For relaxation compensation, a re-
focusing delay of the same length as the N — C' INEPT
transfer step is implemented. Using the pulse sequence
in 1(b), two (9,J)-E.COSY sub-spectra are obtained
with in-phase and anti-phase E.COSY splitting from the
passive 3C’ spin. Adding or subtracting these in-phase
and anti-phase spectra yields two (6,J)-E.COSY type
spectra, in which the peak—pair centers are located at
(0,04 +%Jcu/2) and at (0,wy —2Jcu/2), and the
splittings represent (2on + 'Unc, 'Jnn) and Qon—
UUne, 'Jnn). The entire pulse sequence can be imple-
mented in an interleaved manner to obtain the in-phase
and anti-phase spectra. Alternatively, by combining two
sets of phase cycling, these two spectra can be obtained
directly in one. In this manner, three couplings, 'Ju,
IJne, and 2Jcp, can be measured. Again, the spectra
exhibit the same resolution as the above (6,.)-E.COSY
spectrum, with each cross peak shifted by the passive
couplings. The sensitivity is higher than in the normal
HNCO experiment. In addition, the pulse sequence in
(b) can be easily extended into a 3D version, if so de-
sired, by adding a new frequency dimension. For ex-
ample, using the CO frequency would allow to further
resolve peaks in crowded regions of the (6,J)-E.COSY
spectrum.

Fig. 2a displays one of the two spectra using the pulse
sequence of Fig. 1b recorded on a 1mM sample of
uniformly 3C, PN labeled protein GB1 with 56 amino
acid residues [25] in a liquid crystalline phase of 15 mg/
ml PFI at pH ~ 7. As an example, the relevant cou-
plings and frequencies are indicated for one cross peak
pair. As can be appreciated, it is straightforward to ex-
tract the couplings from the spectra. Simple peak-pick-
ing of the two spectra yields complete sets of one-bond
BN-THN and P"N-3C’ and two-bond “C'-'HY cou-
plings for GB1. The measured dipolar couplings corre-
late excellently with those predicted from the 1.1 A
crystal structure (PDB code: 11GD) [26] and refined
NMR structure (PDB code: 3GB1) [27]. Correlations
between measured and predicted values for three types
of dipolar couplings are displayed in Fig. 2b—d. Slightly
better agreement between observed and predicted values
is obtained when using the refined NMR structure (the
linear correlation coefficients are 0.99, 0.97, and 0.92 for
'Dxh, Dy, and "Dy, respectively) compared to us-
ing the 1.1 A X-ray structure (The linear correlation
coefficients are 0.98, 0.94, and 0.90 for ' Dny, >Dycr, and
'Dnes respectively). Whether this reflects a genuine
difference between solution and X-ray structures is hard
to ascertain. It should be pointed out, nevertheless, that
the NMR structure was refined against residual dipolar
couplings [27]. These, however, were measured in liquid
crystalline bicelles and TMV and as such are not iden-
tical to those obtained here. The values for the magni-
tude and rhombicity of the alignment tensor for the
refined NMR (PDB code: 3GBI1) and 1.1 A X-ray (PDB
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Fig. 2. (a) Experimental 2D sensitivity-enhanced (J,./)-E.COSY HSQC
recorded on a 1 mM sample of uniformly *C, "N labeled protein GB1
dissolved in liquid crystalline PF1 (15mg/ml) in 95%H,0/5%D,0 at
pH ~ 7 employing the pulse scheme presented in Fig. 1b. The spectrum
was recorded on a Bruker DMX 500 spectrometer with a 'H frequency
of 500.13MHz. The 2D spectral widths were SW; x SW; = 4000 x
7507.507 Hz; the time domain data set was TD; x TD, = 512 x 1024;
ns = 32; window functions in both dimensions were squared sine bell;
the data set was zero filled to 1024 x 1024; the recycle delay = 1s. Data
were processed by using nmrPipe and nmrDraw software [28]. (b)—(d)
show the correlations between measured dipolar couplings and
predicted values using the refined NMR structure (PDB code: 3GB1)
[27]. Prediction was performed by SSIA [29] and the straight line
represents the linear regression.

code: 11GD) structures are DN = 6.8 Hz and R = 0.628
and DNH = 7.0 Hz and R = 0.616, respectively.

In conclusion, we demonstrated that the (J,J)-
E.COSY spectra described here are ideally suited for the
measurement of residual dipolar couplings. There is no
loss in resolution when compared to decoupled HSQC
spectra and the sensitivity is 1.4 times that of the cou-
pled HSQC spectra. There is no need for hetero-nuclear
decoupling during data acquisition, avoiding any prob-
lems associated with heating and no time limit in real
time detection exists. The digital resolution in the w;
dimension can be set high, within the limits imposed
solely by the line-widths. The accuracy of experimentally
determined couplings can be controlled by the experi-
mental digital resolution. When compared to the pop-
ular IPAP method [10], the pulse sequence laid out in
Fig. la for measuring one-bond 'SN-'HN couplings is
much simpler and the spectrum is easier to analyze.
Most notably, the pulse sequence presented in Fig. 1b
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for measuring one-bond N-'HN and “N-3C’ and
two-bond 3C'-'HN couplings is superior to any of the
existing methods. Therefore, these novel experiments are
extremely valuable for measuring residual dipolar cou-
plings in proteins.
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