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Abstract

The paper presents an alternative technique for chemical shift monitoring in a multi-dimensional NMR experiment.
The monitored chemical shift is coded in the line-shape of a cross-peak through an apparent residual scalar coupling
active during an established evolution period or acquisition. The size of the apparent scalar coupling is manipulated
with an off-resonance radio-frequency pulse in order to correlate the size of the coupling with the position of the
additional chemical shift. The strength of this concept is that chemical shift information is added without an
additional evolution period and accompanying polarization transfer periods. This concept was incorporated into
the three-dimensional triple-resonance experiment HNCA, adding the information of 'H® chemical shifts. The
experiment is called HNCA®4HA | since the chemical shift of 'H® is coded in the line-shape of the cross-peak
along the '>C® dimension.

Abbreviations: HNCA — amide proton-to-nitrogen-to-alpha-carbon correlation; HNCA®%dHA — HNCA with the
additional frequency of alpha-hydrogens coded in the multiplet pattern of the cross-peaks along the alpha-carbon
frequency; INEPT — insensitive nuclei enhanced by polarization transfer; NMR — nuclear magnetic resonance; PFG
— pulsed field gradient; TROSY - transverse relaxation-optimized spectroscopy; 2D, 3D, 4D — two-dimensional,
three-dimensional, four-dimensional.

Introduction

Multi-dimensional NMR experiments have resulted in
a major break-through in biology and chemistry in-
cluding the determination of the chemical structure
of small molecules and three-dimensional structure
determination of proteins (Ernst et al., 1985). The un-
derlying idea in two-dimensional time-domain spec-
troscopy is the use of two independent precession
periods, during which coherence can evolve. However,
coherence is observed only in the detection period.
In the so-called indirect dimension, free chemical
shift evolution is monitored indirectly by gradually
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increasing the evolution time (Wider, 1998). This con-
cept was successfully extented from two-dimensional
(Ernst et al., 1985) to three-dimensional experiments
(3D; Oschkinat et al., 1989), and eventually three-
dimensional triple-resonance experiments correlating
three or more nuclei were developed (Grzesiek and
Bax, 1993). However, the extension to four dimen-
sions (4D) is only beneficial for a small number
of experiments, i.e., 4D 13C. and/or N-resolved
[lH,lH]-NOESY experiments (Kay et al., 1990a) and
the 4D TROSY-HNCACO and HNCOCA experiments
applied for deuterated proteins (Yang and Kay, 1999;
Tugarinov et al., 2002). The major reasons why the
number of dimensions cannot be increased to four
or more are (i) the sensitivity loss of +/2 per ad-
ditional dimension due to the additional quadrature
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detection needed, (ii) extensive signal losses due to re-
laxation during additional polarization transfer periods
and evolution periods, and (iii) low resolution due to
limited measuring time (Wider, 1998). The concept of
reduced-dimensionality, which combines information
from different evolution periods into one dimension
incrementing two evolution times simultaneously and
reducing the number of dimensions by one, offers a so-
lution to the problem of low chemical shift resolution
in 4D experiments (Szperski et al., 1993). However,
reduced dimensionality experiments still suffer from
extensive signal losses due to additional polarization
transfer periods and evolution periods (Sattler et al.,
1999).

In this paper, we introduce an alternative concept
of monitoring chemical shifts in a multi-dimensional
NMR experiment, in which a chemical shift can be
added to an experiment without an additional chemical
shift evolution and polarization transfers. The addi-
tional chemical shift is coded in the line-shape of a
cross-peak through an apparent scalar coupling active
during an established evolution period. The size of this
scalar coupling is manipulated with an off-resonance
radio-frequency pulse in order to correlate its size with
the position of the additional chemical shift of inter-
est. The proposed concept of coding chemical shift
information in a residual scalar coupling might remind
the reader of off-resonance decoupling, which was
used extensively in the pre-multidimensional NMR
history (Ernst, 1966; Tanabe et al., 1970) and for one
specific problem in a multi-dimensional experiment
(Fesik et al., 1990). However, as it will be pointed out
in this work, the two methods are different.

We applied the proposed concept of chemical shift
monitoring to the three-dimensional triple-resonance
experiment HNCA (Kay et al., 1990b), which resulted
in additional information of the "H® chemical shift.
The experiment is called HNCACdedHA = gince the
chemical shift of 'H* is coded in the line-shape of the
cross-peak through the scalar coupling ! J (13C%,TH®).

Theory

We are considering a system of two scalar coupled
spins 1/2, I and S, with a scalar coupling constant
1J(1,S) located in a molecule. During the frequency
labeling time ¢ the chemical shift of spin S and the
scalar coupling L1(1,8) are evolving, which results in
a density matrix o at time ¢ (only terms of interest are

listed):
o[t] = Sy cos[wst]cos[r ' I, )]+ ..., (1)

where wg is the Larmor frequency of spin S. With
a 180° radio-frequency hard-pulse applied on spin /
placed at time point #/2 the scalar coupling will be
refocused according to the following formula:

o[t] = Sy cos[wst] +.... 2)

Coding chemical shift information through the scalar
coupling is based on the use of a 180° radio-frequency
soft pulse applied on I at time point #/2. This soft
pulse is set on-resonance at the high-field edge of the
chemical shift range for spin I, designated with the
Larmor frequency w; max. The inversion profile a(w;)
of this soft pulse is constructed in such a way that
all the longitudinal magnetization at frequency ;s max
is completely inverted and the inversion decreases to-
wards zero at wj min, Which designates the Larmor
frequency of the low-field edge of the chemical shift
range of spin /. Thus, the shoulder of the inversion
profile of the soft pulse must cover the chemical shift
range of all the spins / of the molecule. With the ad-
dition of such a soft pulse the scalar coupling J(,S)
is refocused at time ¢ for only some spins S (a(wy)
* Equation 2 = second term in Equation 3) and is
not refocused for the rest of the spins ((1 — a(wy))
* Equation 1 = first term of Equation 3) yielding the
following density matrix:

o[t] = Sy(1 —a(wy))cos[wst]cos[m 1](1, St] +
Sya(wy) cos[wst] + ... 3)

with 0 = a(w/min) < a(wy) < 1 = a(wrmax). One
would expect that in the transformed spectrum this
mixed coherence will appear as a superposition of a
doublet with frequencies wg + Lj(1,8) and wg — 7
1J(1,S) and a singlet with frequency wg and that the
relative amplitude of the three components will de-
pend on a(w;) (Figure 2B). However, with a f,x up
to ~ 1/1J(1,S) the spectral resolution is too low for the
observation of three multiplet components. In contrast,
this mixed coherence appears as a doublet consisting
of an apparent residual scalar coupling $14ual j(],5),
the size of which depends on a(wy) (Figure 2A):

o[t] = Sy cos[wst] cos[ vl 71 §)f]. 4)

As can be extracted from Figure 2A the apparent
residual scalar coupling ™81 (7. §) ~ (1 — a(w;))



1J(I,S). For simplicity, we use in the following this re-
lationship and the assumption that the inversion profile
of the applied softpulse a(wy) decays linearly from the
value 1 at wy max to O inversion at wy min. Under these
assumptions, the following apparent residual scalar
coupling is monitored:

W7 max — W]

residual‘](l’ S) ~ 1]([, S). (5)

W] max — ®W] min
In other words, the density matrix o after time 7 is:

o[t] & (6)

W] max — WJ

Sy cos[wgt] cos |:Tl.’ IJ(I, S)t:| +....

W] max — W] min
With Equation 6 it is evident that the Larmor fre-
quency of spin I, wy, is monitored with the proposed
concept. Furthermore, Equation 6 demonstrates that
the accuracy of the determination of the chemical shift
of spin I is proportional to the scalar coupling 'J(1,5)
and to the maximal evolution time #y,x, and inversely
proportional to the chemical shift range of spin I,
®/ max — ®7 min. LThus, the chemical shift resolution is
high with a large scalar coupling and a small chemical
shift range. Interestingly, since ®w; max — ®7 min and
®7max — Wy, are proportional to the external mag-
netic field Bo, the chemical shift resolution (in Hz)
of the proposed concept is independent of the mag-
netic field Bo, in contrast to the resolution in the
direct dimension, which increases with the magnetic
field. Equation 6 illustrates furthermore the basic idea
of the proposed technique: chemical shift-coding can
be applied during any evolution periods, if a 'J(I,S)
with an appropriate size is present. And the technique
could be applied several times within one evolution
time or within one experiment, increasing further the
number of monitored frequencies. The origin of the
associated peak intensity loss is the cosine modulation
of the residual scalar coupling (Equation 6), which
results in a multiplet splitting of the cross-peak and
thus may cause a signal intensity decrease of up to a
factor of ~2 (with an average signal intensity loss of
1.5). There is no additional signal loss due to trans-
verse relaxation, since no polarization transfer periods
and evolution periods have been introduced to monitor
the additional chemical shifts. In contrast, due to ac-
tive cross-correlated relaxation between S — I dipole-
dipole coupling and chemical shift anisotropy of spin
S for those spins S, which are not refocused with the
inversion profile a(w;) (first term of Equation 3), the
proposed concept may profit in signal-to-noise from
transverse relaxation-optimization (Pervushin et al.,
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Figure 1. Experimental scheme for the HNCA®*4edHA experiment
for 13C,19N-labeled proteins. The radio-frequency pulses on Iy,
5N, Bc® or 3¢ were applied at 4.8, 119, 55, and 174 ppm,
respectively. The narrow and wide black bars indicate non-selective
90° and 180° pulses, respectively. On the line marked IH, black sine
bell shapes indicate selective 90° pulses with the duration of 1 ms
and a Gaussian shape truncated at 5% are applied on the water res-
onance. On the same line a large sine bell shaped pulse labeled with
f4 indicates a selective 180° pulse with a Gaussian shape truncated
at 5% and the duration of 1.3 ms. The soft pulse is on resonance
at 3.5 ppm and its length has been optimized for the magnetic field
strength of 700 MHz 'H frequency. The inversion profile is shown
in Figure 3A. The line marked PFG indicates durations and ampli-
tudes of sine shaped pulse magnetic field gradients applied along
the z-axis.: G1: 0.8 ms, 15 G cm_l, G2: 0.8 ms, 9 G cm_l; G3:
0.8 ms, 22 G cmfl; G4: 0.8 ms, 22 G cm~!. The delays t, T,
and 3 are 2.7 ms, 24 ms and 1.3 x 0.5 ms, respectively. The phase
cycle is Wy = {y,—yx,—x}, ¥ = {—y}, ¥3 = {—y}, ®| = {x, X,
X, X,—X,—X,—X,—X} and ®rec = {y,—y,—X,X,—V,y,X,—x}. All other
radio frequency pulses are applied either with phase x or as indicated
above the pulses. In the I5N(¢1) dimension a phase-sensitive spec-
trum is obtained by recording a second FID for each increment of
t1, with W = {y, —y, —x, x}, Vo = {y}, W3 = {y} and the data are
processed as described by Kay et al. (1992). Quadrature detection
in the 13C® (¢2) dimension is achieved by the States-TPPI method
(Marion et al., 1989) applied to phase & . The water magnetization
stays aligned along the +z-axis throughout the experiment by the
use of water flip-back pulses (black sine bell shapes; Grzesiek and
Bax, 1993). Between time points » and c¢ the timing of the radio
frequencies pulses of the different nuclei have been implemented in
a parallel manner to achieve an initial #, = 0.

1997; Riek et al., 2000) during evolution time ¢. But,
since this effect results in a differential relaxation
of the multiplet components, cross-correlated relax-
ation might affect the relationship between apparent
residual scalar coupling and chemical shift. We calcu-
lated, that the influence of transverse relaxation T2 to
the relationship between apparent residual scalar cou-
pling and chemical shift can be neglected. For T2 =
1/1J(1,S) and a cross-correlated relaxation rate of 2/(3
T2) the expected overestimation of the apparent resid-
ual scalar coupling is about 5% and thus within the
accuracy of the method (data not shown).
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In an experiment, the applied soft pulse will not
have a linear inversion profile as assumed above in
Equations 5 and 6, but the inversion profile of the
applied soft pulse will cover in a predictable way
the chemical shift range. For example, the soft pulse
used in the pulse sequence of Figure 1 contains a
Gaussian shape with a truncation threshold C of 5%
characterized by the following inversion profile (Hull,
1994):

a(wy) = exp[—(07mx — ©7)? In (100/C)/
(O-S(wl,max - w],min))z]'

Furthermore, for a precise evaluation of the chemical
shift of spin I, Equation 3 instead of Equation 4 should
be used.

Alternatively, off-resonance decoupling with a res-
onance frequency of w.,, and a radio-frequency power
of yg Ba/21 can be used to scale the scalar cou-
pling 'J(1,S) depending on the chemical shift of spin
I (Ernst, 1966; Tanabe et al., 1970; Freeman, 1988).
The observed scaled scalar coupling is a real residual
scalar coupling, since the off-resonance irradiation on
spin [ is applied during the entire period ¢ and thus
affects the effective magnetic field of spin S (for more
details see Ernst, 1966; Tanabe et al., 1970; Free-
man, 1988). Provided that w.,, — wy is large compared
with 0.5 'J(1,S) and the decoupling time 7 is long,
the following residual splitting is expected (Freeman,
1988):

(N

residualj(l’ S) &~ (wew — 7))/ ([0ew — 7P+

(yuBa/2m205) 1t s).  ®

A comparison between the two discussed concepts
yields the following observations: (i) The resid-
ual scalar coupling ™s14ual y(7 §) derived from off-
resonance decoupling (Equation 8) is a real residual
scalar coupling (Freeman, 1988), which is in contrast
to the apparent residual scalar coupling derived from
chemical shift-coding (Equations 3 and 5, Figure 2).
(ii) The relationships between the residual scalar cou-
plings and the chemical shifts of interest are strongly
dependent on the chosen concept, as can be depicted
from Figures 3A and B and Equations 7 and 8. (iii)
The concept of chemical shift-coding was developed
for times ¢ with 0 < ¢ < 1/1J(1,S) and can therefore
be optimally incorporated in any evolution times dur-
ing an experiment (see below), whereas off-resonance
decoupling is only well suited for ¢ > 1/1J(I,S) and is
thus preferably applied during acquisition (Freeman,
1988; Fesik et al., 1990; Ernst, 1966).

Methods

The concept of chemical shift-coding introduced
above was applied to the 3D HNCA experiment
adding the chemical shift of 'H® The so-called
HNCA®4dHA experiment is based on the TROSY
(Pervushin et al., 1997) version of the HNCA exper-
iment (Salzmann et al., 1999) with only one minor but
pivotal difference during the alpha-carbon evolution
depicted in Figure 1, which shows the experimental
scheme for the HNCA®4dHA experiment. Between
time points a and b, magnetization is transferred
from 'H via !N to 13C®, using two successive IN-
EPT steps (Morris and Freeman, 1979). During the
frequency labeling period 7, the '3C* chemical shift
evolves. Simultaneously, the ' J (13C%,'H®) scalar cou-
pling of ~144 Hz begins to evolve. However, the
apparent extent of the evolution of the 'J(13C%H®)
coupling is under the control of the 180° soft pulse
on 'H®. The soft pulse is on-resonance at the high-
field edge of the 'H® chemical shift range at 3.5 ppm
and contains a Gaussian inversion profile, which de-
creases to ~5% at 5.0 ppm (Figure 3A). Thus, the
multiplet splitting of the cross-peak along the '3C*
dimension and the concomitant apparent extent of the
17(13C%,1H*) coupling depend on the position of the
attached "H® chemical shift (Figure 3A). In other
words, the '"H* chemical shift is encoded in the pat-
tern of the cross-peak along '3C dimension through an
apparent residual scalar coupling ™sidual y(13ce TH®)
(Figure 3A; Equations 3, 4 and 7). A theoretical
description of the concept was given in the theory sec-
tion. After chemical shift evolution modulated by the
chemical shift-dependent scalar coupling, magnetiza-
tion is transferred back to !N at time point ¢. Between
¢ and d the N nuclei evolve with their chemical
shifts during a constant time period. From time point
d onward magnetization is transferred back to 'H. The
coherence flow can thus be described as follows:

136 i) 112) cospresidual 7 13c% ) TH* (1))12) N
Ty = THG) )

N3¢~ Dyr2) cosfrresidual y(13ca g 1y TR — 1))12)”
YHG)13) > LH @3],

where 71 and ¢2 are the "N and '3C evolution
times and 3 is the 'H acquisition time. Indices
i and i — 1 indicate that coherence is transferred
from N(i) — 'H(i) to both the sequentially and
the intra-residually adjoining '3C*’s, respectively.
The coded 'H* chemical shift is designated with
the cosine modulation of its apparent residual scalar
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Figure 2. Contourplots of the relationship between the inversion profile a(w;) of the soft pulse and the peak shape in the transformed spectrum
along frequency wg with (A) a fmax = 1 1y (S,I) and (B) a tmax = 2 1y (S,1). A comparison of the two contourplots shows that the intro-
duction of apparent residual scalar coupling residual 7 (g 1y — (1 — a(w ) YIS, is only appropriate for maximal evolution times fjax up to
~11J(S,I). In (A) the relationship 81992l  (§ 1) = (1 — a(w})) 1 J(S,I) is shown by dashed lines: For a(w] = omax) = 1 *sidual (5, 1) =
17(8,1) is observed, and for a(w; = wmin) = 0 a ™s1d4al 7 (§ 1) = 0 is observed. The contourplots were generated by Fourier transformation

of Equation 3. Darker contours indicate lower intensities.

coupling, residual y(13ca THe) “active during r2. The
relationship between the 'H® chemical shift and
residual y(13co TH®) depends on the inversion profile
of the soft pulse used. In the experiment presented in
Figure 1 a soft pulse with a Gaussian inversion pro-
file and the length of 1.3 ms on-resonance at 3.5 ppm
was applied. The corresponding relationship between
residual y (13 TH®) and the chemical shift is given in
Figure 3A.

Results and discussion

The relation between "s14%al J(13C 1) gand ' H*
chemical shift

As described in the theory section (Equations 3-6), the
proposed concept of chemical shift-coding is based
on a specific relation between an apparent residual
scalar coupling and the chemical shift of interest,
which is a function of the inversion profile of the cho-
sen soft pulse. Since we are using a soft pulse with
a Gaussian inversion profile, the correlation of the
apparent residual scalar coupling with the chemical
shift of interest is theoretically also approximately a
Gaussian function (Equation 7 and Figure 3A). To ver-
ify the calculated function, the expected relationship
was measured experimentally using a test sample con-
taining 10 mM 3C,'>N-labeled leucine. In an array
of one-dimensional '*C-'H correlation experiments
a selective 'H* filter with the soft pulse of interest

was applied upon magnetization transfer from 'H to
13C, followed by back-transfer to 'H and acquisition
(see also caption to Figure 3). In this array, the reso-
nance frequency of the Gaussian soft pulse with length
1.3 ms was incremented in steps of 100 Hz with a start-
ing 'H-frequency that corresponds to the 'H* chemi-
cal shift of leucine. The off-resonance inversion effects
of the Gaussian soft pulse onto the measured 'H sig-
nal are displayed in Figure 3A and show a perfect
match between the measured data points and the calcu-
lated relationship. We further evaluated the influence
of radio frequency imperfections on the relationship
between the apparent residual scalar couplings and
the corresponding chemical shifts. The same array of
one-dimensional experiments was acquired, this time,
however, with a radio frequency power of the Gaussian
soft pulse off-calibrated by 10% (10% less power than
optimal). As can be inferred from Figure 3A, the off-
calibration of the radio frequency power of the soft
pulse influences the relationship between the appar-
ent residual scalar coupling and the chemical shift
only when the chemical shift is close to the reso-
nance frequency of the soft pulse. Therefore, it can
be concluded that the calculated relationship between
the apparent residual scalar coupling and the chemical
shift is experimentally established in a reliable way.
As mentioned in the Theory section, the relation-
ship between a ™sidual y(13ce THY) and a 'H* chem-
ical shift can also be established using off-resonance
decoupling. To verify the relationship given in Equa-
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Figure 3. The relationship between the 'H® chemical shift and the apparent residual scalar coupling

o( ' H) [ppm] ¢

o( ' Hy [ppm] )

residual.](l3coc’lH0() applylng (A) a

off-resonance softpulse and (B) off-resonance cw decoupling. (A) The continous line was plotted on the basis of Equation (5) assuming a
proportional relation between the 'H® chemical shift and the corresponding esidual 713 TH®). For the calculation o I.max = 3.5 ppm and
®7 min = 5.3 ppm were used. The dashed curve represents the relationship between the chemical shift and the apparent residual scalar
coupling established by the Gaussian soft pulse with the length of 1.3 ms used in the HN CcAcodedpp experiment (see caption to Figure 1). The
relationship shown corresponds to the inversion profile of the soft pulse. The TH® chemical shifts in Figures 3, 4 and 5 have been extracted
from the dashed plot as shown for residue 11 upon the measurement of the apparent residual scalar coupling (see Figure 5). The relationship
measured experimentally with a proper calibration of the soft-pulse is marked with circles; the relationship measured with a 10% off-calibrated
radio-frequency power of the soft-pulse is marked with crosses. The experimentally measured relationship was acquired with 13¢,15N-1abeled
Leu in an array of one-dimensional 13¢.1H correlation experiments including a selective TH® filter: 7[/2(1H) —1/4J (lH,13 C) — n(lH),n(13C)
— 114JH,1B0) — n2(H),m23C) — 1/4J (RH,13C) — w-softpulse(! H),x(*3C) — 1/4J('H,13C) — n2('H),=2(13C) — 1/4J(1H,13C)
— n(lH),n(13C) — 1/4J (IH,BC)A In this array, the resonance frequency of the Gaussian soft pulse with length 1.3 ms was incremented in
steps of 100 Hz with a starting 1H-frequency that corresponds to the TH® chemical shift of leucine. The off-resonance inversion effects of
the Gaussian soft pulse onto the measured Iy signal show a perfect match between the measured data points and the calculated relation. In
brackets, the relative difference between the resonance frequency of the Gaussian soft-pulse or the decoupling frequency and the TH® chemical
shift of 13C,15N—labeled Leu are given in Hz.

(B) The continous line represents the calculated relationship between the chemical shift and the residual scalar coupling established by cw
decoupling at w¢y = 3.5 ppm (0 Hz) with radio-frequency power yg Bp/ 21 of 600 Hz. The calculated relationship of interest was
plotted on the basis of equation [8] assuming an infinite time ¢. The relationship measured experimentally with an off-resonance decou-
pling time t = 1/[217(S, )] = 3.4 ms is marked with crosses; the relationship measured with an off-resonance decoupling time t =
15/21J(S, I)] = 51 ms is marked with circles. The experimentally measured relationship was acquired with 13¢,15N-1abeled Leu in an
array of one-dimensional 13¢.1H correlation experiments including off-resonance decopuling: Tt/2(lH) — 1/4J (lH,13 C) — n(lH),n(l3C) -
1/47('H,13¢C) — n2 H),72(13C) — 1 — n(13C) — 1 — w2 H), 72(13C) — 1747 AH,13C) — n(IH),x(13C) — 1/47(VH,13C). In this array,
the resonance frequency of the off-resonance decoupling during the time 2 x t was incremented in steps of 100 Hz with a starting 1H-frequency
that corresponds to the IH® chemical shift of leucine.

tion 8, an array of one-dimensional '3C-H correlation
experiments was measured with a set-up similar to
the one used above, but the Gaussian soft-pulse was
replaced by off-resonance decoupling with a radio fre-
quency power Yy By/2m of 600 Hz applied during
the entire filtering element with length ¢. The mea-
sured function of the residual scalar coupling versus
the offset between the 'H® chemical shift and decou-
pling frequency wcy is displayed in Figure 3B. With
a filtering element length ¢ of 1/(2'J(13C%,'HY)) =
3.4 ms the inversion profile of off-resonance decou-
pling performs oscillatory and does not match the cal-
culated relationship (Figure 3B). Only with very long
off-resonance decoupling times (¢ = 50 ms) the pre-
dicted relationship between residual scalar coupling
and 'H* chemical shift was realized. This finding
makes clear that off-resonance decoupling should not

be used during indirect dimensions of NMR exper-
iments starting with an evolution time ¢ 0. On
the other hand, off-resonance decoupling can be ap-
plied during acquisition, for example to correlate 'H
and 13C chemical shifts of small molecules (Ernst
et al.,, 1985; Tanabe et al., 1970) or to determine
SN chemical shifts of NOEs between amide hydro-
gens and aliphatic hydrogens in a 3D '3C-resolved
[lH,lH]-NOESY experiment (Fesik et al., 1990).

3D HNCA®%d HA experiment: An application of the
concept of chemical shift-coding

Figure 4A shows strips and cross-sections from a
3D HNCA®4dHA spectrum of uniformly '3C,N-
labeled ubiquitin. As in the conventional HNCA ex-
periment (Figure 4B), two cross-peaks are observed
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Figure 4. (A) Strips and corresponding cross-sections along the m2(13C) dimension of the 3D HNCAC0dedHA spectrum of 13¢,15N-1abeled
ubiquitin. (B) Analogous strips and corresponding cross-sections of the HNCA spectrum. The strips are centered about the corresponding 1N
chemical shifts. At the top the sequence-specific assignments are indicated by the one-letter amino acid code and by the sequence number.
The sequential connectivities are indicated by horizonal dashed lines. The TH® chemical shifts have been extracted from the dashed plot
in Figure 3A upon the measurement of the apparent residual scalar coupling with a modified version of the program INFIT (Szyperski et al.,
1992). Designated by an arrow is a characteristic multiplet, for which the multiplet components have different intensities due to cross-correlated
relaxation between 13C*—!H® dipole-dipole coupling and alpha-carbon chemical shift anisotropy. The experiments were recorded at 20 °C with
a 0.8 mM sample of 13¢,15N-1abeled ubiquitin in a mixed solvent of 95% H,O/5% D0 at pH 7, using a Bruker Avance 700 MHz spectrometer
equipped with five radio-frequency channels, a pulsed field gradient unit and a triple resonance probe with an actively shielded z-gradient coil.
The following parameter settings were used for both experiments: data size = 50(r1)x50(¢2) x 1024(¢3) complex points; ¢ I max (15N ) =24 ms,
12max (13C°‘) = 8.7 ms, t3max(lH) = 75.6 ms. The data set was zero-filled to 128 x512x2048 complex points; 8 scans per increment were
acquired, resulting in 17 h of measuring time. Prior to Fourier transformation the data were multiplied with a 75° shifted sine bell window in
all dimensions.

for each spin system: The stronger cross-peak cor- scalar coupling of 0—144 Hz corresponds to a 'H®
responds to intra-residue correlations between the chemical shift between 3.5-5.3 ppm (Figures 3 and
carbons and the 'N-'H moiety, and the weaker 4A). The sizes of the apparent residual scalar cou-
cross-peak represents the sequential correlations. In plings were evaluated with a modified version of the
addition, these cross-peaks are split due to the ac- program INFIT (see caption to Figure 5 and Szyper-
tive residual y 13C"‘,lH"‘)—coupling, the size of which is ski et al., 1992) and the corresponding I'H” chemical
related to the 'H® chemical shift as depicted in Fig- shifts were extracted using Equation 7 (see also Fig-
ure 3A: The cross-peak is not split if the attached ure 3A). In Figure 5 the 'H* chemical shifts extracted
'H* chemical shift is 3.5 ppm, the cross-peak is a from the proposed technique of chemical shift-coding
doublet of 144 Hz if the corresponding 'H* chem- were plotted versus their values measured with the

ical shift is > 5.3 ppm, and an apparent residual conventional technique to exploit their experimen-
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Figure 5. "H® chemical shifts of 13C,15N-labeled ubiquitin derived from the HNCA4€dHA experiment plotted versus the chemical shifts
measured by chemical shift evolution (for measuring conditions see Figure 4). Using Equation 7 the chemical shifts were calculated from the
extracted apparent residual scalar coupling. The apparent residual scalar coupling were obtained with a modified version of the software INFIT
(Szyperski et al., 1992), which determines scalar couplings by inverse Fourier transformation of in-phase multiplets. INFIT takes into account
the limited digitization, the T2 relaxation, and the window function used. The modified version considers also the active scalar coupling
1713¢ce 13¢P) = 35 Hz. The presence of two chemical shifts per glycine residue makes the extrapolation of the chemical shifts from the
apparent residual scalar coupling more demanding. Thus, the chemical shifts of glycines have been excluded from the plot.

tal accuracy. The observed excellent correlation of
the determined chemical shifts strongly supports the
concept of chemical shift-coding. The accuracy of
the determination of the 'H® chemical shifts in the
HNCA®4dHA experiment is mainly limited by the
maximal evolution time of carbons, 2max, the size
of the scalar coupling 'J(13C%,'H%), and the spec-
tral range of the 'H® chemical shifts, which has to
be covered by the shoulder of the inversion profile of
the soft-pulse (Equations 3, 4 and 7; see the Theory
section). Using a ! 7 (13C*,'HY) coupling of ~144 Hz,
a 'H* spectral range of 1.8 ppm, a magnetic field
strength of 700 MHz 'H frequency and assuming
that the residual 7 (13C* TH®)_coupling can be evaluated
with a precision of 8 Hz, it can be calculated from
Equation 5 that the accuracy of the determined 'HY-
chemical shifts is ~70 Hz, which coincides well with
the experimentally obtained accuracy (Figure 5). In
this evaluation the glycine residues were excluded,
since the presence of two alpha-hydrogen 'H® per
13C* makes the extrapolation of two 'H® chemical
shifts from one apparent residual scalar coupling more
demanding (but see below). Thus, with the introduc-
tion of one simple soft pulse during the carbon evolu-
tion in the 3D HNCA experiment, the I'H®_chemical
shifts can be determined in addition to the 'HN, I’N
and '3C* chemical shifts.

Moreover, with the introduction of one simple soft
pulse the quality of correlation of sequential residues
improved dramatically, because the sequential corre-
lation in the 3D HNCAC®4dHA experiment can be
traced on the basis of 13C® and 'H® chemical shifts; in
the conventional 3D HNCA experiment the sequential
residues are traced only by the '3C* chemical shifts.
Using a '"H* chemical shift accuracy of 0.1 ppm (see
above) and a 'H* chemical shift dispersion of 1.8 ppm,
it can be therefore estimated that the additional infor-
mation of the 'H* chemical shift increases the quality
of a sequential correlation by a factor of ~18. Indeed,
with the HNCA°4dHA experiment a straight-forward
sequential walk can be traced through the multiplets of
the 13C* cross-peak including the overall position of
the '3C® cross-peak as a point of departure (see Figure
4). When a multiplet pattern of a sequential cross-peak
coincides with a multiplet of an intra-residual cross-
peak, the sequential connectivity is traced and ensured
by two independent correlations, the alpha-carbon and
alpha-hydrogen chemical shifts. When the patterns
do not fit, the two involved 1N-!'H moieties are not
neighbors. Importantly, the proposed procedure for
tracing sequential correlations profits from the 'H*
chemical shifts through the apparent residual scalar
coupling and therefore without explicit extraction of
the chemical shifts. Thus, the 'H®* chemical shifts of



the glycine residues can also be used for the sequen-
tial assignment through the apparent residual scalar
coupling, although the extrapolation of their chemical
shifts is not straightforward (see above). In conclusion,
the proposed procedure reduces dramatically ambigu-
ities in linking the spin systems of adjacent residues in
the protein sequence during the sequential assignment
process.

The improvement of the quality of correlations
through the introduction of chemical shift-coding is
connected with a moderate peak intensity loss due
to the splitting of the cross-peak. The volume of the
cross-peak is, however, not affected by chemical shift-
coding. Furthermore, since the origin of the signal loss
is the splitting of the cross-peak due to the apparent
residual scalar coupling and since no additional po-
larization transfers and evolution periods have been
introduced to monitor the additional chemical shift,
this peak intensity loss is independent of the size of
the molecule. Thus, a signal-to-noise loss of a factor
of 2 has to be anticipated if a cross-peak is split com-
pletely into a doublet and the maximal signal-to-noise
loss of ~2.2 will be observed for a cross-peak with
a residual scalar coupling 2/3 x 'J('H,'3C). How-
ever, since a lot of cross-peaks split only partially, the
average signal-to-noise loss is ~1.5 without affecting
the volume of the cross-peak, as illustrated with the
cross-sections of the HNCA and of the HNCA®4dHA
experiments (Figure 4). For comparison, a correspond-
ing 4D HNCAHA experiment would suffer from (i) a
sensitivity loss of +/2 for the additional 'H* dimension
due to the additional quadrature detection needed, (ii)
14%, 25% or 43% signal loss for a molecule with a ro-
tational correlation time of 4 ns, 8 ns, or 16 ns, respec-
tively, due to '3C* transverse relaxation (T2('3C%) =
50 ms, 25 ms, 12.5 ms, respectively, Lee et al., 1997)
occurring during the additional two polarization trans-
fer elements from 3C® to 'H* and from 'H® to 13C%,
(iii) ~25% signal loss due to B; inhomogeneity of
the additional 8 pulses of the additional polarization
transfer elements, (iv) up to 15% signal loss due to
a partial active ! J(13C%, 13CP) coupling during the
above mentioned polarization transfer elements, (v)
additional signal loss due to T2('H%) relaxation and
active ! J (YH,"H) couplings during the additional evo-
lution period. The given numbers were calculated and
confirmed experimentally for a rotational correlation
time of 4 ns (data not shown).
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Conclusion

The concept of coding a chemical shift through an ap-
parent residual scalar coupling in the line-shape of a
cross-peak of an adjoined nucleus has been demon-
strated convincingly with the HNCA®4dHA experi-
ment. The strength of the concept is the addition of
chemical shift information without any additional po-
larization transfers or/and evolution times resulting in
a highly sensitive experiment with high quality infor-
mation. Furthermore, the inherent basic idea of the
technique and the ease of implementation open this
technique to a wide range of multi-dimensional exper-
iments despite the limitation of a fx < 1/ Lj1,$). In-
deed, preliminary data applying chemical shift coding
to HNCACBC°dedHAHB (Pegan, Kwiatkowski, Choe,
Riek, submitted) experiments and HNCA®*4ICB ex-
periments are promising (C. Ritter, T. Luhrs, W.
Kwiatkowski, R. Riek, in preparation).

It is our belief that this is an important technique
for NMR-based structural genomics and for the study
of structure-activity relationships by NMR, since one
of the major challenges of these applications is optimal
matching of instrument time with an appropriate infor-
mation content (Montelione et al., 2000; Zuiderweg,
2002). The proposed concept of chemical shift-coding
satifies both requirements.
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