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Abstract Two novel HSQC-IPAP approaches are
proposed to achieve o/f spin-state editing simulta-
neously for *C and "N in a single NMR experiment.
The pulse schemes are based on a time-shared (TS) 2D
'H,*C/'H,'"’N-HSQC correlation experiment that
combines concatenated echo elements for simulta-
neous J(CH) and J(NH) coupling constants evolution,
TS evolution of *C and "N chemical shifts in the
indirect dimension and heteronuclear o/p-spin-state
selection by means of the IPAP principle. Heteronu-
clear o/f-editing for all CH,, (n = 1-3) and NH,, (1-2)
multiplicities can be achieved in the detected F2
dimension of a single TS-HSQC-F2-IPAP experiment.
On the other hand, an alternative TS-HSQC-F1-IPAP
experiment is also proposed to achieve ao/p-editing in
the indirect F1 dimension. Experimental and simulated
data is provided to evaluate these principles in terms of
sensitivity and performance simultaneously on back-
bone and side-chain CH, CH,, CH;, NH, and NH; spin
systems in uniformly '*C/"*N-labeled proteins and in
small natural-abundance peptides.

Keywords NMR - HSQC - Spin-state selection -
Coupling constants - IPAP - Time-sharing

Introduction

Time-shared (TS) evolution of different coherences
(Sgrensen 1990; Farmer II 1991; Boelens et al. 1994;
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Mariani et al. 1994; Sattler et al. 1995; Uhrin et al.
2000; Frueh et al. 2005) and reduced-dimensionality
(RD) experiments (Szyperski et al. 2002; Kim and
Szyperski 2003) have been introduced in high-resolu-
tion bio-molecular NMR spectroscopy to provide
valuable time savings in data collection. These con-
cepts rely on the joint sampling of independent NMR
parameters in indirect evolution times and it has been
successfully applied for multiple frequency labeling of
several nuclei into the same indirect dimension of
multidimensional NMR experiments. One illustrative
example is the TS-'H,">C/'H,"’N-HSQC experiment
which allows the simultaneous acquisition of 2D
'H,"*C and 'H,"N correlation HSQC spectra (Sattler
et al. 1995). In this experiment, both *C and N
chemical shifts evolve simultaneously during the vari-
able t; period and therefore all heteronuclear °C and
N correlations with the detected 'H can be traced out
in the same indirect dimension but from independent
spectral widths. It has been recognized that the incor-
poration of the TS concept in traditional NMR
experiments can open new frontiers for structural
and dynamic NMR studies. The practical absence of
overlapping problems between 'H(N) and 'H(C)
resonances in proteins, the tolerable sensitivity losses
associated to additional pulses and longer delays in TS
versions compared with regular experiments (Sattler
et al. 1995) and the no introduction of considerable
extra artifacts makes of the TS approach an attractive
NMR tool to speed up data acquisition and to intro-
duce new NMR approaches for further developments
into time-consuming higher dimensional triple-reso-
nance or NOESY-edited NMR experiments.

On the other hand, it has been described that several
spin-state selective (S*) coupling patterns, such as
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E.COSY, TROSY/anti-TROSY or o/p-editing in the
indirect F1- or the detected F2-dimension of 2D cor-
relation experiments based on heteronuclear cross-
polarization, can be realized simultaneously for
different multiplicities, namely NH/NH, or CH/CH,
spin systems (Parella and Gairi 2004). Here, we expand
this idea by proposing two different versions of the
TS-HSQC experiment in order to obtain S editing
simultaneously for '*C and "N using the IPAP prin-
ciple. Thus, two complementary in-phase (IP) and
anti-phase (AP) spectra are separately collected and
conveniently added/subtracted to provide two different
upfield/downfield-multiplet component spectra (Otti-
ger et al. 1998). Our first proposed experiment relies
on the recently described strategy to achieve S for all
multiplicities in the acquisition F2 dimension of a
sensitivity-enhanced HSQC experiment (Nolis et al.
2006). This TS-HSQC-F2-IPAP pulse scheme involves
TS evolution of coupling constants and chemical shifts,
sensitivity-enhanced coherence-order-selective trans-
fer schemes for both >C and "N, specific-nucleus
13C/">N-editing, and appropriate combination of com-
plementary IP and AP data to provide o/p-spin-editing
simultaneously for all CH,, (n = 1-3) and NH,, (n = 1-2)
spin systems in the same experiment. Experimental
and simulated data is provided to evaluate these prin-
ciples on all backbone and side-chain CH, CH,, CHj,
NH, and NH, spin systems in uniformly '*C/**N-la-
beled ubiquitin. The second proposed approach offers
the possibility to obtain o/p-spin-editing simulta-
neously for >C and "N in the indirect F1 dimension of
a TS-HSQC-F1-IPAP experiment that could allow the
determination of heteronuclear scalar and/or residual
dipolar coupling (RDC) constants without contamina-
tion by homonuclear HH couplings (Ottiger et al.
1998; Ding and Gronenborn 2003; Fehér et al. 2003;
Kovér and Batta 2004; Ishii et al. 2001) or the mea-
surement of CSA-dipolar cross-correlation (Hall et al.
2003; Hall and Fushman 2003). Experimental data on a
natural-abundance peptide (cyclosporine) demonstrate
the successful application of this experiment simulta-
neously on CH/CH, and NH/NH, spin systems.

Results and discussion

The proposed TS-HSQC-F2-IPAP (Fig. 1A) and
TS-HSQC-F1-IPAP (Fig. 1B) pulse schemes are
closely related to the original TS-HSQC experiment
(Sattler et al. 1995). There are several general features
to be highlighted. Basically, two different "H/**C and
'H/'>N magnetization transfer pathways are superim-
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posed within the same radio-frequency pulse scheme
in order to minimize undesired effects of additional
pulses and longer delays, particularly suffered for '>C.
The advantages offered with the TS approach com-
pared to separate acquisition of single-nucleus exper-
iments have already been discussed and carefully
evaluated. Theoretically, a sensitivity enhancement
per time unit of 41% should be expected individually
for C and >N when both data are required. Our
experimental data, extracted from TS-HSQC spectra
of ubiquitin, are in excellent agreement with the
averaged 30-40% and 15-25% sensitivity gains pre-
viously reported for N and *C, respectively (Sattler
et al. 1995). Both pulse schemes use concatenated
heteronuclear spin-echo periods for simultaneous
IP-to-AP dephasing or AP-to-IP refocusing of CH and
NH coupling constants. In practical terms, these con-
catenated double-INEPT elements have the same
duration as conventional 'H-'"N INEPT periods
(2*A, = 1/2J(NH)~5.5 ms) and therefore the expected
sensitivity gains for 5N will be minimally affected.
However, in the case of *C, each concatenated block
is about 2 ms longer (2*A; = 1/4J(CH)~3.5 ms) than
the corresponding 'H-'*C INEPT periods and the
resulting relaxation losses can explain the more
moderate sensitivity gains. Finally, spectral width and
resolution in the indirect dimension can be indepen-
dently set for °C and "N because '°N chemical shift
evolves during a period #,” + t; whereas >C chemical
shift only evolves during the period #.

TS-HSQC-F2-IPAP experiment

The proposed TS-HSQC-F2-IPAP experiment can be
understood as a sensitivity-enhanced TS-HSQC pulse
scheme without heteronuclear decoupling during
acquisition (Fig. 1A). Following the first concatenated
INEPT block that creates anti-phase proton magneti-
zation with respect to >C and N, the gradient G,
applied after the 90°y(lH) pulse acts as a zz-filter and
also dephases any residual transverse water magneti-
zation. Although not shown, water-flip back can be
also incorporated during the zz filter to get improved
water suppression if needed. Then, heteronuclear
chemical shift evolution takes place in two consecutive
t;” and 1, steps. During the initial #,” period, the trans-
verse °N magnetization created by the first 90°(*°N)
pulse evolves under the only effect of its chemical shift
whereas '°C remains as H,C, magnetization. On the
other hand, frequency labeling of both *C and N
chemical shifts takes place simultaneously during the
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Fig. 1 Schematic representation of the TS-'H,"*C/'H,'">’N—(A)
HSQC-F2-IPAP and (B) HSQC-F1-IPAP experiments. All
narrow and wide rectangular pulses are applied with flip angles
of 90° and 180° along the x-axis unless indicated otherwise. The
shaped "*C 180° pulses can be a 500 ps smoothed chirp pulse for
broadband inversion or a 256 us Q3 Gaussian cascade for
selective aliphatic inversion. The inter-pulse delays are opti-
mized to Al = 1/4JCH7 Az = 1/4JNH’ N = Al and A” = Az—A, for
CH and NH multiplicities. On the other hand, A" and A” should
be set to Ay/2 for CH,-optimized and A,/2-A; for NH,-optimized,
respectively. The periods € and A compensate evolution during
the variable #; and #,” periods and the time increments are set to
Aty = 1/SW(C) and A7y = 1/SW(N)-1/SW(C). A basic two-step
phase cycle is employed: ¢; = ¢, = (x, —X), Opec = (¥, —x). °N
cross peaks can be inverted with respect to '*C cross peaks by
inverting the phase of the first 90°(N) pulse, ¢; = (-x, x). In
Fig. B, the initial 90°(C) and 90°(N) pulses and the gradient G7
are applied to avoid recovery of the Boltzmann populations that
could produce undesired contributions and multiplet line

subsequent #; period. The dephasing gradient strengths
G; and G, are conveniently adjusted as a function of
these available transverse coherences. The following
concatenated retro-INEPT blocks refocus anti-phase
13C and >N magnetization in a manner that increases
the sensitivity for both nuclei thanks to the PEP
approach (Kay et al. 1992; Schleucher et al. 1994)
whereas the gradient pairs Gs and G4 remove artifacts

distortions. All gradients have a sine shape and their durations
(6 in ms) and strengths (G/cm) are: G1 = (1 ms, -29.53),
G2 = (1 ms, 20.06), G3 = (1 ms, 5.05), G4 = (600 ps, 49.60),
G5 = (600 ps, 6.82), G6 = (600 ps, -3.10), G7 = (600 ps, 9.30).
(A) In TS-HSQC-F2-IPAP experiments, a-edited and B-edited
spectra are generated by addition/subtraction of in-phase (IP)
and anti-phase (AP) data separately collected as a function of
phases ¢3 and ¢4: (i) HSQC-IP(y): (b3 = y, d4 = x); (i1) HSQC-
AP(®y): (b3 =x, ¢4 =y). Frequency discrimination in F1 was
achieved using sensitivity-enhanced gradient selection. The echo
and anti-echo signals were collected separately by inverting the
sign of gradients G1 and G2 together with the inversion of
(=-y) and { (=y). (B) In TS-HSQC-F1-IPAP experiments,
a-edited and B-edited spectra are generated by addition/
subtraction of in-phase (IP) and anti-phase (AP) data separately
collected without and with the pulses marked in red, respec-
tively. Frequency discrimination in F1 was achieved using
gradient selection. The echo and anti-echo signals were collected
separately by inverting the sign of G1 and G2 gradients

associated with imperfect 180° pulses. Finally,
observable proton magnetization is rephased by the
gradient Gy (the ratio between G1:G,:Gj is —6:4:1) and
acquisition is performed without heteronuclear *C/"°N
decoupling in order to achieve the corresponding IP
and AP spectra as a function of the phases ¢; and ¢4
(Nolis et al. 2006). Sensitivity-enhanced o- and B-edi-
ted TS-HSQC sub-spectra are generated by addition/
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subtraction of complementary in-phase (IP(y): ¢3 =y,
bg = x, Yy = -y, I, = y) and anti-phase (AP(y): ¢3 = x,
bs=y, Uy =-y, \n=y) data. Although not strictly
necessary because o/f-editing is achieved in the
acquisition F2 dimension, further enhancements could
be introduced in the indirect F1 dimension when ap-
plied specifically on '*C-labeled compounds such as,
for instance, spectral aliasing, selective '*CO decou-
pling during #; or implementation of combined con-
stant-time (CT) '*C and variable-time (VT) "N
chemical shift labeling periods (Uhrin et al. 2000).

To avoid confusion during spectral analysis and
without sensitivity penalties, the phase of cross-peaks
correlating amide proton and nitrogen coherences can
optionally be inverted by means of the first 90° >N
pulse (¢; = x or —x). In practice and as clearly shown
from simulated data (Fig. 2), four separate data can be
recorded in an interleaved manner by inverting ¢, and

Fig. 2 Simulated 1D TS-
HSQC-IPAP spectra showing
the schematic data acquisition/
processing strategy designed
to achieve simultaneous spin-
state (IP(y) with ¢5 = y and NH,
b4 = x; or AP(y) with ¢3 = x /\ NH CH
and ¢4 = y) and nucleus /

(¢1 = x or —x) editing for all ’

A: ¢,=x and IP(y)

d3/d4 (A-D in Fig. 2) and properly combined to afford
four individual o/"*C-, B/*C-, o/"°N-, B/*°N-edited
HSQC spectra with optimum sensitivity (E-H in
Fig. 2). For experimental verification, TS-HSQC-F2-
IPAP data were recorded on uniformly *C/**N-labeled
ubiquitin to yield clean and simplified spectra with
excellent solvent suppression (Fig. 3). The main S*
features of this approach are more visible from the
different expanded regions of the same spectra (Fig. 4)
that are suitable for the measurement of coupling
constants involving all CH,, and NH,, spin systems.
The key topics of this IPAP strategy already dis-
cussed in regular sensitivity-improved HSQC-IPAP
experiments (Nolis et al. 2006), that includes overall
transfer efficiencies, inter-pulse delay optimization,
setting of pulse phases or percentage of undesired
cross-talk present for any type of multiplicity, can be
applied to the proposed scheme of Fig. 1A. For in-

E: A—B+C:E

Vol
CH,, and NH,, multiplicities. L1 ’ ‘
Four data are collected (A, B,
C, D) and combined (E, F, G,
H) accordingly. Spin system
used in the simulation: CH
(3(*H) = 5 ppm,
3(*3C) = 55 ppm,
Ty = 145 Hz); CH,

B: ¢,=-x and IP(y)

L]

(8("H) = 3 and 4 ppm,
3(1*C) = 30 ppm,

Jen = 135 Hz;

2Juy = 10 Hz); CH;

(3 (‘H) = 2 ppm,

3 (1*C) = 20 ppm,

Jen = 125 Hz); NH

(3 (‘H) = 7 ppm,

3 (°N) = 115 ppm,

'Twu = 90 Hz); NH,

(5 (*H) = 7.5 and 8 ppm,
3 (N) = 105 ppm,

Lywm = 90 Hz; 2Ty = 2 Hz)

U

C: ¢0,=x and AP(y)

w1

D: ¢,=-x and IP(y)

F: A+B+C+D l I

AL

G:A-B-C+D

H: A+B-C-D
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Fig. 3 Experimental 2D 15,
TS-'H,"*C/'H,'>’N-HSQC-F2- .5 NI A

IPAP spectra of uniformly 105-
13C/'5N-labeled ubiquitin. -

The original time-domain 110 " how
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stance, the presence of undesired cross-talks when
different coupling values are present have been eval-
uated from simulated data on NH and CH spin systems
(Fig. 5). It is clear that excellent results are obtained
into a range of AJ(CH) and AJ(NH) about +30%. It
was also reported that cross-talk is much more sensi-
tive for CH, and NH, spin systems but good results are
still obtained into a range of AJ(XH) = x15%.
According to this theoretical predictions, experimental
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data fully confirm the excellent tolerance to cross-talk
for all multiplicities in a wide range of coupling values.
In Fig. 6 it can be seen that practically cross talk is
below 2% in a complete range of 120-160 Hz for
J(CH) and 70-110 Hz for J(NH) and for all CH,, and
NH,, multiplicities.

As described in our previous work (Nolis et al. 2006),
analogue TS-HSQC-F2-IPAP sub-spectra obtained
from addition/subtraction of complementary IP(x)
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Fig. 4 Selected expanded areas extracted from the 2D TS-
HSQC-F2-IPAP spectra of Fig. 3 (E-H) showing the clean and
simultaneous o/B-editing achieved for all NH, NH,, CH, CH,

(b3=y, da=x, V1 =VY2=x) and AP(x) (¢s3=r,
bs =y, Uy = = x) data could be used to measure
simultaneously all Jen (1DCH) and Iy (1DNH)
coupling values for all multiplicities and also the gem-
inal Jgy (*Dyn) in NH, and CH, groups via the
analysis of DQ/ZQ (Permi 2002; Nolis et al. 2006) or
multiplet-line-selective (Carlomagno et al. 2000; Miclet
et al. 2003, 2004) coupling patterns. Eight comple-
mentary data can be acquired in an interleaved way as a
function of phases ¢/, (nucleus editing), ¢pz/dy (o/B-
editing: IP or AP) and \;;/\, (set to x or —x, to generate
DQ (Nxu+Tun) or ZQ (YJxu—"Jun) doublet patterns
for XH, groups, respectively) (Fig. 7) and further pro-
cessed to afford eight simplified S® spectra accordingly
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and CH;. The same region of the F2 fully-coupled IP(y)
spectrum (top) is also shown for comparison in each expansion

to simple linear combinations. Experimental 1D slice
taken for different CH, and NH, groups in the 2D TS-
HSQC-IPAP spectra of ubiquitin shows excellent line
selection for all multiplicities (Fig. 8).

It is worth to say that the sensitivity of '*C signals in
the proposed TS experiment will depend on the
required resolution in the N dimension that will be
defined by the maximum value of the variable #” per-
iod, #;” (max). For this reason, a compromise value
between the maximum ¢;” value and the spectral width
in the N dimension is required. On the other hand, the
use of PEP can restrict the utility to small peptides and
or proteins below molecular weight of 10-15 kDa due
to short relaxation times for '*C. Cross-correlation
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Fig. 5 Effectiveness of the 1P AP IP+AP IP-AP
o/B-spin editing encoding and NH CH
presence of cross-talk for two .
isolated NH and CH spin -30%
systems in a range of JNH 63Hz B LL | B | N |
AJ = +30%. Jep and Tnn JCH 98Hz ‘ ‘
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described in each row. All
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effects could also produce non-complementary IP and
AP data and cross-talks could be more prominent in
such cases. The use of different scaling k factors when
process 1P + k*AP data could be a good post-pro-
cessing practice to minimize such artifacts if they are
present.

TS-HSQC-F1-IPAP experiment

The TS-HSQC-F1-IPAP experiment (Fig. 1B) is an-
other variant of the regular TS-HSQC pulse sequence
in which evolution of both heteronuclear CH and NH
couplings take place simultaneously during the variable
t," and t; periods because decoupling 180°(*H) pulses
are not applied. The advantage to measure heteronu-
clear J(CH) and J(NH) from the indirect dimension of
the HSQC map relies on the absence of proton—proton
coupling splittings. Whereas the IP spectrum is just a
F1-coupled TS-HSQC experiment, the AP counterpart

employs an additional refocusing period just prior to
the ;" period (see pulses and delays marked in red in
Fig. 1B) in an analogue way as reported in the original
HSQC-IPAP sequence (Ottiger et al. 1998). For IS spin
systems, the AP building block works as follows: After
the application of simultaneous 90°,(**C) and 90°,(**N)
pulses, antiphase N and '>C magnetizations are
modulated during the double heteronuclear and con-
catenated echo. At the end of the A’(=1/4JCH)) period,
in-phase C, magnetization is stored as C, magnetization
by a 90°_,(**C) pulse whereas J(NH) continues evolving
during an additional A” = A,-A”" delay up to achieve
in-phase N, magnetization. After this, >N chemical
shift and J(NH) evolves during the free evolution #;’
period whereas '°C is retained at +z axis. The gradient
G1 labels transverse >N coherence and also acts as a
purge gradient for '*C magnetization. Transverse "*C
magnetization is then created by a 90°(**C) pulse and
during the #, period, all J(CH), J(NH), §(*°N) and
3(**C) components evolve freely to create a mixture of
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fig. 6F;1?Pi£;eST gxlt{fgcQteCd Jew= 120Hz Jey= 140Hz Jeo= 160Hz
rom F2- - — — —
spectra of ubiquitin showing Jwi= T9HzZ = 90Hz Jwi= 105Hz
the excellent behaviour of o/f3
editing and absence of cross-
talk for all multiplicities in a Val26
considerable range of CH
coupling constant values. Jen=144Hz
Spectra were recorded as T T T T
described in experimental 36 34 32 ppm 36 34 32 ppm 36 34 32 ppm
section with the inter-pulse
periods optimized to the
J(CH) and J(NH) values Asn60
shown in top of each column. CH,
The experimental J(CH) and Jey=136/131Hz
J(NH) values for each target 2.0 i 3'_0 ppm 2.0 ppm
multiplicity are also included
in each row
Ile21
CH,
Jey=126Hz = _ = _ =
0.0 ppm 0.0 ppm 0.0 ppm
Ser65
NH
Jy=91Hz
—T T 1 | B o e T IS T T
78 76 ppm 78 76 ppm 78 76 ppn
GIn62
NH,

Jny=91/90Hz

in-phase and anti-phase *C and '°N coherences which
are labeled with the G2 gradient. Then, *C and *N
magnetization are back converted to detectable 'H
magnetization by a concatenated INEPT transfer and
coherence selection is achieved using a gradient
G1:G2:G3 ratio of —6:4:1. Finally, proton acquisition is
performed with simultaneous '*C and '°N decoupling to
ensure that heteronuclear couplings do not appear in
the acquisition dimension. The F1-IPAP sequence in
Fig. 1B has a reduced sensitivity compared to the F2-
IPAP experiment since PEP is not applied. However,
the sensitivity gain ratios when compared TS versus
standard F1-IPAP sequences will remain the same,
about a factor of 1.41.

Figure 9 shows expanded regions of the acquired 2D
IP and AP and the resulting o- and B-edited TS-HSQC
spectra of cyclosporine in which clean spin-state editing
is achieved simultaneously for all CH and NH groups.
As predicted theoretically, the experimental sensitivity
gains per time unit for "’N are about +30/+40% mainly
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; 8 =
72 7.0 68 ppm

T T T T TR A E T
7.2 7.0 68 ppm 72 7.0 68 ppm

because the duration of each concatenated block in the
TS version is the same (optimized to 1/2J(NH)) than in
the original "N-HSQC-IPAP pulse sequence. How-
ever, the poorer sensitivities gains achieved for *C
(between +15% and +25%) can be attributed to relax-
ation of >C zz magnetization during the ¢, period in the
AP experiment and also to additional *C T, relaxation
during the longer concatenated INEPT steps.

The features for measuring scalar and/or RDC
constants from the indirect dimension of TS-HSQC-
F1-IPAP spectra are analogous to the original HSQC-
IPAP experiment (Ottiger et al. 1998). As a major
drawbacks, the measured splitting will depend some-
what on the linewidth, the quality of CH correlations
for large protein can be degraded by an extensive
overlap in the carbon dispersed region and, in addition,
a number of H* proton resonances could be covered by
the residual water signal. Furthermore, differences on
signal intensities between IP and AP data can be
attributed to differential relaxation properties, non-
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Fig. 7 Schematic

A\ A\ DQ
representation of the strategy AN AN . ’
followed for data acquisition A L] L I -
in IP(x) and AP(x)
experiments. Eight separated
TS-HSQC data were 2 ZAQ zQ zQ
simulated as a function of the ) N\ AN . L
phases ¢1/¢, (nucleus B Il Il ] 1] L | -
editing), $s/dp4 (IP or AP
editing) and 1\, (DQ/ZQ
editing for L,S groups). (A) DAQ BS pa Da
br=x,p2=x,d3=y, s =1x, | N N
U= x, 0 = —x; (B) ¢ = x, c JTJTJT 1 ! .
¢2:X,¢3:y7¢4:x7 T ﬁ ]
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optimal optimization of inter-pulse delays or off-reso-
nance mismatch effects. In practice, the use of different
scaling factors (k) when IP and AP data are combined
can minimize undesired cross-talk. In the case of
cyclosporine, experimental k values of 1 and 1.1 yields
clean S® editing for NH and CH, respectively (Fig. 9).
On the other hand, it is interesting to note that signals
intensities of CH, and NH, systems strongly depend on
the length of the refocused INEPT period. Thus, the
resonance lines from XH, and XHj groups disappear
from the spectra in typical experiments optimized to
achieve maximum intensity for XH (A" and/or A”
adjusted to 1/4]). On the other hand, spin-selection for
CH, and NH, can be achieved when AP data is

acquired with A" = Ay/2 = 1/8J(CH) and A” = Ay/2-
A = 1/8J(NH), respectively (Fig. 10). Under these
conditions, spin-selection is also achieved for CH and
NH but at expense of some sensitivity attenuation.
Unfortunately, the proposed experiment fails for CHj
groups but a particular solution was previously reported
to generate four separate single-component spectra
(Kontaxis and Bax 2001).

When working with '>C labeled compounds,
constant-time evolution in the '>C dimension could be
used to avoid J(CC) splitting in the indirect dimension
and to simplify the spectra at expense of some sensi-
tivity loss due to *C relaxation. In this case, the last
90°(*>N) pulse could be moved at the end of #;” period,
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Fig. 8 Experimental data P

showing homonuclear and [ |
heteronuclear ao/ap/Ba/pR | '
spin-selection on CH, and ADEG ||
NH, spin systems. Each 1D
row (corresponding to '
83C = 34.3 ppm (Asn—60)

and 3"°N = 114.4 ppm (Gln-
62)) was extracted from the
corresponding 2D spectra Bk |
resulting of the suitable ;
combination of different eight [

B+D-F-H )

S i
za 1
dnn v | |

2D TS-HSQC data acquired [ \

A-C-E+G

as described in Fig. 7 and with e e

the same experimental
conditions as Fig. 3. The
measured coupling values for
the selected signals are

'Ten = 135.9 Hz and

131.6 Hz, Ty = 90.9 Hz and
89.5 Hz, 2Tyu(C) = 12.4 Hz
and *Jy(N) = 2.1 Hz. At the
bottom, the selected row
extracted from the F2-
coupled 2D TS-HSQC-IP(y)
experiment is also shown for
comparison. Note the
practical absence of undesired NH,
cross-talk #

-A-C+E+G

-B-D+F+H

-B+D+F-H

-A+C+E-G

Fully coupled

wsac-Py) L\

just prior to the #; period, without affect the overall
sensitivity of the experiment. In this way, >C and °N
could be stored as zz magnetization in the IP
experiment, and as z and zz magnetization in the AP
experiment during the periods #,” and #;, respectively.
Practicalities to measure J(C*H") coupling values in
selectively isotopically enriched proteins in backbone
>N and *CA, ®CO atoms using the "H-'*C HSQC-
IPAP experiment has been described (Giesen et al.
2001).

Material and experiments

NMR data sets in this work were recorded at 25°C
using a Bruker Avance 500 MHz NMR spectrometer
equipped with a 5 mm TCI "H/"*C/"N cryoprobe. All
data were acquired and processed using TOPSPIN v1.3
(Bruker Biospin, Germany).

The 2D TS-HSQC-F2-IPAP pulse scheme
(Fig. 1A) was applied on an uniformly '*C and '°N-
labeled ubiquitin sample (concentration of 1.1 mM
dissolved in 90% H,0/10% D,0). The experimental
conditions were as follows: pre-scan delay of 1 s;
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inter-pulse delays of Ay =1/4Jcy = 1.72 ms (140 Hz
for 3C), Ay =1/4Jxg=277ms (90 Hz for "N),
A = Ay/2 = 0.86 ms (optimized to 1/8]cy for all carbon
multiplicities) and A” = A,-A" = 1.91 ms (optimized to
1/4JNH for NH spin systems); 6 =4 ps + gradi-
ent + field recovery delay = 1204 ps; € = & + £,(0)*2 +
pw(180°-"°C) + pw(180°-"H); A = 2e + £,(0)*2 + pw
(180°=""N) + pw(180°~'H) + pw(90°~13C). For each
2D spectrum, 128(¢#;)*2K(z,) complex points with 4
scans and acquisition #;,,x and ;" .x times of 6.36 ms
(F1,C) and 29.95 ms (F,N), respectively, were accu-
mulated in about 10 min. Frequency discrimination in
F1 was obtained using sensitivity-enhanced gradient
selection. After linear prediction and zero-filling in
the indirect dimension, a final spectrum consisting of
256(F1)*2K(F,) real points was obtained. The original
time-domain data were conveniently combined and
processed as described in Fig. 2 to yield separate o/p-
F2-edited 'H,">C and 'H,'>N HSQC maps as shown in
(E-H).

The 2D TS-HSQC-F1-IPAP pulse scheme (Fig. 1B)
was applied on a natural-abundance 50 mM cyclo-
sporine sample dissolved in deuterated benzene. The
experimental conditions were as follows: pre-scan
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Fig. 9 (A) IP and (B) AP TS- 15 13
HSQC spectra of &N A v || B ' _20 C
cyclosporine acquired with 110 ' v |
the sequence of Fig. 1B. The ’ i ‘ ;
phase of the first >N 90° pulse 1157 L ' ' o : '
was set to —x to invert the , ‘ i . v g
corresponding NH resonances 1204. ! g 50
with respect to the CH 1254
resonances. (C, D) Separate !
F1 spin-state-selective 1304 ' 0 _ 55
HSQC-IPAP spectra (] L
obtained after IP + AP data 1354 ' "
combination y ! v 4 [
140 ' ' L 60
T T T T T T T T
8 7 6 &H 8 7 6 &'H
linear
~~_combinations_—~
15 13
8N i 57
110 A 0l
154 O B e o "
[ N}
1204" ! - 50
1254 ’ |
130- bo e i
po e | 55
1354 i
140 ' ool
! —-60
I I 1 I I I I l1
ppm 8 7 6 5 8 7 6 oH

delay of 0.7 s; inter-pulse A; and A, delays optimized at
140 Hz for CH (1.72 ms) and 90 Hz for NH (2.77 ms),
respectively; & =4 ps + gradient + field recovery
delay = 1204 ps; € = 6 + £1(0)*2 = 1.21 ms; A = 2¢ + ¢
(0)*2 + pw(90°-'3C) + pw(180°-'°C) = 2.47 ms.  For
each 2D spectrum, 128(#,)*2K(#,) complex points with
8 scans and acquisition #;,,x and ;" . times of 18.5 ms
(F1,C) and 4.5 ms (F{,N), respectively, were accumu-
lated in about 15 min. Frequency discrimination in F1
was obtained using sensitivity-enhanced gradient
selection. After linear prediction and zero-filling in the
indirect dimension, a final spectrum consisting of
512(F,)*2K(F,) real points was obtained. The original
time-domain IP and AP data were conveniently com-
bined and processed to yield separate o/p-Fl-edited
'H,13C and 'H,'>N HSQC maps.

1D spectra were simulated using the program NMR-
SIM (Bruker-Biospin AG) and the pulse sequence of
Fig. 1A with #; = t;” = 0. General simulation conditions:
Basic frequency of 500 MHz, carrier frequencies at

5 ppm (*H), 55 ppm (**C), and 110 ppm (**N) and
inter-pulse delays set to A; = 1.8 ms (optimized to
1J(CH) = 1389 Hz) and A, = 2.7 ms (optimized to
'J(CH) = 92.6 Hz). Spin system definition used in
Figs. 2 and 7: CH (8(*H) = 5 ppm, 8(**C) = 55 ppm,
JYem=145Hz); CH, (3('H)=3 and 4 ppm,
3(**C) = 30 ppm, ey = 135 Hz; 2Junu=10 Hz); CH;
(3(*H) = 2 ppm, 8(**C) = 20 ppm, 'Jcy = 125 Hz); NH
(3(*H) = 7 ppm, 8(*°N) = 115 ppm, 'Jnu = 90 Hz);
NH, (8('H)=7.5 and 8ppm, &(*°N) =105 ppm,
Jng =90 Hz; 2y =2 Hz). Spin system definition
used in Fig. 5: CH (8('H) = 4 ppm, 8(**C) = 55 ppm);
NH (3(*H) = 6 ppm, 5(**N) = 110 ppm). InFig. 5, 'Jcy
and 'Jny values were varied as described in each row.

Conclusions

Often, most of the existing spin-state edited NMR
methods are optimal only for a particular multiplicity
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Fig. 10 (A, B) TS-HSQC-F1- 1501 _| i & . I v v . [S8PC
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and for a certain heteronucleus, usually backbone CH
or NH spin systems. For the first time, we have
developed here novel HSQC-IPAP methods to extract
valuable information simultaneously for CH,, and NH,,
multiplicities in a single NMR experiment. The incor-
poration of combined advantages associated to time-
sharing evolution and IPAP editing do not severely
affect the main features of traditional single-nucleus
experiments in terms of relative sensitivity and per-
formance (Meissner et al. 1997; Sgrensen et al. 1997,
1999; Andersson et al. 1998; Ottiger et al. 1998; Nolis

@ Springer

et al. 2006). The time savings and the substantial
amount of additional information provided by this
methodology can have a significant impact in the
development of powerful NMR techniques that might
allow complete studies simultaneously on all backbone
and side-chain frameworks in small peptides and also
labeled proteins. We are also exploring the design of
new time-sharing NMR experiments for a broader
application to mass-limited and low-concentrated
samples as well as to high-throughput structure
determination.
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