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Abstract: An alternate technique for accurately monitoring the chemical shift in multidimensional NMR
experiments using spin-state selective off-resonance decoupling is presented here. By applying off-
resonance decoupling on spin S during acquisition of spin /, we scaled the scalar coupling J(/,S) between
the spins, and the residual scalar coupling turns out to be a function of the chemical shift of spin S. Thus,
the chemical shift information of spin S is indirectly retained, without an additional evolution period and the
accompanying polarization transfer elements. The detection of the components of the doublet using spin-
state selection enables an accurate measurement of the residual scalar coupling and a precise value for
the chemical shift, concomitantly. The spin-state selection further yields two subspectra comprising either
one of the two components of the doublet and thereby avoiding the overlap problems that arise from off-
resonance decoupling. In general, spin-state selective off-resonance decoupling can be incorporated into
any pulse sequence. Here, the concept of spin-state selective off-resonance decoupling is applied to 3D
13C or N-resolved [*H,'H]-NOESY experiments, adding the chemical shift of the heavy atom attached to
the hydrogen (*3C or **N nuclei) with high resolution resulting in a pseudo-4D. These pseudo-4D heavy-
atom resolved [*H, *H]-NOESY experiments contain chemical shift information comparable to that of 4D
13C or ™N-resolved [*H,'H]-NOESY, but with an increase in chemical shift resolution by 1—2 orders of
magnitude.

Introduction However, the extension to four dimensions (4D) has its
limitations, because the additional dimension results in (i) low
spectral resolution due to limited measuring thend (ii)

dr:amaﬂcblmgrovzmﬁnts 'k? spectral reTol_uuon Iby sp;eadr:ng extensive signal loss during the additional polarization transfer
through-bond and through-space correlations along the threey o onis and evolution periods due to relaxation. These limita-

orthogonal frequency axes. These e_xpenmgnts have rgsulted Mions are the inherent properties of time-domain spectrostopy,
amajor breakthrough in structural biology (i) by increasing the in which one chemical shift dimension is observed directly,
limit on the molecular size of the proteins for three-dimensional | .- < in the so-called indirect dimensions (in 4D there are
s}ructure de_termina?ion and ;tructuraactivity relationshiﬁa_nd . three indirect dimensions), the chemical shift evolution is
(i) by reducing the time required for the structure determination monitored indirectly during the evolution timéor example,
using automated procedurgslt is evident that an extension a 4D 1C-resolved {H,'H]-NOESY® experiment contains two

of these expenmentg to four dlmensmps would furthgr improve polarization transfer periods and one additional evolution time
the spectral resolutllon and concomitantly result in a large more than the corresponding 3D version, which results in major
coIIect|o_n of unambiguous through-bond and th_rough-space signal loss. For a small protein with a rotational correlation time
correlations. Therefore,_such an improvement might open an 7. of 4 ns, the signal loss is approximately a factor of 3 (data
avenue for automated high-throughput structure determirfation not shown). Also, the improvement in resolution is only

?nd t?lso ig.creasg thel limit on thz molegular size of the proteins marginal due to the limited overall measuring time. For example,
or three-dimensional structure determination. a typical 3D**C-resolved {H,*H]-NOESY experiment with a
digital resolution of 25 Hz'H] x 60 Hz [13C] x 4 Hz [*H]

(1) Abbreviations: CRINEPT, cross-correlated relaxation-enhanced polarization P
transfer; FID, free induction decay; NMR, nuclear magnetic resonance; (150¢1[1H]) X 50(t2[13C]) X 1024¢3[1H acquisition]) complex

NOE, nuclear Overhauser enhancement; PFG, pulsed field gradient; 2D, points) and a phase cycle of 4 requires about 40 h of measuring
3D, 4D, two-dimensional, three-dimensional, four-dimensional; SITAR, ,. h B5C 1 .
spin-state selective off-resonance decoupling; S3E, spin-state selection ImMe. The corresponding 4BC-resolved 1H,*H]-NOESY with

element; TROSY, transverse relaxation optimized spectroscopy. only a digital resolution of 25 Hz!H] x 170 Hz [’C] x 170
(2) Riek, R.; Fiaux, J.; Bertlesen, E. B.; Horwich, A. L.;"Wuch, K.J. Am.
Chem. S0c2002 124, 12144-12153.

Three-dimensional heteronuclear NMR experiments offer

(3) Gintert, P.Q. Re. Biophys.1998 31, 145-237. (6) Wider, G.Prog. Nucl. Magn. Reson. Spectrod®98 32, 193-275.

(4) Linge, J. P.; O'Donoghue, S. I.; Nilges, Mlethods EnzymoR001, 339, (7) Ernst, R. R.; Bodenhausen, G.; WokaurPAinciples of Nuclear Magnetic
71-90. Resonance in One and Two Dimensio@krendon Press: Oxford, 1985.

(5) Grishaev, A.; Llinas, MProc. Natl. Acad. Sci. U.S.£2002 99, 6707 (8) Kay, L. E.; Clore, G. M.; Bax, A.; Gronenborn, A. Niciencel99Q 249,
6712. 411-414.
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Hz [*3C] x 4 Hz [*H] (150(1[*H]) x 10¢2[*3C]) x 10(¢3[*3C]) independently, which results in the accurate measurement of
x 1024t4[*H acquisition]) complex points) requires a measuring the residual scalar couplings and also of the chemical shifts,
time of 7 days. Nevertheless, it is only the use of 4D versions concomitantly. Here, the concept of spin-state selective off-
of the 15N-resolved fH,'H]-NOESY? and 4D TROSY-HNCA- resonance decoupling (SITAR) is applied to two NOESY
CO and HNCOCA experiments applied to deuterated prdteins experiments, (i) the 3B°N-resolved H,!H]-NOESY experi-
that has enabled the backbone assignment of7@0 residue ment, where the chemical shifts N are monitored indirectly
protein10.11 during acquisition, resulting in a pseudo-4D experiment. The
To overcome the inherent problem of low chemical shift pseudo-4D*N-resolved {"N—1H,'H—5N]-NOESY contains
resolution in 4D experiments, the concept of “reduced dimen- the chemical shifts of the two involved hydrogens and the
sionality” was introduced? Here, the information during two  chemical shifts of their attachedN per NOE, in contrast to
different evolution periods is obtained by incrementing both of the conventional 3B°N-resolved H,"H]-NOESY experiment,
the evolution times together as in one dimension. The projection where only one™N chemical shift is known per NOE. (ii)
of two dimensions into one dimension reduces the measuring SITAR is also applied to the 3E¥C-resolved {H,'H]-NOESY
time of the experiment and hence vyields high resolution. experiment, resulting in the pseudo-43C-resolved 3C—
However, reduced dimensionality experiments suffer from *H,!H—13C/°N]-NOESY. The additional SITAR-monitored
extensive signal loss due to additional polarization transfer chemical shifts enhance the resolution of the spectra by 2 orders
pulses and evolution perioddbecause the concept of reduced of magnitude, when compared with the conventional 30
dimensionality is also based on time-domain spectroséopy. resolved or'*N-resolved fH,*H]-NOESY experiments.
Recently, our group has introduced an alternative concept for
chemical shift monitoring. The concept of chemical shift coding
increases the number of correlations (dimensions) by one Consider a system of two scalar coupled spinand S of
without additional polarization transfer pulses and evolution SPin '/, with a scalar coupling constahi(l,S) located in the
periods and hence overcomes the inherent problems of time-molecule. During the acquisition time(or evolution timet),
resolved spectroscopy mentioned ab&/&he chemical shift spind evolves under its chemical shift and the scalar coupling
monitored is coded in the line-shape of the cross-peak through®J(I,S), giving rise to a doublet in the Fourier transformed
an apparent residual scalar coupling active during the evolution SPectrum. They can be described using single transition basis
or acquisition period. The size of the scalar coupling is operator s andl ™15 denoting transitions 2- 4 and 1— 3 in
manipulated with a Gaussian radio frequency pulse. This the standard energy-level diagram for a system of two spins
technique has been successfully demonstrated by applying it to'/2, and are associated with the frequenaig$,s) and w(l13)
small 13C 15N-labeled proteins and largeH,3C 5N-labeled (Figure 1A) given by
proteins in triple resonance experimeHts®

Theory

- _ _ _ 1
Here, another alternate technique for monitoring chemical Paa=ht2LS o(lzg = o) =79 (1)
shift accurately is presented, which extensively supersedes the _ 1
other techniques discussed above. The proposed technique Fs=1hL—2LS (i =)+ 73S (2)

combines the use of off-resonance decoupling along with the it i ff d lina i lied duri
pulse sequence for spin-state selection. Off-resonance decou: continuous wave ofl-resonance decoupling Is applied during

pling has been used extensively in premultidimensional NMR tlnée/tzzn tshplnS, ellt a freql:gréay;)cw c:: radt:o frquencytpO\t/)ver
history!”-18and for one specific problem in a multidimensional S22 <7 e scaar Coupiin (1,9 has been shown to be a

i i i i/ 17,18,21 _ i
experiment?® Off-resonance decoupling on spif during runctlon of the Chgm'iﬁlgh'lﬂ of Sﬂl?h q If wlc.‘” t.wi!s
acquisition of spirl results in chemical shift-dependent residual arge as compared wi 41,9 and the decoupling timeis

scalar coupling between the spins. The residual scalar couplinglong’ the observed residual coupling is giverf'oy
is a function of the chemical shift of the heteronucleus, and r 2
e ' J(I1,9 ~ {(w., — wJ[(w., — 0+
hence off-resonance decoupling increases the number of detected (.9~ {(@ew IMwaw J
. ) e R 210.5, 1
frequencies by one without the use of additional polarization (rsB/27)°1>313(1,9) (3)
transfer elements and evolution periods. Similar to the hetero- ] ] )
nuclear E. COSY experimef spin-state selection detects the With the frequencies of the doublet (Figure 1B) given by
two components of the doublet from off-resonance decoupling R
w(lz) = o(l) = 77°3(1,9 (4)
(9) Yang, D.; Kay, L. EJ. Am. Chem. S0d.999 121, 2571-2575. R
10) Tugarinov, V.; Muhandiram, R.; Ayed, R.; Kay, L. E.Am. Chem. Soc. =
o) 2032 124, 10025-10035. Y Y o(ly) = o) + 7739 ©)
(11) Yang, D., personal communication.
(12) Szyperski, T.; Wider, G.; Bushweller, J.;" Wrich, K. J. Am. Chem. Soc. Equation 3 can be rewritten as
1993 115 9307-9308.
(13) Sattler, M.; Schleucher, J.; Griesinger, Brog. Nucl. Magn. Reson. R 1 2 R 210
Spectrosc1999 34, 93-158. wg= wg, £ [, (yBL2)[7I(1,9” — "I(1.9°] 9 (6)

(14) Kwiatkowski, W.; Riek, RJ. Biomol. NMR 2003 25, 281—-290.
(15) Ritter, C.; Luhrs, T.; Kwiatkwoski, W.; Riek, R. Biomol. NMRin press.

(16) Pegan, S.; Kwiatkwoski, W.; Senyon, C.; Riek, R.Magn. Reson.in From egs 3-6 it is evident that the chemical shift of spf
press. ; i ;
(17) Emst. R. RJ. Chem. Phys1966 45, 3845-3850. ws, can be _m_onltqred from the residual scalar cou_plln_g.
(18) Tanabe, M.; Hamasaki, T.; Thomas,JTAm. Chem. Sod971, 93, 273 Furthermore, it is evident that the accuracy of the determination

274.

(19) Fesik, S. W.: Eaton, H. L.: Olejniczak, E. T.. Gampe, RJTAm. Chem. of the chemical shift of spirs depends directly on the scalar

Soc.199Q 112 5370-5371.
(20) Meissner, A.; Duus, Jb.; Sgrensen, O. WJ. Magn. Reson1997, 128 (21) Freeman, RA Handbook of Nuclear Magnetic Resonant®ngman
92-97. Scientific & Technical: Essex, 1988.
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Y('H,°C) = 144 Hz which selects eithdr,4 0r |13 resulting in two subspectra with
— either one of the doublet components. THl,S) is obtained
by measuring the frequency difference between the two

¥H,*C) individual components in the two subspectra. This E. COSY

type of extraction ofJ(1,S) enables an accurate measurement
of the residual scalar coupling and concomitantly a precise

A D determination of the chemical shift of spé
q’za 5 s Methods
1 5 ) Tre - .
HY?2 2 < 1D Spin-State Selective Off-Resonance Decoupled (SITARH
B B('H,°C) y y Experiment. The concept of SITAR introduced above is applied to
Ao 13 the 1D*H NMR experiment, and the observed spectra are shown in
=59 Hz C | cw (off)l . ) o -
Figure 1C. The single transitiotss or 113 of hydrogens are selected

A
=55.4 ppm using the S3E element introduced by Meissner &t @bntinuous wave

PFG 0 I

e e off-resonance decoupling is applied during acquisitio@n(spinS).

3.80 3.70 3.60 o( H)[ppm] Tlhe spin sltgtes .ar:e slelected by the Eddi(tji_?fn ok; suhbtra_ctionfofhtwo

) . . alternate s with pulse sequences that differ by the sign of phase

Figure 1. 1D *H NMR spectra of'3C!>N-labeled leucine showing the - . )
1H> region: (A) conventional, carbon coupled 2B NMR spectrum, (B) Ws (see Elgure _1D’ the subspectrum withs is 9C° out Of_ phase). .
with off-resonance decoupling ofC, (C) with SITAR on2C. The The chemlpal shift (_)f the carbon attached to the hydrogen is determlnz_ad
component of the doublet selected with the S3E pulse sequence elemenby measuring the difference between the doublet components and using
shown in (D) is marked on the spectrum. In (B) and (C), off-resonance eq 6, with the radio frequency power ¢iB,/27 and the actual
decoupling is applied with a radio frequency powergB,/2 = 3370 Hz 1J(*H,13C). The actual coupling between the spins can be determined
at & frequencyoay = 64 ppm. The radio frequency pulses Bhand'’C ~ using the same experiment wifitB:/27 = 0 Hz.
are applied at 4.8 and 64 ppm, respectively. The narrow and wide blac .
bars indicate nonselective 98nd 180 pulses, respectively. The line marked F’seudo-4D15N-Resolved ESN_lH’lH —.15N]-NOESY.Exper|ment
PFG indicates a sine shaped magnetic field gradient pulse applied alongUSing SITAR. The concept of SITAR is incorporated into the 3IN-
the z-axis (duration 0.5 ms, amplitude 15 G/cm). To suppress passive spin resolved fH,*H]-NOESY experiment for identifying dipolar coupled
flipping, the delayo is adjusted to 2.2 ms, which is 0.5 ms longer than proton pairstH(i) and*H(j) by their chemical shifts and the chemical
L/(8(H,1XC)). The phase cycle i¥; = {45}, Ws = {3}, and Wrec = shifts of both of their attached heteronuci@(i) and?>N(j). The two
{x}. All other radio frequency pulses are applied either with pheseas frequencies of the coupled protors(*H(i)) and w(*H(j)) and the

indicated above the pulses. A second FID collected With= {—x} is 151/ . . -
added or subtracted from the first FID, resulting in two subspectra containing heteronuclear frequenay(™N(i)) are determined using a modified

one of the two components of the doublet depicted With and| =13 (the heteronuclear 3B°N-resolved fH,'H]-NOESY experiment® The other
subtracted dataset is phase shifted by 86m the added dataset). Two  heteronuclear frequenay(**N(j)) which is used to characterize the
scans per experiment are measured using a 10 mM sampfe 3fN- 'H(j) spin is obtained by applying SITAR during the acquisition time.

labeled leucine at 20C in D;O. All experiments reported in this paper are  The pulse sequence is shown in Figure 2A, and the flow of coherence
carried out on a Bruker Avance 700 MHz spectrometer equipped with five ;o explained below in a detailed fashion

dio fi h | d shielded pulsed field dients al th . . T
radio tequency channelis and shielded puised field gradients along the g oryveen time points a and b, magnetization is transferred fm

z-direction. . , . . ; .

(i) to N(i), using a CRINEPT stef:?” During the periodt;, *°N(i)
coupling1J(1,9) and inversely on the chemical shift range of evolves as multiple quantum coherence. This magnetization (time point
spin S, wsmax — ®wsmin, Which has to be covered by the radio ©) i§ tra_nsferred ba(_:k téH(i_) via a second CRINEPT step, and_the
frequency fieldysB,/2. Thus, the accuracy of the chemical H() spin evolves witho(*H(i)) frequency during the evolution period
shift is high for large scalar couplings and a small chemical t: The concatenation of evolution tin®and both polarization transfers
shift range of spirs Interestingly, the chemical shift resolution is implemented in a semiconstant time manner to minimize signal losses

in Hz) i ff d i is ind dent of th due to relaxation and pulse imperfections. In the present approach, up
(in Hz) in off-resonance decoupling is independent o e to ~?3 of the evolution time?2 is incorporated into the two polarization

external magnetic fieldo, becaus@usmax — wsmin and the transfer elements (typical values fot2aa{(*H(i)) are~15—20 ms and

chemical shift resolution along the frequency of shimvhich polarization transfer time is-10 ms; see Figure 2A). Thus, between
defines the accuracy of the measurementigf,9), are both time points a and d, the chemical shifts #(i) and its attached
proportional to the external magnetic fieb. heteronucleu$®N(i) are determined. During the mixing timg, (time
Off-resonance decoupling is optimally suited for 1/4(1,9 points d-e), magnetization is transferred via NOE fréhi(i) to *H(j).
and thus is preferably applied during acquisitiéA?-19-21\With Between time points e and f, the multiplet compondnts and 115

off-resonance decoupling during acquisition, the chemical shift are selected using a S3E-elem&hafter the component selection

of spin Sis monitored simultaneously with the chemical shift element, the chemical shifts &fl(j) are measured during acquisition
: P N .

of spin I, without the accompanying polarization transfer t3, when off-resonance decoupling is applied*®N. The difference

| t d uti iod ded in ti d - in the resonance frequencies of the two components from two subspectra
elements and evolution periods needed In Uime-tomain SPEC-y;o g the residual scalar coupling which has the chemical shiftsf
troscopy’! The only origin of signal-to-noise loss is in the

o g (). Hence, the chemical shifts ¥N(j) are measured indirectly via
doublet splitting of the peak due to off-resonance decoupling, s|TAR (see Theory). The decoupling frequencies and power used are
which causes a decrease in the signal intensity by a factor of 2.syfficient to scale the residual scalar couplings over the entire range of
To overcome the potential overlap problems due to the peaksN chemical shift. That is, the residual scalar couplings are almost
splitting, the concept of off-resonance decoupling is combined zero at 102 ppm and almost equal'@§'H,*N) values at 128 ppm.
with spin-state selectioff. Spin-state selection is achieved by

i 24 (Ei (24) Brutscher, BJ. Magn. Reson2001, 151, 332-338.
a simple pulse sequence elenféft>* (Figures 1D and 2), 58 Fodi™s W Ziiderweg. E. R. B. Magn. Resan1988 78, 588-593.

(26) Riek, R.; Wider, G.; Pervushin, K.; Wihrich, K. Proc. Natl. Acad. Sci.

(22) Sgrensen, M. D.; Meissner, A.; Sgrensen, O.JWMagn. Reson1999 U.S.A.1999 96, 4918-4923. Riek, R.; Fiaux, J.; Bertlesen, E. B.; Horwich,
137, 237-242. A. L.; Wiithrich, K. J. Am. Chem. So2002 124, 12144-12153.
(23) Ottiger, M.; Delaglio, F.; Bax, AJ. Magn. Reson1998 131, 373-378. (27) Muller, L. J. Am. Chem. Sod.979 101, 4481-4484.
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Figure 2. Experimental scheme for (A) the pseudo-#N-resolved °PN—
1H,1H—15N]-NOESY experiment and (B) pseudo-4D heavy-atom resolved
[13C—1H,'H—13C/*N]-NOESY experiment. (A) The radio frequency pulses
on 1H, 15N, 13C are applied at 8.0, 116, and 110 ppm before the mixing
time Tmix and switched to 4.7, 102, and 110 ppm during the mixing time,
respectively. The narrow and wide black bars indicate nonselectfvar@D
180C° pulses, respectively. On the line mark#d, black sine bell shaped
pulses indicate selective 9pulses with the duration of 1 ms and a Gaussian
shape truncated at 5%, which are applied on the water resonance. Also, th
pulse train 3-9—19 corresponds to an array of pulses 20f7¢ 1 —
62.21§)° — A — 131.53f)° — 1 — 131.53¢)° — 1 — 62.21¢)° — 20.77-

(y)° with 4 = 150 us. The water magnetization stays aligned along the
-++z-axis throughout the experiment by the use of water flip-back pilses
(black sine bell shapes and-89—19). The line marked PFG indicates sine
shaped magnetic field gradient pulses applied alongztaes, with the
following durations and amplitudes: G1, 1.0 ms, 13 G/cm; G2, 0.1 ms, 7
G/cm; G3, 1.0 ms, 13 G/cm; G4, 1.0 ms, 13 G/cm; G5, 0.5 ms, 9 G/cm;
G6, 0.5 ms, 9 G/cm. The delays, 6, andu are 5.4, 1.5, and 0.6 ms,
respectivelyzmix, the NOE mixing time, is 100 ms. The phase cycl&is
={x, % =X, =X}, W = —W3 W3 = {45°, 45, 45, 45°, 225, 225, 225",
225}, Wy ={x}, ®1={X, —x}, andWrec= {—X, X, X, =X, X, =X, =X, X}.

All other radio frequency pulses are applied either with phase as
indicated above the pulses. Quadrature detection i i¢1) or 1H(t2)
dimensions are achieved by the States-TPPI métagplied to phase;

or W, respectively. Time-domain spectroscopybit2) is achieved by
simultaneous increments (decrements) of the def2ly®.5 x (12 — t2'),
andA — 0.5 x (t2 — t2'). Off-resonance decoupling dfN is achieved
with a continuous field/nBy/2r = 722 Hz at a frequencycy = 102 ppm.
The spin-state selection is achieved by recording two free induction decays
for each time point, withl, = —W, andW, = —W, for the second FID,

Spin-state selection is achieved by measuring two FIDs, with pulse
sequences differing by the sign of phaBe The addition of the two
FIDs yields the single transitioh 4, and the subtraction yields s,
respectively (see above and Figure 2A). Although usihg=
1/(8YJ(*H,**N)) perfectly selects one of the single transitions, passive
spin flipping of 1>N(S) introduces partly the other nonselected transition
as well, which shows up as an artifact in the spectrum. Passive spin
flipping is observed close to the off-resonance decoupling frequency
wew, because it is stronger with smalf&l(*H,'>N) which is true in the
vicinity of wew. TO suppress passive spin flippingew is set at 102
ppm far from the averag®N chemical shift and) is set to 1.5 ms
(instead of 1.35 ms}F

In summary, the coherence flow can thus be described as:

HG) [217 NG) [11] — 'H() [12] S8

HO) expl {0(HO) + 7 UCNGLHG) 53]
o

'H() expli {o(H() — © J(NG),'H())} 3]

wheretl andt2 are the'>N(i) and*H(i) evolution times and3 is
the H(j) acquisition time. The coded®N((j)) chemical shift is
designated in the residual scalar couplfI§>N(j),*H(j)), which can
be extracted from the two subspectra containing either or 1713

£omponent. The relationship between #i(j) chemical shift and

RI(®N(),*H())) is given by eq 6.

Pseudo-4D Heavy-Atom Resolved{C—H,*H—1N/*3C]-NOESY
Experiment Using SITAR. The concept of SITAR is also applied to
the 3D heavy-atom resolvetH,'H]-NOESY experiment for identifying
dipolar coupled proton pairdd(i) and*H(j) by the chemical shifts of
both of their attached heteronuctéC(i) and X(), with X(j) being either
15N or 13C. The two frequencies of the coupled proten@H(i)) and
w(*H(j)) and the heteronuclear carbon frequendy°C(i)) are deter-
mined using a modified heteronuclear 30-resolved IH,*H]-NOESY
experiment® The second heteronuclear frequengfX(j)), which is
used to characterize thigl(j) spin, is obtained by applying SITAR
during the acquisition time. This experiment is similar to the pseudo-
4D *N-resolved °N—'H,*H—1°N]-NOESY discussed in the previous
section with the following differences: (i) between time points a and
d, 'H magnetization is transferred t6C accompanied by frequency
labeling and transferred back i, (ii) a modified S3E element is
used which enables the simultaneous spin-state selectiéhatfached
to N as well as®*C, and (iii) during acquisition, off-resonance

respectively. The two FIDs are either added or subtracted and phasedecoupling is applied to botiN and**C. Here, the coherence flow is

corrected by 99 in the acquisition dimension. (B) The radio frequency
pulses on'H, 15N, 13C, 13C' are applied at 8.0, 116, 40, and 175 ppm,
respectively. The narrow and wide black bars indicate nonselectivar@D

180C° pulses, respectively. The line marked PFG indicates sine shaped
magnetic field gradient pulses applied along #exis with the following
durations and amplitudes: G1, 1.0 ms, 13 G/cm; G2, 0.1 ms, 7 G/cm; G3,
1.0 ms, 13 G/cm; G4, 1.0 ms, 13 G/cm; G5, 0.5 ms, 9 G/cm. The delays
0, o', andr are 1.35, 1.55, and 3.5 ms, respectivelyi, the NOE mixing
time, is 100 ms. The phase cycle usedHs = {X, X, =X, =X, V, ¥, —V,

=vh W ={X XXXV, VY, Y}, Ws= {45, 45°, 225, 225}, W, = {x},

D1 = {X X, X, X, =X, =X, —X, =X}, andWec = {—X, x}. All other radio
frequency pulses are applied either with phase as indicated above the
pulses. Quadrature detection in tR€(t1) or H(t2) dimension is achieved

by the States-TPPI meth&hpplied to phasé; or W, respectively. Time-
domain spectroscopy dH(t2) is achieved by simultaneous increments
(decrements) of the delay®, 0.5 x (t2 — t2'), andr — 0.5 x (t2 — t2).
Off-resonance decoupling éAN is achieved with a continuous fiejdyBy/

27 = 576 Hz at a frequency.y = 102 ppm. Off-resonance decoupling on
13C is achieved with a continuous fiej&B,/27r = 3370 Hz at a frequency
wew = 70 ppm. The spin-state selection is achieved by recording of two
FIDs for each time point with, = —W, for the second FID, respectively.
The two FIDs are either added or subtracted and phase corrected by 90
the acquisition dimension. The water magnetization is suppressed by
continuous wave during the interscan delay and the mixing time as indicated
by white rectangles. Off-resonance decoupling poygy2 is calibrated

by determining the length of a 18@ulse with the corresponding power.

described as follows:

'HG) [2217% *C@) [11] = 'H() [£2] I\&E

v "H() expli {o(H()) + m “JX().H())} 3]
'H()
'H() expli {o(H()) - 7 "JX().HG))} 3]

wheretl andt2 are the'3C(i) and'H(i) evolution times and3 is the
IH(j) acquisition time. The coded K(chemical shift is designated in
the residual scalar couplinfg)(X(j),H(j)). The chemical shift of Xj
can be obtained froRJ(X(j),H(j)) using eq 6.

As mentioned above, the important difference between the two
NOESY experiments is in the application of the S3E element followed
by the off-resonance decoupling. To select one of the transitions of
the doublet for botH3C(j) attachedH(j) and*>N(j) attachedH(j), the
delayso andd’ should be equal to 1/88(*H,**N)) and 1/(4J(*H,**N))

— 1/(8YJ(*H,*3C)), respectively. However, with these values the
unselected component of the doublet for the aromatic and aliphatic
hydrogens could not be completely suppressed and is observed in the

(28) Meissner, A.; Schulte-Herbruggen, T.; Sgrensen, Q1.\&m. Chem. Soc.
1998 120, 7989-7990.
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spectrum. These artifacts observed are attributed to the following heteronuclear 3D NMR spectra, where the peaks are well
sources? (i) flipping of the passive spin§C(j) and (ii) J coupling resolved, as discussed in the following section.
mismatch due to a large variationi#(*H,*3C), between approximately Experimental Verification of the Relation Between RJ-

125 Hz to 160 Hz. With the use @f = 1.55 ms (see also caption to (*H,X) and Chemical Shift of X. From eq 6, it can be seen

Figure 2), all of the artifacts due tbcoupling mismatch are opposite . . . .
in sign to that of the selected component. These selection artifacts arethat SITAR is based on a specific relation between the residual

expected particularly if the scalar couplings are between 135 and 155 SCE‘.Iar COUpl”'.‘g?‘](lH'x) and the chemical shift of spin X. To
Hz, which is true for aromatic moietie§ moieties of serine and  Verify the validity of eq 6 and to check the accuracy of the
threonine and all of the. moieties. In contrast, passive spin flipping ~chemical shifts obtained, a 2D combinet,'H]/[**N,'H]-
induces artifacts with the sign the same as that of the selected correlation experiment is carried out on *&C!5N-labeled
component, and the artifacts close to the decoupling frequency are moreubiquitin sample. The S3E element is added prior to acquisition
intense. Optimizing the value o = 1.55 ms and applying the  (see S3E element of the pulse sequence of Figure 2B), and off-
decoupling frequency close to tlecarbon at 70 ppm, we determined  resonance decoupling is applied simultaneouslyebnand3C

that the artifacts almost cancel dueltooupling mismatch and passive during acquisition ¥nB,/27 of 390 Hz at a frequencyey =

spin flipping (data not shown). The residual artifacts are very weak 128 ppm andyc By/27 = 3370 Hz at a frequencyey = 70

but opposite in sign to that of the selected component and are therefore . . . th
. e

easily distinguishable from other (weak) NOEs. As demonstrated by ppm, respectively). The resulting two subspectra yield

Brutscher* there are alternative spin-state selection filters with Chelm ical §h|ft3 (.)FH’ ); arl1d the C(?]rresp(.)(?le@J(llIl,X) perll
significantly reduced sensitivity td mismatch when compared with ;( " ngn0|ety (Figure 3A, |nset)..T eres .ua sc.a ?r coupling
the S3E element used here. However, as discussed above, thepartial 9(‘H,**N) versus the correspondingN chemical shift is shown
mismatch produced with the S3E element is desired. Off-resonancein Figure 3A, and there is a perfect match between the
decoupling is applied simultaneously on carbon at 70 ppm, with a power €xperimentally observed values and eq 6 (assurtlii,*>N)
ycBaf27 of 3370 Hz and on nitrogen at 102 ppm with a poweB,/ to be 92 Hz). Minor deviations are observed between the
27 of 576 Hz. A higher power of*C would result in a better relation ~ expected experimental values close to the decoupling frequency
between the residual scalar couplings &#@ chemical shift values. wew because eq 6 is valid only féPN resonances far from the
However, the performance of the spectrometer probe head did not aHOWdecoupIing frequency. A careful observation shows that the
it. Furthermore, line broadening up to 2 Hz was observed at high 4ccyracy and resolution in the chemical shift decreases toward
decoupling power close to the decoupling frequency dueBio —,06r residual scalar couplings, because the slope of eq 6 goes
z]:coomugﬁr?gecgbiﬁr!\?%gg;rg m?ifﬁa:‘z;i;?:gegved due to partial toward zero. Nevertheless, the resolution obtained over the entire
' ' chemical shift range between 105 and 125 ppm is less than 0.1
ppm (7 Hz at &H frequency of 700 Mz). Prerequisites for this
high resolution are the accurate measurement of the residual
The Concept of Spin-State Selective Off-Resonance De- scalar coupling by E. COSY type techniques and a small
coupling (SITAR). To demonstrate the concept of SITAR, it (spatial) inhomogeneity of thB, field. It should also be noted
is applied to the 10MH experiment to correlate the chemical that the achieved resolution is independent of the static magnetic
shift of H to the chemical shift of the attaché&C. TheH® field (see Theory section).

Results and Discussion

region of a conventional 1BH spectrum of13.C,15N-.IabeIed On the other hand, the correlation between experimental
leucine is shown in Figure 1A. ThiH® peak is split by the  Rj(1H,13C) and the correspondif§C chemical shift is observed
scalar couplingJ(*H*,*3C?) into two component$ 4 or 11, to be less accurate than the expected values (Figure 3B). This

When off-resonance decoupling is applied on carbon with a s due to thé\J(*H,23C) coupling constant, which is assumed to
powerycB,/27 of 3370 Hz at a frequencycw = 64 ppm, the  pe 135 Hz in the theoretical curve, although the experimental
residual scalar coupling is scaled in accordance with eq 6 (Figurevalues vary between 125 and 155 Hz. However, if the corre-
1B). SITAR (Figure 1D) selects the doublet components, sponding experimentally determined scalar couplid@d,13C)
resulting in two subspectra as shown in Figure 1C, and henceare used, the observed chemical shifts are close to the expected
allows an accurate measurement of the residual scalar couplingvalues (Figure 3C). Although the scalar couplings measured are
Because the residual scalar coupling depends on the chemicalery accurate, th&C chemical shifts are determined only with
shift of 13C (eq 6), the chemical shift dfC can be obtained  a standard deviation of 0.4 ppm. Hence, the carbon chemical
and correlated with the chemical shift 8. The accuracy of  shifts are less precisely extracted, as compared with the nitrogen
the 13C chemical shift obtained is0.1 ppm when compared  chemical shifts (Figure 3A and 3C). This may be due to a partial
with conventional time-domain spectroscopy (see also next decoupling of long-rang@(*3C,*H) scalar couplings that intro-
paragraph). The experimental time required for the SITAR duce artifacts to the residual scalar coupling in the order of up
experiment (Figure 1C) is 2 orders of magnitude less than thatto 1 Hz. In addition, the limit on the maximum decoupling
for a 2D [°C,'H]-correlation experiment with comparable power (3370 Hz) which can be applied on the spectrometer
chemical shift resolution alon¢’C. The SITAR spectrum of  probe head yields an unfavorable flat correlation between
Figure 1C is measured in two scans (an additional scan isRJ(*H,'3C) and the correspondin§C chemical shifts, in the
recorded to getJ(*H*,13C%), Figure 1A), while a 2D T3C H]- range between 5 and 30 ppm. Higher decoupling power or a
correlation experiment with comparable resolution should consist smaller magnetic field at 500 or 600 MHz would increase the
of ~256 complex points along the indirect dimension. Yet the slope of the curve and the accuracy of the coded chemical shifts,
advantage of a 2D experiment is that it is much less prone to concomitantly. Furthermor&; inhomogenity introduced by the
resonance overlap. Because of this resonance overlap, off-high decoupling powelycB,/27r of 3370 Hz covers a large
resonance decoupling is superseded by 2D heteronuclear corspectral range of approximately 12 000 Hz, resulting in line
relation experiments. However, SITAR is very useful in broadening of up to 2 Hz close to the off-resonance frequency.
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Figure 3. Graph between the chemical shifts and the corresponding residual
scalar coupling using SITAR for (A¥N and (B and C}3C. Equation 6 is
shown as a solid line assuming in (A) the decoupling frequeney.at=
128 ppm, of powelnB2/27 of 576 Hz, and the scalar couplifg(*H,15N)
=92 Hz, and in (B and C) the decoupling frequencyat = 70 ppm, of
powerycB,/2 of 3370 Hz, and the scalar couplifg(*H,*3C) = 135 Hz.
The experiment is carried out on a sample- ,'>N-labeled ubiquitin (1
mM concentration, pH 6.5, 28C). SITAR is combined with the 2D4N/
13C H] correlation experiment, yielding two subspectra with individual
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Figure 4. Strips along thewi(**N) dimension of the pseudo-4BPN-
resolved PN—1H,'H—15N]-NOESY spectrum of a 0.8 mM sample of
13C 15N-labeled ubiquitin, recorded at 2@« in a mixed solvent of 95%
H,0/5% D,O 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 shieldgchdient coil. Dashed
contour lines correspond to the subspectrum with the compdngpn@and
continuous lines correspond to the complementary subspectrum with the
componentl—;3 of the doublet. The two subspectra are superimposed
artificially. The spacing between the two components aleng*H(j))
corresponds to the residual scalar coupling, which is a function ofhe
chemical shiftws(*5N(j)) attached tdtH(j). The strips are centered about
the correspondingHN chemical shifts. The NOE connectivities are indicated
by dashed lines on the basis of th#5N,'H) and the chemical shift along
w3(*H). The following parameters are used: data siz80(1) x 85(2) x
1024¢3) complex pointstlnad(*®N) = 22.5 ms2max(*H) = 20.4 Ms3max
(*H) = 102 ms. The data set is zero-filled to 128512 x 2048 complex
points; 4 x 2 scans per increment are acquired, resulting in 2.5 days of
measuring time. Prior to Fourier transformation, the data are multiplied
with a 75 shifted sine bell window in all dimensions.

Nevertheless, assuming th&i(*H,23C) scalar couplings are
determined with an accuracy of 0.3 Hz, the resolution of the
coded chemical shifts through the residual scalar coupling is
<0.2 ppm and the chemical shifts can be extracted with a
precision of~0.4 ppm.

Application of SITAR to Multidimensional NMR Experi-
ments. Pseudo-43°N-Resolved f°N—1H,'H—15N]-NOESY.
The concept of SITAR is applied to the 3eN-resolved °N—
1H,IH—-15N]-NOESY experiment for identifying dipolar coupled
proton pairs’H(i) and H(j) via the chemical shifts of their
attached heteronucléiN(i) and*>N(j). The frequencies of the
coupled protonsv(*H(i)) and w(*H(j)) and one of the hetero-
nuclear frequencie®(*>N(i)) are determined as in a standard
3D experiment. The other heteronuclear frequen€yN(j)) is
obtained by applying SITAR during the acquisition time, and
because it gives the same information as that of a 4D
experiment, it is referred to as a pseudo-4D NOESY. The
experiment is carried out on'&C *N-labeled ubiquitin sample,
and Figure 4 shows strips from the two subspectra of the pseudo-

multiplet components as shown in the inset. Dashed contour lines correspondy 15N-resolved [5N—1H lH—15N]-NOESY spectrum. Each

to the subspectrum with the componéni;, and continuous lines correspond
to the complementary subspectrum with the compotientof the doublet.

The measured residual scalar couplffif'H,'5N) or RJ(*H,13C) between

the two components is plotted against the corresporidgr 13C chemical
shifts. In (C), the ratio between the residual scalar coupliifgH,3C) and

the actual scalar coupling)(*H,13C) is plotted against th&C chemical
shifts. ThelJ(*H,13C) couplings are measured using the same experiment
without applying any power for off-resonance decoupling.

peak in the spectrum correlates to four frequenaig@H(i))
alongwz, w(*>N(i)) alongws, w(*H(j)) alongws, andw(*3N(j))
indirectly in the splitting between the two components, obtained
from two experiments with different phase cycle. The NOE
assignment betweéi (i) andH(j) is ensured by both doublet
components of the cross-peak including the overall position of
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the IH cross-peak as a point of departure (see Figure 4). If the mizatior?® is also partially active during the acquisition atad
multiplet pattern of the cross-peak on stkipoincides with the evolution except during the shart evolution.

multiplet pattern of the diagonal peak on strignd vice versa Pseudo-4D Heavy-Atom Resolved$C—1H,1H—15N/13C]-

on the other side of the diagonal, the connectivity is traced and NOESY Experiment. The concept of SITAR is also applied
ensured by two independent correlations,fiNechemical shifts to the 3D heavy-atom resolvetH,'H]-NOESY experiment for
and the hydrogen chemical shifts (for example, strip of K29 identifying dipolar coupled proton paitéi(i) and*H(j) via the
with the strip of 130 in Figure 4). When the patterns of the chemical shifts of their attached heteronucdf&(i) and*>N(j)
doublets do not fit, the two involvetN—'H moieties are not  or *3C(j) (the experiment is set up to cover also the aromatic
close in space. It must be noted that the NOEs on both sides ofcarbons for both*3C(i) and *3C(j)). The frequencies of the
the diagonal do not have the same splitting. Importantly, the coupled protonss(*H(i)) and w(*H(j)) and the heteronuclear
proposed procedure for tracing correlations profits fromtéhe frequencies of the attached carbon or nitroggf*C(i)) and
chemical shifts through the residual scalar coupling and therefore@(**N(j) or *3C(j)) are obtained from this experiment. The
without explicit extraction of the chemical shifts. Therefore, with heteronuclear frequencp(*>N(j) or *3C()) is obtained by
SITAR the quality of correlation of through-space couplings @PPlying SITAR during the acquisition time. Hence, this
has improved dramatically, because the correlation can be traceXPeriment is similar to the pseudo-4BN-resolved t"N—

on the basis ofN and 'H chemical shifts, whereas in the H.'H=**N]-NOESY experiment discussed in the previous
conventional 30N-resolved fH,!H]-NOESY experiment the sect!on, anq therefqre only the advantage.s and the limitations
correlations are traced only by thel chemical shifts. Using ?f th|?hex5/$r|met;1t W'”tbe dflstﬁussed Zeri'DF'hgure 5 SthOWS ple}nez
the estimated®N chemical shift accuracy of0.1 ppm (see MO the two subspectra of the pseudo-4b heavy-atom resoive
above) over thé>N chemical shift dispersion of 30 ppm, we [ls_c__lH’lH_lSN/BC]'.NOESY spectrum of?“C,”*N-labeled
estimated that the additional information of tH& chemical ubiquitin. Each peak in the spectrum correlates to four frequen-

o . . . cies,w(*H(i)) alongwz, w(*3C(i)) alongwi, w(*H(j)) alongws,
shift increases the quality of an unambiguous correlation by a SN 15011 13y )
factor of ~300 (see also below). and indirectlyw(*>N(j) or 13C(j)) in the frequency difference

] between the two components of the doublet, obtained by two
The corresponding 4D*N-resolved {5N_1H'1H_15N]' experiments carried out with a different phase cycle. Importantly,
NOESY spectrum also correlates to four frequencies per NOE, the proposed procedure for tracing correlations profits from the
w(*H(0)), @(*N(D), o(*H()), andw(*N(j)), and the assignment  13¢ chemical shifts through the residual scalar coupling, without
is traced on the basis 8fN and'H chemical shifts. However,  explicit extraction of the chemical shifts.
the limit on the measuring time, say about 1 week, restricts the  the assignment of correlations by the proposed pattern
complex data points to 88(*H]) x 16(t2[**N]) x 16(t3[**N]) recognition uses th&C chemical shift encoded in the residual
x 1024¢4[*H acquisition]) that can be measured and hence scalar coupling with a resolution £0.2 ppm, although the
constraints the resolution dramatically. These data would cqrrelation betweert3C chemical shift and residual scalar
correspond to a spectral resolution of 25 F][x 70 Hz [*N] coupling is not well defined without the knowledge of the
x 70 Hz [*N] x 4 Hz [*H]. On the other hand, the measured 13(1H,13C) scalar couplings (Figure 3B). Using the estimated
pseudo-4D*N-resolved {"N—'H,*H—25N]-NOESY spectrum  13C/15N chemical shift resolution of less than 0.2 or 0.1 ppm,

(Figure 4), when measured with the data size ot H3(]) x and al3C/5N chemical shift dispersion of 60 or 30 ppm, we
50(t2[*5N]) x 1024¢3['H acquisition])x 1(spin-state selection)  estimated that the additional information of #3&/23C chemical
complex points, results in a resolution of 25 HE] x 22 Hz shift increases the quality of an unambiguous correlation by a

[*®N] x 7 Hz [**N] (indirect) x 4 Hz [*H] and can easily be  factor of ~300 (see also below). The corresponding ¥D-
measured in half of the time. Usually, a 3D experiment resolved }3C—'H,'H—13C]-NOESY experiment also contains
(including pseudo-4D experiments) is expected to have moreall four frequencies per NOE. However, the limit on the
overlap problems in peak assignment than a corresponding 4Dmeasuring time of say about 1 week constraints the spectral
experiment. However, the proposed pseudo-4D experiment withresolution dramatically. For example, with the complex data
two subspectra for the individual multiplet components circum- size of 85{1[*H]) x 16(2[**C]) x 16¢3['*C]) x 1024¢4[*H
vents this problem, in a simple way. On the other hand, when acquisition]), the achievable spectral resolution is 25 H# [
compared with the conventional 3D version, there is a relaxation- X 170 Hz [C] x 170 Hz P3C] x 4 Hz ['H] (taking into
independent signal loss in the intensity by a factor of 2 due to account the possible folding of théC dimension). On the other
the splitting of the cross-peak, without affecting the volume of hand, with the same data size from the pseudo*40-{'H,"H—

the cross-peak. However, this intensity loss is practically ~“C/*N]-NOESY spectrum (Figure 5), a resolution of 25 Hz
independent of the size of the molecule, because the origin of ['H] x 60 Hz [°C] x 7 Hz [*™N] or 34 Hz [C] (indirect) x

the signal loss is due to the splitting of the cross-peak by the 4 Hz ['H] is possible. Furthermore, the proposed pseudo-4D
residual scalar coupling and also the duration of the S3E element°C—*H,*H—15C/°N]-NOESY contains the aromatic NOEs
is short. When the SITARN-resolved 5N—H,*H—15N] 3D (with a residual scalar couplirg 100 Hz at'H ch_emlcal s_hlfts
NOESY is compared with the TROSY version, there is/2 > 6 ppm), and alsolfc—lHl,lH—ﬁN]_-NOES,_ (with a residual
relaxation-independent signal g&fivioreover, the implementa- scalla_r coupllng<.92 ",'Z arH chgmlcal Sh'ft3> 6 ppm), in .
tion profits from concatenation of up & of the *H(i) evolution addition to the aliphatic NOEs (with a residual scalar coupling
time t2 into the polarization transfer elements, which are (30) Pervushin, K.. Riek, R.; Wider, G.. Warich. K. Proc. Natl, Acad. Sci.

transverse relaxation-optimizétl Transverse relaxation-opti- U.S.A.1997 94, 12366-12371. Riek, R.; Pervushin, K.; Wurich, K.
Trends Biochem. S&00Q 25, 462-468. Riek, RMethods and Principles
in Medicinal Chemistry Wiley-VCH: Weinheim, Germany, 2003; Vol.
(29) zhu, G.; Kong, X. M.; Sze, K. HJ. Biomol. NMR1999 13, 77-81. 16, pp 227241.
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Figure 5. w1(*3C)-plane of the pseudo-4D heavy-atom resolvEEC{1H,'H—15N/13C]-NOESY spectrum of3C,!>N-labeled ubiquitin. Dashed contour

lines correspond to the subspectrum with the compoheatand continuous lines correspond to the complementary subspectrum with the compenent

of the doublet. The two subspectra are superimposed artificially. The spectrum shown below corresponds to only the subspectrum with thel tgimponent
The spacing between the two components alos@H(j)) corresponds to the residual scalar coupling, which is a function of the chemicabsifi€(j) or

15N(j)) of the attached heavy atom as indicated on the spectrum. Designated with “*” is an artifact peakldunisrmatch. The experiment is recorded at

700 MHz H frequency, at 20C with a 0.8 mM sample of3C,!N-labeled ubiquitin in a mixed solvent of 95%,8/5% DO at pH 7. The following
parameters are used: data sizes0(t1) x 150¢2) x 512¢3) complex pointstlma(*3C) = 7 ms, t2na*H) = 15 ms,t3ma(*H) = 51 ms. The data set is
zero-filled to 128x 512 x 2048 complex points; 4 2 scans per increment are acquired, resulting in 2.5 days of measuring time. Prior to Fourier transformation,
the data are multiplied with a 75hifted sine bell window in all dimensions.

between 0 and 155 Hz & chemical shifts< 6 ppm). Thus, in the chemical shift ofHN lle 61 and'He Phe 4 alongws-
with the pulse sequence of Figure 2B, all of the NOEs can be (*H). However, with the use of both subspectra, the NOE can
observed and are easily distinguished. be unambiguously assigned to eitREN Ile 61 and'He Phe 4

The imperfect selection of one of the doublet components, due to the'>N or 3C chemical shifts measured in the SITAR
which results from passive spin flipping addmismatch due dimensionw3(*>N/13C). Similarly, in the dashed subspectrum
to the large variation ofJ(*H,13C) scalar couplings, yields weak  of Figure 6B, which serves as a representative of a'3D
residual artifacts. These artifacts can be easily distinguished fromresolved {H,'H]-NOESY spectrum!HN of Arg 42 cannot be
NOEs as they are always opposite in sign to that of the selecteddistinguished fromHN Glu 51, because both of them have
component. It should be also mentioned that the application of identical chemical shifts alongs(*H). Therefore, a large number
SITAR in the pseudo-4B°C-resolved F¥*C—!H,*H—13C/*5N]- of NOEs, nine of which are displayed in Figure 6B, cannot be
NOESY experiment is highly demanding, because the chemical assigned or grouped into the two classes shown, unless the
shift range of the carbon to be covered by off-resonance corresponding®N chemical shift coded in the splitting between
decoupling is large and the scalar couplings are inhomogeneousthe two subspectra is taken into account. The final example of
Nonetheless, the proposed pseudo-#iZ-resolved J{C— Figures 6C shows that only the use of the residual scalar
1H,IH—13C/>N]-NOESY experiment supersedes the conven- coupling, which codes th&C chemical shift along the SITAR
tional NOESY experiment by 2 orders of magnitude in spectral dimensionws(*3C), enables an unambiguous assignment of the
resolution. cross-peaks to eithéioc Gly 10 or'Ha Lys 11. These examples

Unambiguous Identification of NOEs by SITAR-Based are only three out of many, because evérychemical shift
Resolution EnhancementThe strength of SITAR applied to  degeneracy results in a set of ambiguous NOEs. Indeed, a
the NOESY experiment lies in the increase of the spectral statistical analysis shows that only 15% of the NOEs in a 3D
resolution by 2 orders of magnitude. Therefore, it helps in 13C-resolved [H,'H]-NOESY spectrum of*C *N-labeled ubig-
unambiguously identifying dipolar coupled proton pairs by the uitin can be unambiguously assigned with a chemical shift
chemical shifts of both of their attached heteronuclei. Figure 6 resolution along'H of 0.02 ppm and along®C dimension of
shows several examples of ambiguities, which can be resolved0.4 ppm, respectively. This observation is consistent with an
by SITAR-based detection of the chemical shift of the corre- experimental and theoretical analysis of Mumenthaler and co-
sponding heteronucleus attached to the protons. Using only theworkers3?2 They demonstrated with a simple mathematical
dashed subspectrum of Figure 6A, which serves as a representamodel, which is described in the caption to Figure 7, that for a
tive of a 3D13C-resolved {H,'H]-NOESY spectrum, we could
not unambiguously assign the NOEs, because of the degeneracys1) Melacini, G.J. Am. Chem. So@00Q 122, 9735-9738.
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4 -é% Figure 7. Theoretical calculation of the percentage of unambiguous NOEs
1% (Nunambiguou} Versus total number of NOESN§eakd as a function of the
Cos(1 H) molecular weight of the protein studied using conventional 3D-resolved
F _e [i)pm] [*H,*H]-NOESY spectra and SITAR-based pseudo-4D heavy-atom resolved
- | 85 [*H,*H]-NOESY spectra. The curves are calculated using a simple
mathematical model introduced by Mumenthaler and co-workeksis

the total number of nondegenerate hydrogen atdinsysis the total number

of peaks in the spectrunty(*H) is the spectral resolution, antw(*H) is

the chemical shift range within the vast majority of the proton chemical

shifts are located. Assuming that the proton shifts are distributed evenly

over the regiomMw(*H) results in the probabilitp = 2A(*H)/Aw(*H) of

finding a proton shift in an interval & A(*H). Furthermore, it is assumed

that there is no ambiguity in the proton dimension correlated directly to

the heterospin f1(*H) dimension with w(2N/33C) dimensionf2 The
percentage of peaks with only one possible unambiguous assignment is
LI OO T then given byNunambiguolNpeaks= (1 — PNt ~ exp[-Np]. In the SITAR

35 1.9 1.7 1.6 0.9 o1(H) [ppm] spectra, the probability is given hy = 2A(*H)/Aw(*H) x 2A(*SN/A3C)/

) ) ) ) . Aw(¥N/12C) whereA(*>N/13C) is the spectral resolution along the pseudo-
Figure 6. Examples of NOEs which can be unambiguously assigned using yimension and\w(*N/1C) is the chemical shift range of the corresponding

the SITAR-based pseudo-4D heavy-atom resolv&d-{'H,'H—1N/13C]- heavy atoms. The following values have been used for the calculation:
N_OESY expenment.ﬁDashed contour I|ne_s correspond to the subspectrum 1H) = 9 ppm,A(*H) = 0.02 ppnd2 Aw(*5N/13C) = 30 ppm/60 ppmA-

with the component2,, and continuous lines correspond to the comple- (15N/23C) = 0.2 ppm/0.4 ppm, respectively. The number of nondegenerate
mentary subspectrum with the componéni; of the doublet. The two hydrogen atoms per 1 kDa is set to 40. This number is based on a small

subspectra are superimposed artificially. The chemical shifts of the individual giatistics of proteins studied by NMR in our laboratory and on the paper of

slices are given on the top fas;(*3C), on the right of the spectrum for Mumenthaler et &2 In addition, NunambiguodiNpeaksvalues of thé3C-resolved

w3(*H), and on the bottom foaz)a(l!—l), respectively. The spacing between [H,'H]-NOESY spectrum®) and pseudo-4D heavy-atom resolvéi-
the two components alongs(*H(j)) corresponds to the residual scalar IH,1H—15N/13C]-NOESY spectrum &) of 13C15N-labeled ubiquitin are

coupling, which is a function of th&N or 13C chemical shifws(**N(j)) or iven. The number of unambiguous NOEsambi ere determined usin
w3(13C())) attached tdH(j). The given assignments are indicated by lines gA(lH) of 0.02 ppm anm(lsg) of 0.4 ppr;"‘b;?;‘;’;ivcﬁvely. 9
along ws(*H) and can only be assigned using the SITAR dimension. For '

example, the multiplet componehty4 of cross-peaks ofHN lle 61 orHe . . .
Phe4 have exactly the same chemical shift in the dashed subspectrum along S ¢an be inferred from Figure 7, the number of unambiguous

w3(*H) as indicated by one straight line, and therefore the assignment is NOES using SITAR technology is predicted to80—100%.
o ayopIEEC, 0% of the NOES observe In the 4D fety.atom
?or?Hll\I ﬁ[aegi orlHe Phe 4 as labeled. 'Ig']he sppectral para?neters are gi?/en in fesolved [3.(3—.1!4,1H—15N/13C].-NOESY _S‘peCtrum oFC,IN-
Figure 5. labeled ubiquitin are unambiguous (Figure 7). Thus, SITAR-
based NOESY spectra change dramatically the requirement of
typical protein data set less than 10% of the NOEs can be gutomated NOESY assignment and structure determination:
assigned unambiguouslyFurthermore, this model predicts that (i) the automated NOESY assignment and structure determi-
the number of unambiguous NOEs decreases exponentially withnation with an incomplete sequential assignment should be
the increase in the size of the protein (Figure 7). Nonetheless, srajghtforward. (i) Automated structure determination should
with a complete chemical shift lis&(90%), reliable automated  pe possible with backbone assignment only. The side chain
NOESY assignment and structure determination procedures haV%ssignment would be achieved automatically and in parallel
been developed using a series of tricks, that is, symmetry-relatedg the automated NOESY assignment and structure determina-
cross-peaks, network anchoring, and cycles of intermediatetion during the calculation. (jii) De novo structure determina-
structure determination and assignmehor example, the use  tion without any sequential assignment should be possible
of symmetry-related cross-peaks in Figure 6C enables NOE using the “CLOUD” approach, recently successfully imple-
assignment in a conventional 3D NOESY spectrum (symmetry- mented by Grishaev and LlindsThe “CLOUD” approach
related cross-peaks not shown). However, the ambiguities of getermines the structure on the basis of the collection of
the NOEs of Figure 6A and 6B cannot be lifted from symmetry- ynambiguous NOEs which are translated into a proton density
related cross-peaks, because they do not exist due to the naturghap using relaxation matrix analysis. The proton density map
of the experiment. is then used to generate the three-dimensional structure of the
(32) Mumenthaler, C.; Guntert, P.; Braun, W.;"Wich, K. J. Biomol. NMR protein. The m.ajor bottlenec_k of this approach is the need for
1997 10, 351-362. Guntert, PMethods and Principles in Medicinal a large collection of unambiguous NOEs between two unas-

o

Chemistry Wiley-VCH: Weinheim, Germany, 2003; Vol. 16, pp 386. i i i i
(33) Marion. b Ikura. M.: Tschudin, .. Bax. A Magn. Resorio8g 88, S|gneq bu_t unambiguous protons. It_ is therf_efore ewﬁjent that”the
393-399. combination of the SITAR technique with the “CLOUD
(34) Grzesiek, S.; Bax, Al. Am. Chem. Sod.993 115 12593-12594. B i ;
(35) Herrmann, T.: Guntert. P.. Wuthrich, K. Mol. Biol 2002 319, 209 a|fopro?c_h might enable fully automated structure determination
227. of proteins.
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Conclusions tial assignments using the “CLOUD” approatfhis would
SITAR is a new technique for the detection of chemical shift result in a fully automated protocol for structure determination

information in multidimensional experiments. The strength of of proteins.

spin-state selective off-resonance decoupling (SITAR) lies in  Although the SITAR technique has been shown to be useful
the increase of the spectral resolution by 2 orders of magnitudefor identifying dipolar coupled spin pairs, the concept can be
without major signal losses. Therefore, the implementation of extended to scaling large dipolar couplings in oriented biomol-
SITAR to the NOESY experiment helps in unambiguously ecules. Furthermore, the straightforward implementation of
identifying dipolar coupled proton pairs by the chemical shifts SITAR opens the technique to a large variety of applications
of both of their attached heteronuclei. The increase in unam- including high-throughput efforts for backbone resonance as-
biguous identification of NOEs by SITAR-based resolution signment. Indeed, preliminary results with SITAR applied to
enhancement is very important, because less than 10% of theriple resonance experiments are promising, because the dimen-
NOEs can be assigned unambiguously for a typical protein datasionality can be decreased without resolution losses and
set32 The SITAR technique can also be used to distinguish concomitantly triple resonance experiments can be measured
intermolecular and intramolecular NOEs {#3C °N-labeled in a very short time.

protein and unlabeled ligand interactions, where there is no
splitting in the intermolecular NOEX.Hence, it is intriguing

to speculate that the large collection of unambiguous dipolar
coupled proton pairs provided by SITAR-based NOESY experi-
ments opens an avenue for the 3D structure determination of
13C 15N-labeled proteins and protein complexes without sequen- JA035689X
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