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Description

[0001] The invention refers to a method of performing polarization transfer in a nuclear magnetic resonance (=NMR)
experiment with spin systems of large molecules, especially biological macromolecules in solution, comprising at least
two different kinds of spin υ nuclei I and S being coupled to each other, the spin system being subjected to a homo-
geneous magnetic field B0, being irradiated by a sequence of radio frequency (=rf) pulses comprising a first 90° pulse
exciting only the spins of the nuclei I and after a delay time a further 90° pulse exciting only the spins of the nuclei S.
[0002] Such a method is used in the INEPT-type experiments published by Morris and Freeman, J. Am. Chem. Soc.
101, (1979) p. 760-762, describing magnetisation transfer via spin-spin couplings.
[0003] For the study of large biological macromolecules, the INEPT sequence is nowadays widely used as transfer
element for heteronuclear NMR experiments. However, for molecular weights beyond 100000, the transfer time be-
comes a limiting factor and the INEPT sequence will fail to yield good results.
[0004] It is therefore an object of the present invention, to improve the INEPT method and provide a novel polarization
transfer element which can be used as a "building block" for a great variety of complex NMR experiments including
macromolecules with molecular weights far beyond 100000 and yielding higher sensitivity in comparison with methods
according to the state of the art.
[0005] The objects of the present invention are achieved according to one aspect of the invention by using the features
of the characterizing part of claim 1 and according to another aspect of the invention by using the features of the
characterizing part of claim 2.
[0006] Thus, the main features of the INEPT method transferring magnetization via spin-spin couplings can be com-
bined with the advantages of cross-correlated relaxation-induced polarization transfer. This combination can be mainly
achieved by the omission of the refocussing and inversion pulses during the time period T. This is, at the first glance,
surprising because of the usual idea that those pulses are in any case necessary for the detection of magnetization
after the application of the rf pulse sequence since during the time period T the magnetization components disperse
and are hence attenuated to a large degree. However, the method according to the present invention has turned out
to work anyway with large molecules, since there seems to be still enough magnetization despite the omission of a
refocussing mechanism, because the inventional rf sequence more than compensates the mentioned signal losses.
[0007] In a preferred variant of the inventional method, a magnetic field gradient G1 is applied within the time period
T, allowing to eliminate artefacts.
[0008] In order to obtain single quantum coherence, in another variant of the inventional method the further 90° pulse
exciting the spins of nuclei S is irradiated at the same time as the second 90° pulse acting on the spins of the nuclei I.
[0009] Alternatively, the inventional method can be performed such that the further 90° pulse exciting the spins of
nuclei S is following up the second 90° pulse acting on the spins of the nuclei I after a time delay.
[0010] In an improved version of this variant, a magnetic field gradient G2 being applied within the delay time between
the second 90° pulse acting on the spins of the nuclei I and the further 90° pulse exciting the spins of nuclei S. This
leads to the elimination of magnetization components at the end of the sequence, which are of no interest in the
experiment.
[0011] In a preferred variant, at the beginning of the experiment before the irradiation of the first 90° pulse exciting
the spins of nuclei I a 90° pulse acting on the spins of the nuclei S is irradiated followed up by the application of a
magnetic field gradient G0 spoiling the initial magnetization of nuclei S. Thus, the influence of the S-magnetization is
excluded from the further evolution of spins in the system under observation.
[0012] It can be of advantage to the inventional method, when the sequence of rf pulses comprises a part adapted
to suppress NMR signals of a solvent.
[0013] Also may it be of advantage, when the sequence of rf pulses comprises a part adapted to maintain the mag-
netization of a solvent along the homogeneous magnetic field B0.
[0014] In common multidimensional NMR experiments for studies of biological macromolecules in solution, magnet-
ization transfers via spin-spin couplings (INEPT) are key elements of the pulse schemes. For molecular weights beyond
100'000, transverse relaxation during the transfer time may become a limiting factor. This invention presents a novel
transfer technique for work with big molecules, called CRINEPT, which largely eliminates the size limitation of INEPT
transfers with the use of cross-correlated relaxation-induced polarization transfer. The rate of polarization transfer by
cross-correlated relaxation is inversely proportional to the rotational correlation time, so that it becomes a highly efficient
transfer mechanism for solution NMR with very high molecular weights. As a first implementation, [15N,1H]-correlation
experiments were designed that make use of cross-correlation between dipole-dipole coupling and chemical shift an-
isotropy of the 15N-1H-moieties for both CRINEPT and TROSY. When compared with INEPT-based [15N,1H]-TROSY
these new experiments yielded up to three-fold signal enhancement for amide groups of a 110000 MW protein in
aqueous solution at 4°C, which has a rotational correlation time of about 70 ns. CRINEPT opens new avenues for
solution NMR with supramolecular structures such as, for example, membrane proteins solubilized in micelles or lipid
vesicles, proteins attached to nucleic acid fragments, or oligomeric proteins.
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[0015] Structure determination of proteins by NMR in solution (Wüthrich, 1986) has so far been limited to the mo-
lecular weight range up to approximately 30 kDa (Clore & Gronenborn, 1997), and experiments yielding backbone
assignments for 2H-labeled proteins up to about 60 kDa have been reported (Shan et al, 1996). In larger molecular
species the standard experimental techniques (Bax & Grzesiek, 1993; Wider, 1998) lead to severe sensitivity loss due
to transverse relaxation even when optimal isotope-labeling is used (LeMaster, 1994). The situation has recently been
improved with the introduction of the TROSY technique, which reduces transverse relaxation during evolution and
observation periods in heteronuclear NMR experiments (Pervushin et al., 1997; Salzmann et al., 1998). For example,
for 15N-1H-moieties in proteins, significant reduction of transverse relaxation during the 15N evolution and amide proton
acquisition periods can be achieved at the highest presently available 1H frequencies, and nearly complete cancellation
is expected at 1H frequencies near 1 GHz (Pervushin et al., 1997: Wüthrich, 1998). TROSY has already been applied
for detailed NMR studies of a protein with molecular weight above 100 kDa (Salzmann et al., 1998). Theoretical con-
siderations indicate that TROSY will reach its limits at somewhat larger sizes because of rapid transverse relaxation
during the INEPT-type (Morris and Freeman, 1979) magnetization transfers via scalar couplings between the different
nuclei.
[0016] This invention presents a novel transfer technique for work with very large molecules, CRINEPT (Cross Re-
laxatIoN-Enhanced Polarization Transfer), which is based on cross-correlated relaxation (Goldman, 1984; Wimperis
& Bodenhausen, 1989; Boyd et al., 1990; Brüschweiler & Ernst, 1991) and scalar couplings. The performance of cross-
correlated relaxation for polarization transfer, CRIPT (cross-correlated relaxation-induced polarization transfer), is in-
vestigated for 15N-1H-moieties using a novel experimental implementation for very large particles in solution, where
one has cross correlation between relaxation by dipole-dipole coupling (DD) and by chemical shift anisotropy (CSA).
We then describe an initial implementation of CRINEPT in [15N,1H]-correlation experiments that make use also of
TROSY during 15N evolution and 1HN acquisition periods. Data sets are recorded for a 2H,15N-labeled protein with an
effective rotational correlation time of about 70 ns.

Theoretical Considerations

[0017] Transfer of in-phase 1H coherence to anti-phase 15N coherence in 15N-1H-moieties by cross-correlation be-
tween DD and CSA relaxation (Goldman, 1984; Wimperis & Bodenhausen, 1989; Brüschweiler & Ernst, 1991; Per-
vushin et al., 1997) is considered. Using the product operator formalism (Sørensen et al., 1983) the spin operator I
corresponds to 1H, S to 15N, and the two spins have a scalar coupling constant JIS and resonance frequencies ωI and
ωS. For large molecular sizes at high magnetic fields only terms proportional to the spectral density function at zero
frequency, J(0), need to be considered (Pervushin et al, 1997). For isotropic rotational tumbling, J(0) is equal to 2τc/
5, where τc is the isotropic rotational correlation time of the molecule. The evolution of in-phase coherence is coupled
to the anti-phase coherence via the cross-correlation relaxation rate RC. Starting with in-phase magnetization on spin
I at the start of the magnetization transfer period T, <Ix>(0), the build-up of anti-phase coherence in CRIPT during T
can be described by

with

and

where rIS is the distance between the two nuclei involved , ∆σI the CSA tensor of nucleus I, B0 the static magnetic field,
and γI and γS are the gyromagnetic ratios of I and S. T2I and T1S account for the transverse relaxation of spin I and the
longitudinal relaxation time of spin S.

〈2IxSz〉(T) = sinh(RCT)exp(-RIT)〈Ix〉(0), (1)
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[0018] The relative efficiencies of polarization transfer with CRIPT (Eqs. (1)-(3)) or with INEPT (Morris and Freeman,
1979) at variable rotational correlation times τc are compared in Fig. 1a. The build-up of anti-phase magnetization in
INEPT is described by

Since in Eq. (1) the transfer time T appears always in a product with τc, the optimal transfer period for CRIPT is inversely
proportional to τc. Therefore, with proper adjustment of T the maximal amount of magnetization that can be transferred
by CRIPT is independent of the molecular size (Fig. 1a), where one has to consider, however, that the optimal T for τc
values shorter than about 20 ns would be unreasonably long. In contrast, the efficiency of INEPT falls off rapidly with
increasing size (Eq. (4), Fig. 1a).
The magnetic field dependence of CRIPT for a 15N-1H-moiety located in a β-sheet of a fully 15N, 2H-labeled protein
(Fig. 1b) shows that the maximum theoretical magnetization transfer with CRIPT is about half of the maximum transfer
by INEPT, and that maximal CRIPT transfer for a 15N-1H moiety is obtained at about 1 GHz (Pervushin et al., 1997;
Wüthrich, 1998; Salzmann et al., 1998). The figures 1a and 1b further show that CRIPT becomes more efficient than
INEPT for molecules with τc * 100 ns, but that INEPT contributes significantly to the polarization transfer up to τc ≈300
ns.
[0019] Based on the observations on CRIPT and INEPT in figures 1a and 1b, and considering that systems with τc
values in the range 50-300 ns will be of special practical interest, we combined the two polarization transfer mechanisms
in CRINEPT, where proton anti-phase coherence is generated during a delay T devoid of radio-frequency pulses, which
results in the terms (5) and (6) for the CRINEPT transfer (obtained from the differential equation (32) in Goldman, 1984):

Eqs. (5) and (6) are the x- and y-components of the resulting anti-phase magnetization, respectively. The relative
orientation of the resulting total magnetization therefore depends on τc and the mixing time T, and the transfer efficiency
of CRINEPT represented by the signal amplitude AI (see Fig. 1a) is proportional to the absolute value of the total anti-
phase magnetization:

With Eq. (7) the relative contributions of INEPT and CRIPT to the total polarization transfer can readily be evaluated,
whereas Eqs. (5) and (6) contain a mix of polarization transfer via scalar coupling (trigonometric functions) and CRIPT
(hyperbolic functions) in both terms. For short τc, the rate RC is negligibly small and only INEPT contributes to CRINEPT,
whereas for long τc, RC becomes large and CRIPT is the dominant polarization transfer mechanism (Eq. (3) and Fig.
1a). In principle, CRINEPT is always superior to INEPT or CRIPT (Fig. 1a). However, free proton chemical shift evolution
during CRINEPT transfers (Fig. 2c, Fig 3a and Fig. 3b) has to be handled by additional pulse sequence elements,
which may somewhat reduce the overall sensitivity (see below).

Pulse schemes for comparative studies of magnetization transfer by CRIPT, INEPT, and CRINEPT

[0020] The three experimental schemes in Figs. 2a-2c were used for measurements of the efficiency of a single
transfer from in-phase magnetization on 1HN to anti-phase magnetization on 15N (arrows in Figs. 2a-2c) by the three
transfer types considered in the preceding section. In each of the experiments the 15N anti-phase coherence is fre-
quency labelled during tl and transferred identically to 1HN anti-phase magnetization with the two 90° pulses on I and
S. In all experiments the water magnetization is kept along the z-axis during the whole sequence, using water-selective
pulses.
[0021] In the novel scheme used for CRIPT (Fig. 2a) the in-phase 1HN magnetization generated by the first 90° pulse
is transferred to anti-phase magnetization by cross-correlated relaxation, according to Eq. (1). The proton chemical
shift evolution is refocused by a 180° pulse, which also decouples the protons from 15N. At the end of the period T,
90° pulses on I and S generate the anti-phase coherence 2IzSy. The magnetization flow can be described in short

〈2IySz〉(T) = sin(πJIST)exp(-RIT)〈Ix〉(0). (4)

〈2IxSz〉(T) = A1I〈Ix〉(0) = cos(πJIST)sin h(RCT)exp(-RIT)〈Ix〉(0) (5)

〈2IySz〉(T) = A2I〈Ix〉(0) = sin(πJIST)cosh(RCT)exp(-RIT)〈Ix〉(0) (6)

AI= A1I
2 +A2I

2 = sinh(RCT)2 + sin(πJIST)2 exp(-RIT) (7)
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notation as Iy → 2IySz → 2IzSy (Fig. 2a).
[0022] In the INEPT scheme (Fig. 2b) the flow of coherence is Iy → 2IxSz → 2IzSy.
[0023] In the CRINEPT transfer measurement (Fig. 2c) the absence of 180° radio frequency pulses during T results
in magnetization transfer by cross-correlated relaxation as well as by scalar coupling. In addition, 1H chemical shift
evolution occurs during T. The resulting anti-phase coherence at time a can be represented by the density matrix

where A1I and A2I are given by Eqs. (5) and (6). The CRINEPT transfer efficiency can be measured with two experiments
that use, respectively, x or -y phase for the second 90° proton pulse (Fig. 2c). With phase -y, the first term of Eq. (8)
is detected, with phase -x the second term.

[15N,1H]-correlation experiments using CRINEPT and TROSY

[0024] For practical applications of CRINEPT we introduced a gradient during the period T (Fig. 3a), which changes
Eq. (8) to

The dephasing along the z-axis due to the gradient is indicated by Γ= G1γH τ z, where τ is the length of the pulsed field
gradient, G1 its strength, and z describes the position of the observed spins along the z-axis. Direct use of the CRINEPT
transfer element as shown in Fig. 2c would result in reduced sensitivity, since only half of the components of Eq. (9)
can be recovered. In addition, a refocusing element has to be introduced in the pulse sequence to get a phase-sensitive
[15N,1H]-correlation experiment, as is demonstrated in the [15N,1H]-CRINEPT-TROSY experiment of Fig. 3a. Alterna-
tively, when omitting the second 90° proton pulse (Fig. 2c), zero- and double-quantum coherences are generated and
all the terms of Eq. (9) can be transferred and refocused as demonstrated in the [15N,1H]-CRINEPT-HMQC experiment
of Fig. 3b.
[0025] Fig. 3a shows a fully relaxation-compensated CRINEPT-correlation experiment. The following description
retains only the magnetization components that lead to a detectable signal during the acquisition period. At time point
a of the pulse scheme, after the first time period T, the magnetization is described by Eq. (9). Due to the subsequent
pulses only the first term of Eq. (9) is transferred to transverse magnetization on 15N, which is subsequently frequency-
labeled during the time t1, yielding the following terms at time b:

The CRINEPT-based sequence elements between time points b and d refocus the precession of the proton chemical
shift during the first CRINEPT element as well as the effect of the first gradient, and immediately before the last 90°
pulse on 15N the in-phase term of Eq. (10) is transferred to the following coherences:

where AIxSx accounts for the relaxation of IxSx. A2S and A 1S are calculated with Eqs. (5) and (6) after exchange of the
indices I and S, using the relaxation rates RI and RC (Eqs. (2) and (3)). Finally, applying the last 90° pulse on 15N with
the phase Ψ2 = x+arctan(A2S/A1S) the following proton anti-phase coherence is generated (AS is calculated with Eq.
(7) by replacement of the indices I with S):

σ(a) = -2IxSz(cos(ωIT)A2I + sin(ωIT)A1I) + IySz(-sin(ωIT)A2I + cos(ωIT)A1I), (8)

σ(a) = -2IxSz(cos(Γ + ωIT)A2I + sin(Γ + ωIT)A1I)

+ 2IySz(-sin(Γ + ωIT)A2I + cos(Γ + ωIT)A1I), (9)

σ(b)= (2IzSycos(ωSt1)cos(πJISt1) + Sxcos(ωSt1)sin(πJISt1)) •

(A2Icos(Γ + ωIT) + A1Isin(Γ + ωIT) ) (10)

σ(c)= 2IySzcos(ωSt1)sin(πJISt1)(A2I + A1I)A2SAIxSx

+ 2IxSzcos(ωSt1)sin(πJISt1)(A2I + A1I)A1SAIxSx
(11)
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The anti-phase term of Eq. (10) is transformed to in-phase:

where AIzSz accounts for the reduction of the signal amplitude by relaxation of the SzIz state during the first period T
within the refocusing element of Fig. 3a. The in-phase and anti-phase components in Eqs. (12) and (13) are separated
by recording two FIDs with inverted phase Ψ2 (Fig. 3a).
[0026] In the [15N,1H]-CRINEPT-HMQC experiment of Fig. 3b both transfer elements are based on CRINEPT and
the different phases and chemical shift modulations obtained with the transfer method of Eq. (9) are optimally refocused
by the 180° pulse on protons and the second CRINEPT element. The experiment is based on [15N,1H]-HMQC (Müller,
1979), which does not contain TROSY compensation during the 15N evolution period but benefits from the absence
of DD relaxation during the multiple quantum state.

Experimental

[0027] The NMR experiments were recorded with 7,8-dihydroneopterin Aldolase from Staphylococcus aureus. This
protein is a homo-octamer with subunits of 121 amino acid residues. For the experiments in this paper it was uniformly
isotope-labeled with 15N and in the extent of 75 % with 2H, and it was studied at 4°C in H2O using a protein concentration
of 0.4 mM. Based on T1 and T2 relaxation measurements of 15N (Kay et al., 1989) at 20°C, the rotational correlation
time τc under the conditions of the present experiments was estimated to be 70 ns. All NMR spectra were measured
on a Bruker DRX-750 spectrometer equipped with four radio-frequency channels and a shielded pulsed field gradient
along the z-direction.

Results

Magnetization transfer by CRIPT, INEPT and CRINEPT

[0028] To provide a foundation for the use of CRINEPT, we evaluated the optimal transfer times T for each of the
three transfer mechanisms of Figs. 2a-2c in a macromolecular system with an effective rotational correlation time of
about 70 ns, using the 15N,2H-labeled S. aureus aldolase in H2O solution at 4°C. The transfer efficiencies were meas-
ured from serial experiments using the pulse sequences in Figs. 2a-2c with variable transfer times T. The build-up
curve for CRIPT from 0 to 15 ms shows a fast increase followed by a plateau and an exponential decay, which corre-
sponds to Eq. (1) as demonstrated by the close fit obtained with the simulation (Fig. 4). The optimal transfer delay is
about 6 ms, with an observed range of 4 to 13 ms for different 15N-1H groups in the aldolase.
[0029] For INEPT transfer with the same 15N-1H-moiety as shown for CRIPT, the optimal delay is about 3 ms (Fig.
4), and only about 50 % of the maximal transfer that would be obtainable without relaxation is achieved (Figs. 1a and
4)). Nonetheless, for the presently studied system with τc =70 ns the observed INEPT transfer maximum exceeds the
maximal CRIPT transfer about 1.5-fold (Fig. 4).
[0030] The experiments with CRINEPT (Fig. 4) and the fitting of Eq. (9) to the measured build-up confirm the theo-
retical prediction (Fig. 1a) that CRINEPT is superior to INEPT and CRIPT for all correlation times, provided that all
coherences of Eq. (9) can be used further in the experiment. In the system of Fig. 4 the optimal transfer delay for
CRINEPT is around 4 ms and thus lies between the optimal T values for the two basic experiments. The relative
maximal transfers for CRINEPT, INEPT and CRIPT are about 7.6 : 5 : 3.4 (Fig. 4), which coincides well with the theo-
retical values for a protein with τc=70 ns (Fig. 1a).

[15N,1H]-correlation experiments with CRINEPT transfers

[0031] The [15N,1H]-CRINEPT-TROSY experiment (Fig. 3a) includes transverse relaxation-optimization during the
transfer delays as well as the evolution periods. Measurements for the peak shown in Fig. 5 gave a two-fold signal
increase when compared to [15N,1H]-TROSY. For other fast relaxing aldolase signals, gains between 1.5 and 3 were
obtained. The experimental scheme of Fig. 3a has been designed to select the two multiplet components of the 15N-1H
signal indicated by the filled circles in Fig. 5 (Eqs. (12) and (13)). In the spectra obtained with the aldolase the more
rapidly relaxing one of these two components is in most signals broadened beyond detection (middle panel of Fig. 5a).

σ(d)= 2IxSzcos(ωSt1)sin(πJISt1)(A2I + A1I)ASAIxSx
(12)

σ(d)= Iycos(ωSt1)cos(πJISt1)(A2I + A1I)AIAIzSz
(13)
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Both components could be observed only for one highly flexible backbone 15N-1H-group and for some of the arginine
side chains.
[0032] The [15N,1H]-CRINEPT-HMQC experiment (Fig. 3b) has no loss of magnetization due to proton chemical shift
evolution during the CRINEPT element. Since there is no TROSY-compensation in the indirect dimension, there is an
approximately two-fold increase of the 15N-linewidth when compared with [15N,1H]-TROSY (Fig. 5). After application
of a strong Gaussian window function in the 15N-dimension to enforce a comparable 15N-linewidth, a 1.4-fold increase
in signal-to-noise was measured when compared to standard [15N,1H]-TROSY (Fig. 5). Two multiplet peaks per 15N-1H-
moiety are expected, since no decoupling is applied during acquisition (Fig. 3b). However, due to the fast relaxation
of the lower-field component during the transfer elements and the tl-evolution, only the slowly relaxing component was
detectable for most 15N-1H groups in the aldolase (Fig. 5b). This [15N,1H]-correlation peak is in a different position from
those of any of the components of the 4-line signal, i.e., it is shifted about 45 Hz upfield along ω1(15N) when referenced
to the TROSY-component (Fig. 5).

Discussion

[0033] Currently, nearly all heteronuclear multidimensional NMR experiments use INEPT to transfer magnetization
between different spin species (Wider, 1998), but the efficiency of INEPT deteriorates with increasing rotational corre-
lation time τc (Fig. 1a). In contrast, transfer of polarization by CRIPT is independent of τc. Further, in amide groups the
efficiency of CRIPT increases with the strength of the external magnetic field up to about 1GHz proton frequency,
whereas the sensitivity of the INEPT transfer deteriorates further due to increased CSA relaxation. The present exper-
iments with the 110 kDa S. aureus aldolase confirm the theoretical considerations of Figs. 1a and 1b, showing that for
molecules with rotational correlation times from approximately 50 to 300 ns both INEPT and CRIPT promote substantial
polarization transfer between 1H and 15N in amide groups, which is exploited in CRINEPT.
[0034] The two CRINEPT-based [15N,1H]-correlation experiments presented in Figs. 3a and 3b can be used as build-
ing blocks for a wide variety of NMR experiments with large molecules, which may include simple two-dimensional
experiments (Bodenhausen & Ruben, 1980; Ernst et al., 1987, Wüthrich, 1986;), triple-resonance experiments for
sequential and intraresidual backbone assignments (Montelione & Wagner, 1989; Ikura et al., 1990; Bax & Grzesiek,
1993), experiments for side chain assignments (Bax et al., 1990; Ikura et al., 1991; Grzesiek & Bax, 1992), as well as
experiments for studies of molecular dynamics (Kay et al., 1989; Peng & Wagner, 1992; Kay et al., 1992; Dayie &
Wagner, 1994). For example, the [15N,1H]-CRINEPT-TROSY experiment (Fig. 3a) might be used in triple-resonance
experiments, and [15N,1H]-CRINEPT-HMQC (Fig. 3b) might be the preferred choice in multi-dimensional experiments
with short 15N-evolution periods, such as 3D 15N-resolved [1H,1H]-NOESY.
[0035] For systems with τc * 300 ns, CRIPT is predicted to be nearly as sensitive as CRINEPT (Fig. 1a). CRIPT
could then also be used as a "filter" to eliminate resonances originating from smaller molecules, since the optimal
transfer time T is inversely proportional to τc (Eq. (1)).
[0036] Although the present invention is focused on magnetization transfer by cross-correlated relaxation between
DD coupling and CSA, more general use of the CRINEPT principle may cover other types of cross-correlated relaxation.
Overall, CRINEPT combined with TROSY opens new avenues for NMR studies with molecular weights of several
hundred kDa, such as membrane proteins solubilized in micelles or lipid vesicles, proteins attached to large nucleic
acid fragments, or oligomeric proteins.

Figure captions

[0037] Fig. 1a Plot of the relative magnetization transfer efficiencies using optimal transfer delays T (see Eqs. (1)
-(7)) for CRIPT, INEPT and CRINEPT at 750 MHz proton frequency versus molecular size represented by the isotropic
rotational correlation time τc. The CRIPT graph is shown with a broken line for small τc values, to indicate that the
optimal transfer time T would be unreasonably long.
[0038] Fig. 1b Plot of the maximal polarization transfer obtainable with CRIPT versus the static magnetic field Bo
represented by the corresponding 1H frequency. The curves were calculated using Eqs. (1) to (7) for a 15N-1H-moiety
located in a β-sheet of a fully 15N,2H-labeled protein. The following parameters were used in Fig. 1a and 1b (Salzmann
et al., 1998): rHN = 1.04 Å, ∆σH = 15 ppm and ΘH = 10°. Remote protons considered are 1HN(i-1), 1HN(i+1) and 1HN(j)
at distances of 4.3, 4.3 and 3.3 Å, respectively. These are typical values for a β-sheet in a 15N,2H-labeled protein,
where i is the observed residue, (i-1) and (i+1) are the sequential neighbours and j indicates a long-range contact
across the β-sheet (Wüthrich, 1986).
[0039] Figs. 2a-c Pulse sequences used for direct comparison of polarization transfer by CRIPT (Fig. 2a), INEPT
(Fig. 2b) and CRINEPT (Fig. 2c). In each scheme the coherence flow is indicated by a grey curved arrow. The narrow
and wide bars indicate non-selective 90° and 180° pulses. Sine-bell shapes represent selective 90° pulses on the
water resonance, which keep the water magnetization along the z-axis during the whole sequence (Grzesiek & Bax,
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1993). On the line marked PFG, rectangles indicate pulsed magnetic field gradients applied along the z-axis. The S
steady state magnetization was suppressed by a 90° pulse on S followed by a pulsed field gradient before the first
proton pulse. In (Fig. 2c) two experiments are recorded, one, with phase x on the second proton pulse and one with
phase -y, as indicated. The phase of the associated water flip back pulse is also changed.
[0040] Fig. 3a and 3b [15N,1H] correlation experiments using CRINEPT-based polarization transfer. (Fig.3a) Fully
relaxation-optimized [15N,1H]-CRINEPT-TROSY. (Fig. 3b) [15N,1H]-CRINEPT-HMQC. Narrow and wide black bars in-
dicate non-selective 90° and 180° pulses applied at the proton (1H) or nitrogen (15N) frequency. Sine-bell shapes on
the line marked 1H indicate selective 90° pulses on the water resonance to keep the water magnetization along the z-
axis during the whole sequence (Grzesiek & Bax, 1993; Piotto et al., 1992). The optimal length of the period T is set
according to Eq. (7), and is typically between 3 and 5.4 ms. On the line marked PFG, rectangles indicate duration and
strength of pulsed magnetic field gradients applied along the z-axis (Fig. 3a): G0: 400µs, 15 G/cm; G1: 400 µs, 15 G/
cm. (Fig. 3b): G1: 1000 µs, 30 G/cm. The phase cycles for both experiments are φ1 = {x, -x}, ψ1 = {x,-x}. All other radio-
frequency pulses are applied with phase x, unless labeled differently. In Fig. 3a two free induction decays (FID) are
recorded for each t1 increment, with ψ2 = {x, x} and ψ2 = {-x, -x}, respectively, and added with a 90° phase correction
in both dimensions. Quadrature detection in the 15N(tl) dimension is achieved by the States-TPPI method (Marion et
al., 1989) applied to the phase ψ1. The water-selective pulses have a Gaussian shape and a length of 1.3 ms.
[0041] Fig. 4 Build-up curves of magnetization transfer for CRIPT, INEPT and CRINEPT for the well resolved 15N-1H
cross peak of 15N,2H-labeled S. aureus aldolase at ω1(15N) = 121.0 ppm, ω2(1H)=11.1 ppm measured at 750 MHz
(protein concentration 0.4 mM, solvent H2O, T = 4°C). The build-up curves were obtained from serial measurements
with the pulse sequences of Fig. 2 at variable T values. For CRINEPT two FIDs with phase shifts of -x and y, respectively,
were measured for each increment of tl (Fig. 2c). The two subspectra thus obtained are cosine- or sine-modulated with
regard to the proton chemical shift evolution during the time period tl, and were used to calculate the absolute value
intensity of the individual cross peaks (Eq. (7)). CRIPT, INEPT and CRINEPT build-up curves were fitted using Eqs.
(1), (4) and (7), respectively, using RC=236 +/- 10 s-1 and RI= 172 +/-13 s-1 for CRIPT, RC=254 +/-18 s-1 for INEPT,
and RC=238 +/-13 s-1 and RI=153 +/-13 s-1 for CRINEPT.
[0042] Fig. 5 Comparison of signal intensity and lines shape for [15N,1H]-TROSY (Pervushin et al., 1998), [15N,1H]
-CRINEPT-TROSY (Fig. 3a) and [15N,1H]-CRINEPT-HMQC (Fig. 3b). The data were recorded with the uniformly 15N,
75% 2H-labeled S. aureus aldolase in H2O, T=4° C at 750 MHz 1H frequency and the backbone amide moiety of Gly
43 is shown. Prior to Fourier transformation the three data sets were multiplied with a cosine window function in all
dimensions and transformed to a size of 256*2048 complex points using the program PROSA (Güntert et al., 1992).
The total measuring time was 4 h per experiment, with t1max= 50 ms and t2max= 98 ms, T = 5.4 ms, ψ2 = {x,x} and {-
x,-x}, respectively, and an interscan delay of 0.7 s. The panels at the top indicate the peak selections by the three
experiments. As indicated by the black circle, for large molecules only the most slowly relaxing component of the four-
component signal is detected in TROSY (Pervushin et al., 1997), [15N,1H]-CRINEPT-TROSY selects the slowest and
fastest relaxing components, and [15N,1H]-CRINEPT-HMQC yields a doublet in the proton dimension. The second row
of panels from the top shows contour plots of the spectral region containing the signal of one of the backbone 15N-1H
groups. The two rows of panels in the lower half of the figure show cross sections along ω2(1H) and along ω1(15N)
through the peaks shown in the contour plots. In (b) two peaks are displayed, where the thin lines show the signal
obtained with identical data handling as for the other two experiments, and the thick lines the result obtained using a
strong Gaussian window function in the 15N dimension prior to Fourier transformation, so as to obtain the same linewidth
as for TROSY (see text).
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Claims

1. A method of performing polarization transfer in a nuclear magnetic resonance (=NMR) experiment with spin sys-
tems of large molecules , especially biological macromolecules in solution, comprising at least two different kinds
of spin υ nuclei I and S being coupled to each other, the spin system being subjected to a homogeneous magnetic
field B0, being irradiated by a sequence of radio frequency (=rf) pulses comprising a first 90° pulse exciting only
the spins of the nuclei I and after a delay time a further 90° pulse exciting only the spins of the nuclei S,
characterized in that
the sequence of rf pulses is chosen such that there is no inversion pulse acting on the spins of the nuclei S during
a time period T between the first 90° pulse exciting the spins of the nuclei I and a second 90° pulse acting on the
spins of the nuclei I,and that the length of the time period T is chosen such that

is maximized with respect to T, where
RC is the transverse cross-correlation-relaxation rate of nuclei I,
RI is the total transverse relaxation rate of nuclei I
and JIS is the scalar coupling constant between nuclei I and S, with |JIS|> 0.

2. A method of performing polarization transfer in a nuclear magnetic resonance (=NMR) experiment with spin sys-
tems of large molecules, especially biological macromolecules in solution, comprising at least two different kinds
of spin υ nuclei I and S being coupled to each other, the spin system being subjected to a homogeneous magnetic
field B0, being irradiated by a sequence of radio frequency (=rf) pulses comprising a first 90° pulse exciting only
the spins of the nuclei I and after a delay time a further 90° pulse exciting only the spins of the nuclei S,
characterized in that
the sequence of rf pulses is chosen such that there is no inversion pulse acting on the spins of the nuclei S during
a time period T between the first 90° pulse exciting the spins of the nuclei I and the further 90° pulse exciting the
spins of the nuclei S, and that the length of the time period T is chosen such that

is maximized with respect to T, where
RC is the transverse cross-correlation-relaxation rate of nuclei I,
RI is the total transverse relaxation rate of nuclei I and JIS is the scalar coupling constant between nuclei I and S,
with |JIS|> 0.

3. The method according to claim 1, characterized in that the further 90° pulse exciting the spins of nuclei S is
irradiated at the same time as the second 90° pulse acting on the spins of the nuclei I.

4. The method according to claim 1, characterized in that the further 90° pulse exciting the spins of nuclei S follows
the second 90° pulse acting on the spins of the nuclei I after a delay time.

5. The method according to claim 4, characterized by a magnetic field gradient G2 being applied within the delay
time between the second 90° pulse acting on the spins of the nuclei I and the further 90° pulse exciting the spins
of nuclei S.

6. The method according to any one of the preceding claims, characterized by a magnetic field gradient G1 being
applied within the time period T.

sinh2(RCT) + sin2(πJIST) exp(-RIT)

sinh2(RCT) + sin2(πJIST)exp(-RIT)
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7. The method according to any one of the preceding claims, characterized in that at the beginning of the experiment
before the irradiation of the first 90° pulse exciting the spins of nuclei I a 90° pulse acting on the spins of the nuclei
S is irradiated followed up by the application of a magnetic field gradient G0 spoiling the initial magnetization of
nuclei S.

8. The method according to any one of the preceding claims, characterized in that the sequence of rf pulses com-
prises a part adapted to maintain the magnetization of a solvent along the homogeneous magnetic field B0.

9. The method according to any one of the preceding claims, characterized in that the sequence of rf pulses com-
prises a part adapted to suppress NMR signals of a solvent.

Patentansprüche

1. Verfahren zum Durchführen von Polarisationstransfer bei einem Kernspinresonanz (NMR) Experiment mit Spin-
systemen von großen Molekülen, insbesondere biologischen Makromolekülen in Lösung, mit mindestens zwei
unterschiedlichen Arten von Spin 1/2 Kernen I und S, die miteinander gekoppelt sind, wobei das Spinsystem einem
homogenen Magnetfeld B0 ausgesetzt wird, und das Spinsystem mit einer Sequenz von Hochfrequenz (HF) Im-
pulsen bestrahlt wird, die einen ersten 90° Impuls umfasst, der nur die Spins der Kerne I anregt und nach einer
Verzögerungszeit einen weiteren 90° Impuls, der nur die Spins der Kerne S anregt,
dadurch gekennzeichnet,
dass die Sequenz von HF-Impulsen so gewählt ist, dass kein Inversionsimpuls auf die Spins der Kerne S wirkt
während einer Zeitspanne T zwischen dem ersten 90° Impuls, der die Spins der Kerne I anregt und einem zweiten
90° Impuls, der auf die Spins der Kerne I wirkt, und dass die Länge der Zeitspanne T so gewählt ist, dass

in bezug auf T maximiert wird, wobei
RC die transversale Kreuz-Korrelations-Relaxationsrate der Kerne I,
RI die gesamte transversale Relaxationsrate der Kerne I
und JIS die skalare Kopplungskonstante zwischen den Kernen I und S ist, wobei |JIS|>0.

2. Verfahren zum Durchführen von Polarisationstransfer bei einem Kernspinresonanz (NMR) Experiment mit Spin-
systemen von großen Molekülen, insbesondere biologischen Makromolekülen in Lösung, mit mindestens zwei
unterschiedlichen Arten von Spin 1/2 Kernen I und S, die miteinander gekoppelt sind, wobei das Spinsystem einem
homogenen Magnetfeld B0 ausgesetzt wird, und das Spinsystem mit einer Sequenz von Hochfrequenz (HF) Im-
pulsen bestrahlt wird, die einen ersten 90° Impuls umfasst, der nur die Spins der Kerne I anregt und nach einer
Verzögerungszeit einen weiteren 90° Impuls, der nur die Spins der Kerne S anregt,
dadurch gekennzeichnet,
dass die Sequenz von HF Impulsen so gewählt ist, dass kein Inversionsimpuls auf die Spins der Kerne S wirkt
während einer Zeitspanne T zwischen dem ersten 90° Impuls, der die Spins der Kernes I anregt, und dem weiteren
90° Impuls, der die Spins der Kerne S anregt, und dass die Länge der Zeitspanne T so gewählt ist, dass

in bezug auf T maximiert wird, wobei
RC die transversale Kreuz-Korrelations-Relaxationsrate der Kerne I,
RI die gesamte transversale Relaxationsrate der Kernes I und JIS die skalare Kopplungskonstante zwischen den
Kernen I und S ist, wobei |JIS|>0.

3. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der weitere 90° Impuls, der die Spins der Kerne S
anregt, zum gleichen Zeitpunkt eingestrahlt wird wie der zweite 90° Impuls, der auf die Spins der Kerne I wirkt.

4. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der weitere 90° Impuls, der die Spins der Kerne S
anregt, dem zweiten 90° Impuls folgt, der auf die Spins der Kerne I nach einer Verzögerungszeit wirkt.

sinh2 (RCT) + sin2 (πJIST) exp(-RIT)

sinh2 (RCT) + sin2 (πJIST) exp(-RIT)
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5. Verfahren nach Anspruch 4, gekennzeichnet durch einen Magnetfeldgradienten G2, der innerhalb der Verzöge-
rungszeit zwischen dem zweiten 90° Impuls, der auf die Spins der Kerne I wirkt, und dem weiteren 90° Impuls,
der die Spins der Kerne S anregt, angelegt wird.

6. Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass ein Magnetfeldgradient
G1 innerhalb der Zeitspanne T angelegt wird.

7. Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass zu Beginn des Experi-
ments vor Einstrahlung des ersten 90°-Impulses, der die Spins der Kerne I anregt, ein 90° Impuls, der auf die
Spins der Kerne S wirkt, eingestrahlt wird, worauf folgend ein Magnetfeldgradient G0 angelegt wird, der die an-
fängliche Magnetisierung der Kerne S zerstört.

8. Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass die HF-Impulssequenz
einen Anteil aufweist, der dazu ausgestaltet ist, die Magnetisierung eines Lösungsmittels entlang dem homogenen
Magnetfeld B0 zu erhalten.

9. Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass die HF-Impulssequenz
einen Anteil aufweist, der dazu ausgestaltet ist, die NMR-Signale eines Lösungsmittels zu unterdrücken.

Revendications

1. Procédé de réalisation d'un transfert de polarisation dans une expérimentation de résonance magnétique nucléaire
(=RMN) avec des systèmes de spin de grandes molécules, spécialement des macromolécules biologiques en
solution, comprenant au moins deux types différents de noyaux de spin 1/2 I et S qui sont couplés les uns aux
autres, le système de spin étant soumis à un champ magnétiques homogène B0, qui sont irradiés par une séquence
d'impulsions haute fréquence (=rf) comprenant une première impulsion à 90° qui excite seulement les spins des
noyaux I et, après un temps de retard, une autre impulsion à 90° qui excite seulement les spins des noyaux S,

caractérisé en ce que :

la séquence d'impulsions rf est choisie de telle sorte qu'il n'y ait pas d'impulsion d'inversion agissant sur les
spins des noyaux S pendant une période temporelle T entre la première impulsion à 90° qui excite les spins
des noyaux I et une seconde impulsion à 90° qui agit sur les spins des noyaux I, et en ce que la longueur de
la période temporelle T est choisie de telle sorte que

soit maximisé en relation avec T, dans lequel
RC est le taux de relaxation de corrélation croisée transverse des noyaux I,
RI est le taux de relaxation transverse totale des noyaux I
et JIS est la constante de couplage scalaire entre les noyaux I et S, avec |JIS| >0.

2. Procédé de réalisation d'un transfert de polarisation dans une expérimentation de résonance magnétique nucléaire
(=RMN) avec des systèmes de spin de grandes molécules, spécialement des macromolécules biologiques en
solution, comprenant au moins deux types différents de noyaux de spin 1/2 I et S qui sont couplés les uns aux
autres, le système de spin étant soumis à un champ magnétiques homogène B0, qui sont irradiés par une séquence
d'impulsions haute fréquence (=rf) comprenant une première impulsion à 90° qui excite seulement les spins des
noyaux I et, après un temps de retard, une autre impulsion à 90° qui excite seulement les spins des noyaux S,

caractérisé en ce que :

la séquence d'impulsions rf est choisie de telle sorte qu'il n'y ait pas d'impulsion d'inversion agissant sur les
spins des noyaux S pendant une période temporelle T entre la première impulsion à 90° qui excite les spins
des noyaux I et l'autre impulsion à 90° qui excite les spins des noyaux S, et en ce que la longueur de la
période temporelle T est choisie de telle sorte que

sinh2(RCT)+sin2(πJIST)exp(-RIT)

sinh2(RCT)+sin2(πJIST) exp(-RIT)



EP 1 033 581 B1

5

10

15

20

25

30

35

40

45

50

55

13

soit maximisé en relation avec T, dans lequel
RC est le taux de relaxation de corrélation croisée transverse des noyaux I,
RI est le taux de relaxation transverse totale des noyaux I
et JIS est la constante de couplage scalaire entre les noyaux I et S, avec |JIS| > 0.

3. Procédé selon la revendication 1, caractérisé en ce que l'autre impulsion à 90° qui excite les spins des noyaux
S est irradiée au même instant que celui de la seconde impulsion à 90° qui agit sur les spins des noyaux I.

4. Procédé selon la revendication 1, caractérisé en ce que l'autre impulsion à 90° qui excite les spins des noyaux
S suit la seconde impulsion à 90° qui agit sur les spins des noyaux I après un temps de retard.

5. Procédé selon la revendication 4, caractérisé par un gradient de champ magnétique G2 qui est appliqué dans le
temps de retard entre la seconde impulsion à 90° qui agit sur les spins des noyaux I et l'autre impulsion à 90° qui
excite les spins des noyaux S.

6. Procédé selon l'une quelconque des revendications précédentes, caractérisé par un gradient de champ magné-
tique G1 qui est appliqué dans la période temporelle T.

7. Procédé selon l'une quelconque des revendications précédentes, caractérisé en ce qu'au niveau du début de
l'expérimentation avant l'irradiation de la première impulsion à 90° qui excite les spins des noyaux I, une impulsion
à 90° qui agit sur les spins des noyaux S est irradiée, suivie par l'application d'un gradient de champ magnétique
G0 qui altère la magnétisation initiale des noyaux S.

8. Procédé selon l'une quelconque des revendications précédentes, caractérisé en ce que la séquence des impul-
sions rf comprend une partie adaptée au maintien de la magnétisation d'un solvant le long du champ magnétique
homogène B0.

9. Procédé selon l'une quelconque des revendications précédentes, caractérisé en ce que la séquence des impul-
sions rf comprend une partie adaptée à l'atténuation ou suppression de signaux RMN d'un solvant.
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