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Gradient BIRDg: A Method to Select Uncoupled Magnetization
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The gradient-BIRD-method is an effective way to select *C-  occur when there is not a single value far.,. Simply by
bound protons. By changing the phase of the proton rr-l?ulse, the  performing two similar filter steps in series, the efficiency of
same sequence can be used to select protons attached to “C atoms,  the filter can be further improved. Artifacts originating from
i.e., for filtering out the *C-bound protons. These filters, consisting leaking *H-*C one-bond correlations are common in HMBC
of single or double gradient-BIRDg clusters (BIRD inversion for experiments. Here, the double-GBIRBlter can be success-

remote protons) have considerable filtering bandwidth. Because of fully utilized to replace the conventional low-pass filter that ha
the efficient suppression of the coupled magnetization, we imple- y P P )

mented the gradient-BIRDy, filter in HMBC to replace the con- a Ve.ryJ-senSitive filtering pe_rformance. The pulse sequence

ventional low-pass filter. © 1999 Academic Press for single and double GBIRRXilters, and for double-GBIRB
Key Words: NMR spectroscopy; isotope filters; BIRD; B, gradi-  fiitered HMBC, are presented in Fig. 1.

ents; RF gradients; low-pass filter.

THEORY

INTRODUCTION The product operator calculations-Q) were performed for
isolated'H-"*C fragments to evaluate the leakage of the cou
The gradient-BIRD cluster is an efficient way to selegiled magnetization. The evolution of the heteronuclear cot
*C-bound protons and to filter otiC-bound ones1-5). This pling during the field gradient pulses was neglected. The ir
isotope filtering is supreme when four clusters are placed tinsities of the leaking magnetization for single and doubl
series. However, when the GBIRD method is used as an add®BIRDx, filters are presented in Eq. [1}H, magnetization is
in the HSQC sequence to suppress fizbound protons, two considered positive).
clusters are enough as rest of the unwanted signals are readily
suppressed with phase cycling, @). The GBIRD method can I(single = —0.5{1 + cog 7A ") }Hy
also be used as an isotope filter $electthe noncoupled L
magnetization, i.e.’*C-bound protons, simply by changing the {—cos’(mA e/ 2)1Hy
phase of the protom-pulse of the BIRD propagator fromto | (doubl® o« —0.25{1 + cog 7A ')} 2Hy
= {—cos(mA I/ 2)}Hy [1]

R

y (or by changing only the phase of the lag-pulse fromx
to —x ) (6). Now the remote protons16t directly attached to
C) are inverted by this BIRR (BIRD inversion for remote - o
protons, or BIRD) cluster while the local protons’C-bound AS can be seen, complete suppression'téimagnetization
ones) experience 360° net rotation and are thus dephased byfifgetly attached t6°C is impossible because of the variety of
gradients embracing the BIRECluster. The remote protonthe 'Jeuis in real molecules. In Fig. 2 the calculated leaking
magnetization remains unaffected, as the dephasing causednggnsities for both single and double filters are presented as
the first gradient is rephased by the second one (because of #iition of ‘Jc.. The delayA was set to 1/160 s (optimal
inversion of the magnetization by the BIRRIluster). The filtering for *J, = 160 Hz,A = 1/J) to calculate the intensities
heteronucleatJe, evolution duringB,-gradient pulses is re- In Fig. 2. Obviously, the filtering efficiency of a single
focused by BIRR, when the tuning delayp (= 1/*Jc) is GBIRDx, filter is relatively good (leaking intensityx 10%) for
matched. This is because the BIREesults in no inversion for Jow:S 130-190 Hz, i.e., a single GBIRMilter can tolerate
1*C-bound protons, whereas the carbon is affected by the 18980 Hz mismatch and still have reasonably good filtering
pulse. When RF gradients are used, the effectdgfcoupling Properties. If the GBIRR filter is tuned for'Jc,=145 Hz,
are eliminated (provided that the RF field is strong enougff0d suppression can be obtained for both aliphatic and ar
whether the delayA is matched or not. The BIRDisotope matic regions. A purging spin-lock pulse in the proton channe

filter is quite tolerant of the tuning mismatches that frequentg’hasg) can be used prior to acquisition to clean up the phas
istortion due to homonuclear couplings that are active

! To whom correspondence should be addressed. throughout the pulse sequence. In addition, the spin-lock pul
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FIG. 1. Pulse sequences for singsg BIRDg (A), single RF BIRD; (B), doubleB, BIRDg (C), and double RF BIRRfilters (D) to select the uncoupled
magnetization. Narrow white bars and wide black bars indicate 90° and 180° hard rectangular pulses. Spin-lock pulses are presented with widergredbar
by SL.B,-gradient pulses are presented as gray half-ellipses with denogai#idirpulses havex-phase unless otherwise indicated. EXORCYCLB) (s applied
on proton pulses of one BIRDpropagatord, = X, y, —X, —V; ®,=Yy, —X, —V, X; receiver= X, —X. Purging spin-lock pulse prior to acquisition is optional.
(E) Pulse sequence for GBIRBiltered HMBC. All pulses have-phase unless otherwise indicated. EXORCYCILB) {s applied on proton pulses of one BIRD
propagator. Phases for the pulses @e= X, y, =%, —y; ®, = -y, X, ¥, —Xx; ®; = 4(x), 4(—X); receiver= X, —X, X, =X, =X, X, =X, X.
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25.00% The long-rangeéH-"*C couplings will reduce intensities of the
desired signals when BIRD filters are used to select the ur
coupled magnetization, whereas they will result in leaking
when the coupled magnetization is selected.

Interestingly, the intensity of the leaking magnetization of
the single GBIRD filter presented in Eq. [1] is equivalent to
the leaking intensity of the double tuned low-pass filter (doubls
tunedx-half filter) (10) when both components of the low-pass
filter are tuned for the same coupling constant. Therefore, or
can state that the filtering properties are better for the doub
tuned low-pass filters than for single GBIRDilters. When
comparing to the double tuned low-pass filter, the double
GBIRDg method has better filtering properties, as is apparer
in Eq. [1]. As a drawback, some decay in signal intensity ca
be expected with increased filter length.

20.00% -

15.00% A

Intensity

10.00% -

5.00% -

R TN SR P CHINC S T R As the GBIRL cluster results in selective rotation for the
; uncoupled protons and destroys the magnetization of the co
Jou pled ones at the same time (and vice versa if the phase of t

FIG. 2. Leaking intensity of*C-coupled proton signals for single andProton 180° pulse is changed from to x), the range of
double GBIRD filters as a function ofJ.,. Equation [1] was used to calculate applications would be rather wide for BIRD-clusters.
leaking intensities withA = 1/160 s and variousJ, values. Lines corre-
sponding to the single and double GBIRDilters are marked with open
squares and filled diamonds, respectively. RESULTS AND DISCUSSION

One-Dimensional Experiments
dephases the leaking magnetization of typgCH that is
formed due to the heteronucleal.,-coupling evolution dur-
ing B, gradients when the delak is not correctly matched,

i.e., part of the coupled proton magnetization experiences 1 . ) :
net rotation during the BIRP cluster and thereforéJ, requency gradients (RF gradients). RF gradients wer

evolves during the gradient pulses. When the length of tggnerated with a standard coil using long spin-lock pulse

gradient period &, (t, is the length of the gradient pulse) is sekmplemented inta-rotation sandwiches to mimic the effects

to 1/2J,, antiphase magnetization of type,&, is formed of conventional B-gradients 4, 11-13. In addition, the

and will be suppressed by the proton spin-lock pulse along tﬁgecf[ .O.f the purge spin-lock pulsey/-(lirection) prior to
y-axis. acquisition was tested.

According to Fig. 2, the filter properties of double-BIRD Allfilters were te'sted using 0.5'M-['1-13C]gluco.se (rnixturg
are excellent (leaking:5%) for *J¢y:s + 50 Hz from the value of a- andf-forms) in D,O by monitoring the leaking intensity

used for tuning. For range60 Hz from the optimum value, oflthe anorlnen.c proton S|gqals as a function of delay=
the leaking is still<10%. 1/7Jcn. The Jqy:s for anomeric protons are about 170 Hz. The

Homonucleard,,; will also result in some additional Ieakage.four'Step EXORCYCLE14) was applied on the proton pulses

Product operator calculations were performed for the AMX sy@f € first BIRQ.-cluster to reinforce the echo. Figure 3
tem (H.H,C, where only H is bound to™C) with the two presents four series of spectra of the low-field part of the proto

couplingsJue and . The leaking intensity of double-BIRD doublet at 5.1 ppm recorded using single GBIRihd double

: : . : IRDx filters with B, and RF gradients. The first spectrum in
for this system is presented in Eq. [2]. The terms representing ﬁg R 0 . _
: . . : inh iting fi ach row was recorded with delayoptimized for 120 Hz and.
intensity of the dispersive antiphase term resuiting from COS lowing with 10-Hz increments. The spectra recorded with

e transfer are not shown. For example, leaking intensity is o ) ! .
typ b 9 vy o GBIRD; methods contain phase distortions due to the

0.5% for a system whewd,, = 10 Hz,'J¢, = 175 Hz, andA = s ; . )
1/145 s. Normally howe:/er the IealziHng due to homonuclegf,oremenﬂoned heteronucleatoupling evolution durings,-
' ' adient pulses. No purging spin-lock pulses were applied i

coupling will be greater as there usually is more than one ho . : . .
nuclear coupling present, and thus complete suppression of g>€ sequences to QEt the real '|ntenf5|ty of leaking magnetu
coupled magnetization is not possible. tion for thg BIRDy fllfcer. Especially in .t.he case of smgle
GBIRDg with B, gradients, a preacquisition purge spin-lock
along they-axis can almost completely destroy the couplec
magnetization despite th&-value if the lengths of gradient
—0.25 cos ZrAJ,cosmAJo)Hy  [2] pulses are such that heteronucléavolution forms antiphase

Single or double gradient BIRDfilters for *H-"°C selec-
tion have a considerable filtering bandwidth. In our ap-
pach we used both conventiord} gradients and radio-

I(double « (—0.25— 0.5 cosmAJ,,cos wA ¢y
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FIG. 3. Low-field part of the proton doubletdc; ~ 170 Hz) at 5.1 ppm. Spectra were recorded using sequences A-D in Fig. 1. Intensity of the leal
magnetization was monitored as a functiort &, used to tune the delay. No purging spin-lock SL3 was used for tBg GBIRD, sequences. All spectra are
plotted with the same relative scale and are thus comparable. Percentage values show the amount of the leaking coupled magnetization reignstyo the
in the normal 1D3H-spectrum. The spectra were recorded with a Bruker DRX-500 spectrometer equipped with a triple-resonance probehead incorpol
single shielded gradient coil. Number of scanst, relaxation delay= 2.0 s, acquisition time= 1.02 s, 90° {H) pulse= 7.20 us, 180° {*C) pulse= 14.00
us, FID was zero-filled, and an exponential weighting function (0.3 Hz) was applied prior to Fourier trarBfagradient methods: gradient shapesinusoid,
gradient pulse lengtks 1 ms, recovery delay 500 s, gradient amplitudes: 7.2 G/cm (single-echo); 7.2 G/cm and 3.0 G/cm (double-echo). RF gradiel
methods: SL1= 1.4 ms and SL3= 1.0 ms (single-echo); SL¥ 1.4 ms, SL2= 1.8 ms, and SL3= 1.0 ms (double-echo).

magnetization of type kC,. This is the case for leakingset to 1 ms) resulted in very good water suppression ar
magnetization, i.e.,*C-bound proton magnetization that idfiltering performance. Half-EXORCYCLE (pulse, y; re-
inverted by the BIRIR propagator. The suppression by purgeceiver:x, —x) was applied on both the first BIROpropagator
pulse is not so significant for double-GBIRRs long as delays and on the first 90X)—m—90(—x); thus, four scans were
A are “reasonable” (not, for instance u3). needed to complete the phase cycle. This sequence resultec

All four series of spectra are plotted using the same scaewater suppression ratio of about 80,000—-100,000 and norrr
and are thus comparable. Percentage values for double angpression for coupled magnetization (data not shown).
single RF GBIRL spectra show the intensity of the leaking The effect of the protonr-pulse phase is demonstrated in
signal compared to the intensity of the corresponding signalliig. 4. The selection of the uncoupled magnetization is pel
a normal*H-spectrum. formed using the pulse sequence described in Fig. 1C. Tt

If H,O solutions are used, excitation sculpting based sugelection of the coupled magnetization is achieved by changir
pression sequence$)(can be added after the BIROpropa- the protonm-pulse phase by 90°. Heteronuclear coupling is
gator. The double GBIRPfilter followed by gradient double- refocused by applying a carbompulse in between the two
echo with 90&)—m—90(—x) as inversion elementl] (r was GBIRD clusters.
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FIG. 4. One dimensional spectra of 0.5 M glucose. (A) Norrtlspectrum. (B) Double GBIRpspectrum to select the uncoupled magnetizatRyri,
(C) Double-GBIRD spectrum to select coupled magnetization. For the spectrum in (C) the pulse sequence in Fig. 1C was modified by changing the |
the BIRD's protonm-pulse by 90°. In addition, a carberpulse was applied in between the two BIRD clusters to refocus the heteronuclear coupling. The spe
were recorded with a Varian Unity 500 spectrometer equipped with a triple-resonance probehead incorporating a single shielded gradientraafils®dunsbe
4, relaxation delay= 2.0 s, acquisition time= 1.02 s, 90° {H) pulse= 7.40us, 180° (°C) pulse= 13.00us, FID was zero-filled, and an exponential weighting
function (0.3 Hz) was applied prior to Fourier transform. Gradient shapectangular, gradient pulse length 1 ms, recovery delay= 100 us, gradient
amplitudes= 7.2 G/cm and 3.0 G/cm. Purging spin-lock SE32 ms. DelayA was tuned for'Jc, = 145 Hz.

Two-Dimensional Application proton are marked with arrows. Double-GBIRDlerates tun-
. o . ing mismatches rather well, whereas in case of the conve
The good suppression of the coupled magnetization obtalr}e

with GBIRDg was utilized in an HMBC experiment to filter out |pnal low-pass filter, even a mismatch of 5 Hz results ir

- 1 - .
correlations arising from directly’C-bonded protons. In our significant leakage Qcy = 170 Hz for anomeric proton).
. igure 5 shows clearly the fine performance of the BIRD-base
hands best results were obtained when the double GBIR . L
; ter, as the worst results with this filter were better than the
cluster was placed after the preparation delay rather than after . . . .
_— : ést obtained using the conventional filter. It should be note
the excitation pulse. The double GBIRBIMBC (Fig. 1E) was L .
) : that when the GBIRRfilter is used to replace the conventional
tested using a 0.5 M sucrose sample igODat 298 K. The : : . .
N L ow-pass filter typically used in HMBC, some loss of sensitiv-
filtration of the coupled magnetization was not as perfect as the .
) . . ity can be expected as the length of the preparation delz
1D results with labeled glucose predicted. This was expec - . )
. INCreases by a few milliseconds. This may be a problem if th
because of the numerous proton—proton couplings, Whereas1[he AT
) . . . ,-felaxation time is short.
anomeric proton has coupling with only one proton. Still, the
filtration efficiency is good, and much better than can be
achieved using the conventional low-pass filtet,(15. Figure CONCLUSIONS
5 contains slices taken from the 2D HMBC spectra at the
anomeric carbon frequency recorded using double-GRIRD J-leakage is a common problem of isotope filters. We hav
and conventional low-pass filters tuned fdg, values of 125, shown here that GBIRPfilters have very good to excellent
145, 165, and 185 Hz. The signals from the dire¢i-bonded filtering performance and they can be easily implemented int
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FIG. 5. The anomeric carbon slices of HMBC-spectra of sucrose jO.C5pectra A-D were recorded with the sequence presented in Fig. 1E. Spec
E—H were recorded using a normal low-pass filtered HMBC-sequelteel@. The filters were tuned for 125, 145, 165, and 185 Hz in spectra A an
E,BandF, C and G, D and H, respectively. Experimental parameters: Bruker DRX-500 spectrometer equipped with two-channel multiprobe incorp
a single shielded gradient coil, 500 MHH frequency, relaxation delay 2.0 s, delay for long-range coupling evolutien50 ms, number of transients
8, number of time increments 64, number off, points = 2K, 90° (*H) pulse= 5.90 us, 180° {°C) pulse= 13.00us, gradient pulse lengts 1 ms,
gradient recovery delay 100 us, gradient shape sinusoid, (A-D) gradient amplitudesl, g2, g3, g4, g5 10.2, 4.2, 30.0, 18.0, and 24.0 G/cm, (E-H)
gradient amplitudeg3, g4, g5= 30.0, 18.0, and 24.0 G/cm. The andt, domains were zero-filled and multiplied by sine function prior to Fourier
transformation. Signals arising from directC-bonded proton are marked with arrows. The signals at 3.5-4.1 ppm are true HMBC correlations to
anomeric carbon.

a variety of pulse sequences. The implementation of a GRIRIabeled macromolecule. For those spectrometers lacking gr
filter into HMBC drastically suppresses artifacts arising frordient capabilities, the RF gradient method can be useful.
one-bond*H-"*C couplings. In HMBC, the increase in the

length of the filter period will lead to some decrease in signal EXPERIMENTAL

intensity due to relaxation. This is a major problem only when

T, is short, i.e., for macromolecules. When studying small The one-dimensional spectra in Fig. 3 were recorded on
molecules, the relaxation times are much longer and no sigrifruker DRX-500 NMR spectrometer (500 MHE frequency)
icant signal loss will occur. If the relaxation is not an issue, thequipped with Bruker triple-resonance probe arakis gradi-
double BIRL, filtered HMBC is recommended. When macroent system at 298 K. The length of a 90° proton pulse on hig
molecule-ligand interactions are studied, GBIRIters can power level was 7.2s, corresponding to B,-field strength of
safely be used to filter oufC-bound protons of the isotope-34.7 kHz. The length of a 90° carbon pulse on high power leve
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was 14.0us. The 0.5 M glucose sample was prepared by
dissolvingp-[1-**C]glucose (mixture ofx and B isomers) into
0.7 ml of 99.5% RO. The water suppression combined with a*

double GBIRD, filter was tested using 5 mM+-[1-*C]glucose %

(mixture of « and B isomers) in HO/D,O solution (ratio 9:1).

were 7.2, 3.0, 9.0, and 24 G/cm for two BIRDand two
jump-and-return propagators, respectively.

(mixture of @ and B isomers) in Fig. 4 were recorded on a

Varian Unity 500 spectrometer (500 MHAH frequency) 7.

equipped with Varian triple-resonance probe arakis gradi-

ent system at 298 K. The pulse lengths: 989)(pulse= 7.4 8

us, 90° (°C) pulse= 13.0 us, trim pulse= 2 ms.

Two-dimensional HMBC spectra were recorded on a Bruke?'
DRX-500 NMR spectrometer (500 MHZH frequency) 10,

equipped with a Bruker multiprobe andzaaxis gradient sys-

tem at 298 K. The length of a 90° proton pulse on high powet.

level was 5.9us, corresponding to B,-field strength of 42.4

kHz. The length of a 90° carbon pulse on high power level wag.
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