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Gradient BIRDR: A Method to Select Uncoupled Magnetization
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The gradient-BIRD-method is an effective way to select C-
ound protons. By changing the phase of the proton p-pulse, the
ame sequence can be used to select protons attached to 12C atoms,
.e., for filtering out the 13C-bound protons. These filters, consisting
f single or double gradient-BIRDR clusters (BIRD inversion for
emote protons) have considerable filtering bandwidth. Because of
he efficient suppression of the coupled magnetization, we imple-
ented the gradient-BIRDR filter in HMBC to replace the con-

entional low-pass filter. © 1999 Academic Press

Key Words: NMR spectroscopy; isotope filters; BIRD; B0 gradi-
nts; RF gradients; low-pass filter.

INTRODUCTION

The gradient-BIRD cluster is an efficient way to se
13C-bound protons and to filter out12C-bound ones (1–5). This
sotope filtering is supreme when four clusters are place
eries. However, when the GBIRD method is used as an a
n the HSQC sequence to suppress the12C-bound protons, tw
lusters are enough as rest of the unwanted signals are r
uppressed with phase cycling (3, 4). The GBIRD method ca
lso be used as an isotope filter toselect the noncouple
agnetization, i.e.,12C-bound protons, simply by changing t
hase of the protonp-pulse of the BIRD propagator fromx to
(or by changing only the phase of the lastp/2-pulse fromx

o 2x ) (6). Now the remote protons (not directly attached t
13C) are inverted by this BIRDR (BIRD inversion for remot
rotons, or BIRDy) cluster while the local protons (13C-bound
nes) experience 360° net rotation and are thus dephased
radients embracing the BIRDR-cluster. The remote proto
agnetization remains unaffected, as the dephasing caus

he first gradient is rephased by the second one (because
nversion of the magnetization by the BIRDR-cluster). The
eteronuclear1JCH evolution duringB0-gradient pulses is re

ocused by BIRDR, when the tuning delayD (5 1/1JCH) is
atched. This is because the BIRDR results in no inversion fo

13C-bound protons, whereas the carbon is affected by the
ulse. When RF gradients are used, the effects of1JCH coupling
re eliminated (provided that the RF field is strong eno
hether the delayD is matched or not. The BIRDR isotope
lter is quite tolerant of the tuning mismatches that freque

1 To whom correspondence should be addressed.
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ccur when there is not a single value forJCH. Simply by
erforming two similar filter steps in series, the efficiency

he filter can be further improved. Artifacts originating fro
eaking 1H–13C one-bond correlations are common in HM
xperiments. Here, the double-GBIRDR filter can be succes

ully utilized to replace the conventional low-pass filter that
veryJ-sensitive filtering performance. The pulse seque

or single and double GBIRDR filters, and for double-GBIRDR-
ltered HMBC, are presented in Fig. 1.

THEORY

The product operator calculations (7–9) were performed fo
solated1H–13C fragments to evaluate the leakage of the c
led magnetization. The evolution of the heteronuclear
ling during the field gradient pulses was neglected. Th

ensities of the leaking magnetization for single and do
BIRDR filters are presented in Eq. [1] (2HY magnetization i
onsidered positive).

I ~single! } 20.5$1 1 cos~pD 1JCH!%HY

5 $2cos2~pD 1JCH/ 2!%HY

I ~double! } 20.25$1 1 cos~pD 1JCH)} 2HY

5 $2cos4~pD 1JCH/ 2!%HY [1]

s can be seen, complete suppression of1H-magnetization
irectly attached to13C is impossible because of the variety

he 1JCH:s in real molecules. In Fig. 2 the calculated leak
ntensities for both single and double filters are presented
unction of 1JCH. The delayD was set to 1/160 s (optim
ltering for 1JCH 5 160 Hz,D 5 1/J) to calculate the intensitie
n Fig. 2. Obviously, the filtering efficiency of a sing
BIRDR filter is relatively good (leaking intensity, 10%) for

1JCH:s 130–190 Hz, i.e., a single GBIRDR filter can tolerate
30 Hz mismatch and still have reasonably good filte
roperties. If the GBIRDR filter is tuned for 1JCH5145 Hz,
ood suppression can be obtained for both aliphatic and
atic regions. A purging spin-lock pulse in the proton cha

phasey) can be used prior to acquisition to clean up the p
istortion due to homonuclear couplings that are ac

hroughout the pulse sequence. In addition, the spin-lock
1090-7807/99 $30.00
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94 HEIKKINEN AND KILPELÄ INEN
FIG. 1. Pulse sequences for singleB0 BIRDR (A), single RF BIRDR (B), doubleB0 BIRDR (C), and double RF BIRDR filters (D) to select the uncouple
agnetization. Narrow white bars and wide black bars indicate 90° and 180° hard rectangular pulses. Spin-lock pulses are presented with wide grays denoted
y SL.B0-gradient pulses are presented as gray half-ellipses with denotationg. All pulses havex-phase unless otherwise indicated. EXORCYCLE (13) is applied
n proton pulses of one BIRDR propagatorF 1 5 x, y, 2x, 2y; F 25y, 2x, 2y, x; receiver5 x, 2x. Purging spin-lock pulse prior to acquisition is option
E) Pulse sequence for GBIRDR filtered HMBC. All pulses havex-phase unless otherwise indicated. EXORCYCLE (13) is applied on proton pulses of one BIRR
ropagator. Phases for the pulses areF 1 5 x, y, 2x, 2y; F 2 5 2y, x, y, 2x; F 3 5 4(x), 4(2x); receiver5 x, 2x, x, 2x, 2x, x, 2x, x.
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95GRADIENT BIRDR
ephases the leaking magnetization of type HXCZ that is
ormed due to the heteronuclear1JCH-coupling evolution dur
ng B0 gradients when the delayD is not correctly matched
.e., part of the coupled proton magnetization experiences
et rotation during the BIRDR cluster and therefore1JCH

volves during the gradient pulses. When the length o
radient period 2t g (t g is the length of the gradient pulse) is

o 1/ 21JCH, antiphase magnetization of type HXCZ is formed
nd will be suppressed by the proton spin-lock pulse alon
-axis.
According to Fig. 2, the filter properties of double-BIRR

re excellent (leaking,5%) for 1JCH:s6 50 Hz from the valu
sed for tuning. For range660 Hz from the optimum value

he leaking is still,10%.
HomonuclearJHH will also result in some additional leakag

roduct operator calculations were performed for the AMX
em (H1H2C, where only H2 is bound to 13C) with the two
ouplingsJH1H2 andJH2C. The leaking intensity of double-BIRDR
or this system is presented in Eq. [2]. The terms representin
ntensity of the dispersive antiphase term resulting from CO
ype transfer are not shown. For example, leaking intensity is
.5% for a system whereJHH 5 10 Hz, 1JCH 5 175 Hz, andD 5
/145 s. Normally, however, the leaking due to homonuc
oupling will be greater as there usually is more than one h
uclear coupling present, and thus complete suppression
oupled magnetization is not possible.

I ~double! } ~20.252 0.5 cospDJHHcospD 1JCH

2 0.25 cos 2pDJHHcos2pD 1JCH)HY [2]

FIG. 2. Leaking intensity of13C-coupled proton signals for single a
ouble GBIRDR filters as a function of1JCH. Equation [1] was used to calcula

eaking intensities withD 5 1/160 s and various1JCH values. Lines corre
ponding to the single and double GBIRDR filters are marked with ope
quares and filled diamonds, respectively.
0°

e

e

-

he
-
ly

r
o-
the

he long-rangeH– C couplings will reduce intensities of t
esired signals when BIRD filters are used to select the
oupled magnetization, whereas they will result in leak
hen the coupled magnetization is selected.
Interestingly, the intensity of the leaking magnetization

he single GBIRDR filter presented in Eq. [1] is equivalent
he leaking intensity of the double tuned low-pass filter (do
unedx-half filter) (10) when both components of the low-pa
lter are tuned for the same coupling constant. Therefore
an state that the filtering properties are better for the do
uned low-pass filters than for single GBIRDR filters. When
omparing to the double tuned low-pass filter, the dou
BIRDR method has better filtering properties, as is appa

n Eq. [1]. As a drawback, some decay in signal intensity
e expected with increased filter length.
As the GBIRDR cluster results in selective rotation for t

ncoupled protons and destroys the magnetization of the
led ones at the same time (and vice versa if the phase
roton 180° pulse is changed fromy to x), the range o
pplications would be rather wide for BIRD-clusters.

RESULTS AND DISCUSSION

ne-Dimensional Experiments

Single or double gradient BIRDR filters for 1H–12C selec
ion have a considerable filtering bandwidth. In our
roach we used both conventionalB0 gradients and radio

requency gradients (RF gradients). RF gradients w
enerated with a standard coil using long spin-lock pu

mplemented intoz-rotation sandwiches to mimic the effe
f conventional B0-gradients (4, 11–13). In addition, the
ffect of the purge spin-lock pulse (y-direction) prior to
cquisition was tested.
All filters were tested using 0.5 MD-[1-13C]glucose (mixture

f a- andb-forms) in D2O by monitoring the leaking intensi
f the anomeric proton signals as a function of delayD 5
/1JCH. The 1JCH:s for anomeric protons are about 170 Hz. T

our-step EXORCYCLE (14) was applied on the proton puls
f the first BIRDR-cluster to reinforce the echo. Figure
resents four series of spectra of the low-field part of the pr
oublet at 5.1 ppm recorded using single GBIRDR and double
BIRDR filters withB0 and RF gradients. The first spectrum
ach row was recorded with delayD optimized for 120 Hz an

ollowing with 10-Hz increments. The spectra recorded w
0 GBIRDR methods contain phase distortions due to
forementioned heteronuclearJ-coupling evolution duringB0-
radient pulses. No purging spin-lock pulses were applie

hese sequences to get the real intensity of leaking magn
ion for the BIRDR filter. Especially in the case of sing
BIRDR with B0 gradients, a preacquisition purge spin-lo
long they-axis can almost completely destroy the coup
agnetization despite theD-value if the lengths of gradie
ulses are such that heteronuclearJ-evolution forms antiphas
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96 HEIKKINEN AND KILPELÄ INEN
agnetization of type HXCZ. This is the case for leakin
agnetization, i.e.,13C-bound proton magnetization that

nverted by the BIRDR propagator. The suppression by pur
ulse is not so significant for double-GBIRDR as long as delay
are “reasonable” (not, for instance, 3ms).
All four series of spectra are plotted using the same s

nd are thus comparable. Percentage values for doubl
ingle RF GBIRDR spectra show the intensity of the leak
ignal compared to the intensity of the corresponding sign
normal1H-spectrum.
If H 2O solutions are used, excitation sculpting based

ression sequences (1) can be added after the BIRDR propa-
ator. The double GBIRDR filter followed by gradient double
cho with 90(x)–t–90(2x) as inversion element (1) (t was

FIG. 3. Low-field part of the proton doublet (1JCH ' 170 Hz) at 5.1 pp
agnetization was monitored as a function of1JCH used to tune the delayD. N
lotted with the same relative scale and are thus comparable. Percenta

n the normal 1D–1H-spectrum. The spectra were recorded with a Bruke
ingle shielded gradient coil. Number of scans5 4, relaxation delay5 2.0 s
s, FID was zero-filled, and an exponential weighting function (0.3 Hz) w
radient pulse length5 1 ms, recovery delay5 500 ms, gradient amplitud
ethods: SL15 1.4 ms and SL35 1.0 ms (single-echo); SL15 1.4 ms, S
-

le,
nd

in

p-

et to 1 ms) resulted in very good water suppression
ltering performance. Half-EXORCYCLE (pulse:x, y; re-
eiver:x, 2x) was applied on both the first BIRDR propagato
nd on the first 90(x)–t–90(2x); thus, four scans we
eeded to complete the phase cycle. This sequence resu
water suppression ratio of about 80,000–100,000 and n

uppression for coupled magnetization (data not shown).
The effect of the protonp-pulse phase is demonstrated

ig. 4. The selection of the uncoupled magnetization is
ormed using the pulse sequence described in Fig. 1C.
election of the coupled magnetization is achieved by chan
he protonp-pulse phase by 90°. Heteronuclear couplin
efocused by applying a carbonp-pulse in between the tw
BIRD clusters.

Spectra were recorded using sequences A–D in Fig. 1. Intensity of the
urging spin-lock SL3 was used for theB0 GBIRDR sequences. All spectra a
values show the amount of the leaking coupled magnetization relative tntensity
RX-500 spectrometer equipped with a triple-resonance probehead inco
quisition time5 1.02 s, 90° (1H) pulse5 7.20ms, 180° (13C) pulse5 14.00
applied prior to Fourier transform.B0 gradient methods: gradient shape5 sinusoid
7.2 G/cm (single-echo); 7.2 G/cm and 3.0 G/cm (double-echo). RF gra
1.8 ms, and SL35 1.0 ms (double-echo).
m.
o p
ge
r D
, ac
as

es5
L25
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97GRADIENT BIRDR
wo-Dimensional Application

The good suppression of the coupled magnetization obt
ith GBIRDR was utilized in an HMBC experiment to filter o
orrelations arising from directly13C-bonded protons. In ou
ands best results were obtained when the double GBR
luster was placed after the preparation delay rather than
he excitation pulse. The double GBIRDR HMBC (Fig. 1E) was
ested using a 0.5 M sucrose sample in D2O at 298 K. The
ltration of the coupled magnetization was not as perfect a
D results with labeled glucose predicted. This was expe
ecause of the numerous proton–proton couplings, where
nomeric proton has coupling with only one proton. Still,
ltration efficiency is good, and much better than can
chieved using the conventional low-pass filter (14, 15). Figure
contains slices taken from the 2D HMBC spectra at

nomeric carbon frequency recorded using double-GBIRR-
nd conventional low-pass filters tuned for1JCH values of 125
45, 165, and 185 Hz. The signals from the directly13C-bonded

FIG. 4. One dimensional spectra of 0.5 M glucose. (A) Normal1H spect
C) Double-GBIRD spectrum to select coupled magnetization. For the s
he BIRD’s protonp-pulse by 90°. In addition, a carbonp-pulse was applied
ere recorded with a Varian Unity 500 spectrometer equipped with a tripl
, relaxation delay5 2.0 s, acquisition time5 1.02 s, 90° (1H) pulse5 7.40m

unction (0.3 Hz) was applied prior to Fourier transform. Gradient sha5
mplitudes5 7.2 G/cm and 3.0 G/cm. Purging spin-lock SL35 2 ms. Dela
ed

ter

e
ed
the

e

e

roton are marked with arrows. Double-GBIRDR tolerates tun
ng mismatches rather well, whereas in case of the con
ional low-pass filter, even a mismatch of 5 Hz results
ignificant leakage (1JCH 5 170 Hz for anomeric proton
igure 5 shows clearly the fine performance of the BIRD-b
lter, as the worst results with this filter were better than
est obtained using the conventional filter. It should be n

hat when the GBIRDR filter is used to replace the conventio
ow-pass filter typically used in HMBC, some loss of sens
ty can be expected as the length of the preparation d
ncreases by a few milliseconds. This may be a problem i

2-relaxation time is short.

CONCLUSIONS

J-leakage is a common problem of isotope filters. We h
hown here that GBIRDR filters have very good to excelle
ltering performance and they can be easily implemented

. (B) Double GBIRDR spectrum to select the uncoupled magnetization (3, 4).
ctrum in (C) the pulse sequence in Fig. 1C was modified by changing
etween the two BIRD clusters to refocus the heteronuclear coupling. The
sonance probehead incorporating a single shielded gradient coil. Numbr of scans5
80° (13C) pulse5 13.00ms, FID was zero-filled, and an exponential weigh
tangular, gradient pulse length5 1 ms, recovery delay5 100 ms, gradien
was tuned for1JCH 5 145 Hz.
rum
pe

in b
e-re
s, 1
perec
yD
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98 HEIKKINEN AND KILPELÄ INEN
variety of pulse sequences. The implementation of a GBIR

lter into HMBC drastically suppresses artifacts arising fr
ne-bond1H–13C couplings. In HMBC, the increase in t

ength of the filter period will lead to some decrease in si
ntensity due to relaxation. This is a major problem only w

2 is short, i.e., for macromolecules. When studying sm
olecules, the relaxation times are much longer and no s

cant signal loss will occur. If the relaxation is not an issue,
ouble BIRDR filtered HMBC is recommended. When mac
olecule–ligand interactions are studied, GBIRDR filters can

afely be used to filter out13C-bound protons of the isotop

FIG. 5. The anomeric carbon slices of HMBC-spectra of sucrose in2O
–H were recorded using a normal low-pass filtered HMBC-sequenc15
, B and F, C and G, D and H, respectively. Experimental parameters:
single shielded gradient coil, 500 MHz1H frequency, relaxation delay5 2
, number of time increments5 64, number off 2 points5 2K, 90° (1H) p
radient recovery delay5 100ms, gradient shape5 sinusoid, (A–D) gradi
radient amplitudesg3, g4, g55 30.0, 18.0, and 24.0 G/cm. Thet 1 and

ransformation. Signals arising from directly13C-bonded proton are mar
nomeric carbon.
l
n
ll
if-
e

abeled macromolecule. For those spectrometers lacking
ient capabilities, the RF gradient method can be useful.

EXPERIMENTAL

The one-dimensional spectra in Fig. 3 were recorded
ruker DRX-500 NMR spectrometer (500 MHz1H frequency
quipped with Bruker triple-resonance probe andz-axis gradi-
nt system at 298 K. The length of a 90° proton pulse on
ower level was 7.2ms, corresponding to aB1-field strength o
4.7 kHz. The length of a 90° carbon pulse on high power l

pectra A–D were recorded with the sequence presented in Fig. 1E. S
). The filters were tuned for 125, 145, 165, and 185 Hz in spectra A
ker DRX-500 spectrometer equipped with two-channel multiprobe inc
, delay for long-range coupling evolution5 50 ms, number of transients5
e5 5.90 ms, 180° (13C) pulse5 13.00ms, gradient pulse length5 1 ms,
amplitudesg1, g2, g3, g4, g55 10.2, 4.2, 30.0, 18.0, and 24.0 G/cm, (E–
omains were zero-filled and multiplied by sine function prior to Fou
with arrows. The signals at 3.5– 4.1 ppm are true HMBC correlation
D. S
e (, 16
Bru
.0 s
uls
ent
t 2 d
ked
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99GRADIENT BIRDR
as 14.0ms. The 0.5 M glucose sample was prepared
issolvingD-[1-13C]glucose (mixture ofa andb isomers) into
.7 ml of 99.5% D2O. The water suppression combined wit
ouble GBIRDR filter was tested using 5 mMD-[1-13C]glucose
mixture ofa andb isomers) in H2O/D2O solution (ratio 9:1)
radient amplitudes used in the water suppression seq
ere 7.2, 3.0, 9.0, and 24 G/cm for two BIRDR and two

ump-and-return propagators, respectively.
The one-dimensional spectra of 0.5 MD-[1-13C]glucose

mixture of a and b isomers) in Fig. 4 were recorded on
arian Unity 500 spectrometer (500 MHz1H frequency
quipped with Varian triple-resonance probe andz-axis gradi-
nt system at 298 K. The pulse lengths: 90° (1H) pulse5 7.4
s, 90° (13C) pulse5 13.0 ms, trim pulse5 2 ms.
Two-dimensional HMBC spectra were recorded on a Br
RX-500 NMR spectrometer (500 MHz1H frequency
quipped with a Bruker multiprobe and az-axis gradient sys

em at 298 K. The length of a 90° proton pulse on high po
evel was 5.9ms, corresponding to aB1-field strength of 42.
Hz. The length of a 90° carbon pulse on high power level
3.0ms. The 0.5 M sucrose sample was prepared by disso
ucrose in 0.7 ml of 99.5% D2O.
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