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Abstract

The homonuclear scalar coupling of a directly bonded '*C—'3C pair has been used to create a double-quantum filter (DQF) to remove
the natural-abundance '>C background in '*C{'°N} rotational-echo double-resonance (REDOR) experiments. The DQF scalar and
REDOR dipolar evolution periods are coincident which is important for sensitivity in the event of weak *C—'N dipolar coupling. Cal-
culated and observed *C{'*N} DQF-REDOR dephasings were in agreement for a test sample of mixed recrystallized labeled alanines.
Glycine metabolism in a single uniform-'>N soybean leaf labeled for 6 min by '*CO, was measured quantitatively by "*C{'°N} DQF-

REDOR with no background interferences.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Rotational-echo double resonance (REDOR)' [1] has
been widely used over the last 15 years to measure internu-
clear distances quantitatively in isolated (/-S) spin pairs [2].
These pairs are generally introduced by specific stable-iso-
tope labeling. In many practical applications of REDOR,
the signal from the label is small compared to the signal
from the natural-abundance background. This complicates
the determination of the REDOR full-echo signal (Sy) and
therefore the scaling [3] of the REDOR difference signal
(AS =Sy — S), where S is the signal observed with I-spin
dephasing pulses.

* This paper is based on work supported by the Naito Foundation of
Japan and by the National Science Foundation (under Grant No. MCB-
0089905).

* Corresponding author. Fax: +1 314 935 4481.

E-mail address: jschaefer@wustl.edu (J. Schaefer).

U Abbreviations used- CPMAS, cross-polarization magic-angle spinning;
DQF, double-quantum filter; INADEQUATE, incredible natural-abun-
dance double-quantum transfer experiment; REDOR, rotational-echo
double resonance; TEDOR, transferred-echo double resonance.

1090-7807/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2006.08.010

A strategy to deal with this complication has been the use
of a third hetero label as a helper [4]. For example, the specific
labeling of A and Gy by L-[1-'*CJalanine and ['°N]glycine,
respectively, in a 21-residue synthetic analogue of the peptide
antibiotic, magainin, resulted in a double-labeled peptide
bond in the middle of the 21-mer [5]. A cross-polarization
transfer from protons to nitrogens for this peptide in a lipid
bilayer, followed by an >N — '*C coherence transfer
(TEDOR) [6], produced a full-echo signal that arose from
just the '*C labels in A. A subsequent *C{'F} REDOR
dephasing period produced dephasing arising from proxim-
ity to a second magainin analogue (specifically labeled by
L-[3-""FJalanine at A) that had also been inserted in the
bilayer. Detailed analysis of the dephasing was interpreted
in terms of the formation of peptide aggregates [5].

A limitation on the popularity of a helper spin in so-
called TEDOR-REDOR [7] and double-REDOR [§]
experiments of the type described above is the need for a
probe capable of accepting high-power pulses at four differ-
ent radiofrequencies [9]. In this report, we describe an alter-
nate strategy that may be useful in some applications. If a
site can be I-spin double-labeled in such a way that there is
a significant I-spin homonuclear coupling (as in *C-'*C
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directly bonded pairs, for example), then dipolar coupling
to a second S-spin label can be measured with no interfer-
ence from the natural-abundance background. A homonu-
clear double-quantum filter (DQF) [10] provides the
required selectivity rather than a third hetero label.

Double-quantum filtering (excitation and reconversion)
using strong '*C-'3C dipolar coupling followed by weak
REDOR dephasing is not an option because of interferring
dephasing by '*C-'3C scalar J coupling during the long
REDOR evolution period. Instead, the homonuclear J cou-
pling is itself used for filtering during the REDOR evolution.
A J-based *C-"*C double-quantum filter INADEQUATE)
[11] has been developed for solution-state NMR. INADE-
QUATE results in anti-phase line shapes which are not a
problem for well-resolved peaks but cause self-cancellation
of broader signals. A refocused version of INADEQUATE
[12-14] that avoids anti-phase line shapes is therefore better
suited to solid-state NMR and DQF-REDOR.

2. Experiments

Spectra were obtained of the mix of labeled and unla-
beled alanines shown in Fig. | using a 6-frequency trans-
mission-line probe [15], having a 12-mm long, 6-mm
inside-diameter analytical coil and a Chemagnetics/Varian
magic-angle spinning ceramic stator. Lyophilized samples
were contained in thin-wall Chemagnetics/Varian 5-mm
outside-diameter zirconia rotors. The rotor speed was
under active control to within +2 Hz. The spectrometer
was controlled by a Tecmag Libra pulse programmer.
Radiofrequency pulses for '*C (125MHz) and N
(50.3 MHz) were produced by 2-kW American Microwave
Technology power amplifiers. Proton (500 MHz) radioftre-
quency pulses were generated by a 2-kW Amplifier Systems
tube amplifiers driven by a 50-W American Microwave
Technology power amplifier. The =n-pulse lengths were
8 us for 13C and 9 ps for '’N. The amplitudes of all pulses
were under active control [16]. REDOR dephasing pulses
followed the xy8 phase-cycling scheme [17]. A 12-T static
magnetic field was provided by an 8§9-mm bore Magnex
superconducting solenoid. Proton—carbon cross-polariza-
tion magic-angle spinning transfers were made with radio-
frequency fields of 62.5 kHz. Proton dipolar decoupling

3-1%¢
5% 90 %

no labels

Fig. 1. Composition of a mixture of two labeled r-alanines with natural-
abundance L-alanine, YNH;CH(—CH;)C(=0)O . The three alanines were
recrystallized together from water.

was 100 kHz during data acquisition. TPPM modulation
[18] of the proton radiofrequency was generated by an
external device running asynchronously with respect to
the pulse-programmer clock. REDOR spectra were
acquired on an alternate-scan basis, first S then S,.

3. Results and discussion
3.1. Interleaving double-quantum filtering and REDOR

We used the high-efficiency J-based double-quantum fil-
ter pulse sequence (Fig. 2 and Table 1) introduced for sol-
ids by Mueller et al. [14]. REDOR S-spin pulses (I = '°C,
S = 15N) created dephasing during the two t—m—t periods
of the sequence. A single "N 7/2 pulse was inserted
between the '°C ¢5 and ¢, pulses for both full-echo (with-
out '°N 7 pulses) and dephased-echo (with >N & pulses)
REDOR acquisitions. The >N 1/2 pulse ensured that bilin-
ear coherence generated during the first t—n—t dephasing
period was not refocused as observable single-quantum
coherence during the second period (Fig. 3). As a result,
double-quantum filtering and REDOR dephasing could

n/2
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cmﬂﬂﬂﬂw
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Fig. 2. Pulse sequence for double-quantum filtered (DQF) *C{'’N}
rotational-echo double resonance (REDOR). The DQF scheme is that of
Mueller et al. [14]. The >N n/2 pulse is used to acquire both full-echo (So)
and dephased (S) signals. The '*N & pulses are used only to acquire S, and
their phases follow the xy8 scheme of Gullion et al. [17]. Phases of the 1°C
pulses are listed in Table 1.

Table 1

Phase cycling for the DQF-REDOR sequence of Fig. 2
Pulse Phase

'H n/2 (X x8,X x8)x2

'H cP Y32

¢ (3C CP) X x16,7Y x 16

> (PCm) Xx16, Yx 16

¢s (°C 1/2) Yx16, Xx 16

¢4 (BPC 7/2) (Y,X,Y,X) x4, (Y,X,Y,X) x 4
¢s (’C ) (X,Y,X,Y,X,Y,X,Y,Y. X, Y, X, Y, X, Y, X) x2
Pacq (X,Y,X,Y) x8
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Fig. 3. Observable single-quantum coherence, non-observable double-quantum coherence, and non-observable bi- and tri-linear coherences using the
pulse sequence of Fig. 2 for (a) a 13C_15N spin pair and (b) a >*C-"3C-'N spin system (I = '>C, S = '°N). The illustration is the average from the first two
phase entries of Table 1. The full double-quantum filter is the average from the first four entries.

be done simultaneously rather than sequentially, an
important feature in the event of weak heteronuclear
coupling.

3.2. Theoretical description of DOQF-REDOR

Using an independent coordinate system for directly
bonded I-spins 1 and 2 (Fig. 4, left), we define dipolar cou-
plings to a single S spin and the accumulated REDOR
phases by [1,14]

Dy (r1) = yysh/2mr (1)
Dy (r2) = yyy5h/2mr3 (2)
CL)D(l)(I"l,O(] , ﬁl; t) = :E%D(])(F])[Sinz ﬁl Ccos 2(0(1 + (Url‘)
— V/2sin 28, cos(oy + w,1)] (3)
1 T,/2
5D(1)(1’170<1,ﬁ1)=ﬂ17[/ opy(rr, o, By t)de
r 0
7,
*/ op()(r1, o, 3 t)de
17,/2
D
=4 (Zr(crl) {sin® B, [sin 2(o; + 1) — sin 20]
—2V/25sin 2, [sin(o; 4 1) — sin o]}
2D
= i% sin 23, sin o 4)
A®D (1,00, By) = Opy(r1, o1, By )NT (5)
_ V2D (r2) . .
Tt 12,2, ) = £ 2 i 2 i, ©

Fig. 4. Two coordinate systems for an I,S spin system.

AD (12,0, B3) = @p(2y(7r2, 02, fr)N T (7)

The distribution of angles (a5, 55) is connected to that of
angles (o, f1) by the "'N-'3C-"*C angle and *C-"3C (r1,)
distance. A correlated coordinate system (Fig. 4, right) is

therefore necessary for general numerical calculations of
DQF-REDOR. In this coordinate system,

ra(r1,0) = /12 + 1}, — 2rirp cos 0 (8)
Dy(r1,0) = y,75h/2mra(r1, 0)° )
@p() (11,01, B1) = @pay(r1, 2, B) (10)
AD (1,0, B) = @pgy(r1, o, B)NT, (11)
Op()(r2, 02, B>) = Ope) (11, o, B, ¢, 0) (12)
AD (1,0, B, ¢,0) = @py(ri, 0, B, ¢, 0)N T, (13)
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Signal modulation of the observable magnetization I {S}
DQF-REDOR (see Fig. 3b) by Dyg, J;; and T, relaxation
is given by [14]

-2
leﬂﬂlylh cos(Ad(y)) sin(2nJ ;) exp (T,—I> (14)
2(1)

) -2
ber I,15. cos(A® ) sin(2mJ ;T) exp <T’—T)
21)

+ 115 cos(AP ) sin(2nJ ;7)

—27
— 1
X exp (T’2<1)> (15)

1 . —4
B8 11, cos* (Ady)) sin® (21 4 7) exp -
2 Ty

1 .
+ 512), cos(Ad(;)) cos(Ady)) sin’(2mJ 1)

-2t =2t
Xexp |+ (16)
<T3<1> T’2<z>>

1 - —4
1y RRDQEROR Ly o (A0 sin (2 ) exp
2 T2(2)

1 .
+ 511}, cos(Ady)) cos(Ad()) sin’ (21 7)

-2t -2t
Xexp | —+=— (17)
(T w T 3(1))

The dipolar evolution time corresponds to that of one
REDOR unit (N.T, = 8nT,). The echo delay (7) is an inte-
ger multiple of the rotor period (vt =4nT, + T,). The sig-
nal is given by the sum of Egs. (16) and (17) because
I, and I, are excited simultaneously. The full-echo signal
intensity (Sy) for [; after the phase cycling of Table 1 is
[14]

| —4t -2t 21
So = sin”(2mJ ) |exp +exp | —o—+——
2 Tz<1) Ty Ty
1
x—/ / /dqbdocsinﬁd[)’
47T2 g Ja Jo
| —4z -2t =21
=—sin"(2nJyt) |exp | — | +exp | m— +5—
2 l T Ty T
1 .
Xﬂ/ﬁ] /{XI doy sin 8, dp, (18)

The factor of 1/2 in Eq. (18) arises from the double-quan-
tum selection, which involves taking the average of signal
intensities for the first two phase entries of Table 1. The
expression for the full-echo intensity is similar to that of
conventional REDOR, but includes J;; and 75 modula-
tions. The DQF-REDOR signal intensity (S) for /; under
full dephasing ("N = pulses during both -t dipolar-
evolution periods of Fig. 2) and phase cycling is

1, 1 .
S_Esm (27:],,1)H/[f /” /qsdqﬁdocsmﬁdﬁ

—4
X lcosz(ND(l))exp (T’ ‘

2(1)

X exp -2t L -2t
Ty T
1 . 47\ 1
=5 sin®(2mJ ;1) lexp (T/ > o

x/ day sin B, dB; cos*(Ady)
By
T/Z(l) T’2<2> 4n2

x/ﬂ/ﬁ/d)dd)dasinﬁdﬁcos(A@(l))cos(Aq§<2)) (19)

) + cos(AD)) cos(ADy))

The first and the second terms in Eq. (19) correspond to the
coherence pathways I, — I, and I, — I;,, respectively.
The I-S dipolar coupling for the I, — I, term is wp(z)
during the first t—n—t period, and wp(;) during the second
7—n—T period; wpe) and wp(;y are correlated by 0 and ry»
and REDOR dephasings dependent on these couplings
cannot be calculated independently. Evaluation of the
I, — I, term requires the correlated coordinate system
of Fig. 4 (right) to retain the information about the orien-
tation between S—/; and S—/.

The DQF-REDOR signal intensity (S) for /; under par-
tial dephasing ('°N 7 pulses during the first t—n—t period
only) is

s:lsinz(zwl,r)iz///d¢dasinﬁd/3 cos(Ady)exp
2 47 g JaJo TZ(I)
-2t -2t
+cos(APp))exp | =—+=—
? Ty Th
:lsinz(ZnJ,,r) exp 4T 1/ do; sin f,df, cos(Ad(y)
2 2n By Jay

2(2)

-2t -2t 1 i
+exp (T/—+ ) 2n /ﬁz w a SlnﬁZdﬂz COS(A(p(Z))

(20)

The DQF-REDOR signal intensity (S) for /; under partial
dephasing ("°N © pulses during the second t-m— period)
is

S——sm (2m],,r / / / d¢dasin dp [cos(A(D(l))exp <le1 )

-2t -2t
+cos(Ad(;y) exp (T/z(l) + le(z)):|

1., —4z -2t -2t
=_sin”(2nJ 1) {exp < > +exp < ; +,—>}
2 T Ty T

xi/ da sin B, dB; cos(AP;)) (21)
20 Jp, Ja
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Fig. 5. 125-MHz magic-angle spinning '>*C NMR spectra of the mix of
alanines of Fig. 1 obtained using a matched proton—carbon cross-
polarization transfer (bottom), followed by 80 rotor cycles of evolution
with a single '*C refocusing m pulse (middle), or 80 rotor cycles of
evolution with a ©=20-7, double-quantum filter (top). Four times as
many scans were accumulated for the two echo spectra as for the CPMAS
spectrum. The middle and bottom spectra have been scaled for equal
methyl-carbon peak intensities. Magic-angle spinning was at 6250 Hz.

Both first and second partial dephasings can be evaluated
using the independent coordinate system of Fig. 4 (left).
The scaled DQF-REDOR difference for I; under partial
dephasing during the second t—m—t period is AS/
So = (So — S)/Sp, where Sy and S are given by Eqgs. (18)
and (21), respectively. Because the modulation pre-factors
for S and Sy are the same under partial dephasing during
just the second t—m—t period, this AS/S, ratio is identical
to that for conventional REDOR [1]. Similar expressions
can be written for the full-echo, DQF-REDOR, and scaled
DQF-REDOR difference signal intensities for /5.

3.3. Alanine spectra

The cross-polarization magic-angle spinning '>*C NMR
spectrum of the mix of alanines shows the expected three
isotropic peaks (and carbonyl-carbon sidebands) indicating
approximately equal concentrations of the three '*C labels
(Fig. 5, bottom). After 80 rotor cycles (12.8ms), the
REDOR full-echo spectrum is reduced to just the methyl-
carbon peak (Fig. 5, middle) because the two '*C-'*C sig-
nals are largely dephased by the 54-Hz scalar J coupling
[19]. Using the sequence of Fig. 2 on the other hand, the

13C_13C signals are strong and in phase (Fig. 35, top), and
the single-'>C methyl-carbon signal is totally suppressed
(arrow). The DQF-REDOR carbonyl-carbon peak is
about 33% of that expected for a Hahn echo after
12.8 ms, based on comparison to the equal methyl-carbon
peak heights (Fig. 5, middle and bottom), which have been
scaled to account for homogeneous decay. We attribute
two-thirds of the reduction to losses associated with the
finite '*C pulses of the double-quantum filter and the car-
bonyl-carbon 7%, and one-third to modulation by Jcc
(sin®2nJt ~ 0.8) and the a-carbon T %. Refocusing was
reduced further by moving the REDOR pulses at the com-
pletion of rotor cycles from the '*C channel (Fig. 2) to the
>N channel. The DQF-REDOR a-carbon signal is
reduced relative to the corresponding carbonyl-carbon sig-
nal because of the somewhat shorter echo-train lifetime for
the a-carbon.

3.4. Alanine REDOR dephasing

If both t—m— periods are used, the dephasing rates for
the two carbons are similar but not identical and the max-
imum AS/S, is less than 1 (Fig. 6). Both of these effects
result from a dependence of the DQF AS/S, on the prod-
ucts of dephasing terms involving J and the two I-S dipo-
lar couplings but not their average (Eq. (19)).

If only the first of the t—n—7 periods of Fig. 2 is used for
dephasing, the observed DQF AS/S,, for the a- and carbon-
yl carbons are almost the same (Fig. 7). In this situation,
the DQF AS/S, depends on a T,-weighted average I-S
dipolar coupling (Eq. (20)). However, if only the second
of the t—n—1 periods of Fig. 2 is used for dephasing, the
observed DQF AS/S, for the a- and carbonyl-carbon are
equal to those in a conventional REDOR experiment (text
following Eq. (21)). Full dephasing occurs for the a-carbon
in a little less than 2 ms, and for the carbonyl carbon in
about 8 ms (Fig. 8).

1.0 4

ASIS,

dephasing time (ms)

Fig. 6. *C{*°N} DQF-REDOR dephasing (AS/Sy) for the mix of
alanines of Fig. 3 using the pulse sequence of Fig. 2 with >N dephasing
pulses during both t—n—t periods. The observed dephasing (symbols) is
consistent with that calculated (solid and dotted lines) for the *C-'3*C-'>N
spin system (Eq. (20)), assuming a '>C(=O)-"°N distance of 1.49 A a
13C,~!°N distance of 2.47 A, a 3C,"*C=0 distance of 1.53 A, and full-
echo lifetimes for 10 ms of evolution of 4.18 ms (C,, filled squares) and
5.93 ms (C=0, open circles).
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1 ----C=0

0.0 ' I ' T
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dephasing time (ms)

Fig. 7. C{"’N} DQF-REDOR dephasing (AS/S;) for the mix of
alanines of Fig. 1 using the pulse sequence of Fig. 2 with >N dephasing
pulses during just the first —m—t period. The observed dephasing
(symbols) is consistent with that calculated (solid and dotted lines) for
the *C-"3C-"°N spin system and the parameters of Fig. 6.

0 5 10
dephasing time (ms)

Fig. 8. 3C{'*N} DQF-REDOR dephasing (AS/Sy) for the mix of
alanines of Fig. 1 using the pulse sequence of Fig. 2 but with >N
dephasing pulses during only the second t—n—7 period. The dephasing is
identical to that of conventional REDOR. The observed dephasing
(symbols) is consistent with that calculated (solid and dotted lines) for the
13C_13C_15N spin system and the parameters of Fig. 6.

3.5. Application to glycine metabolism in soybean leaves

Recently, we used solid-state '*C NMR measurements
of intact soybean leaves labeled by *CO, (at sub-ambient
concentrations) [20] to show that excess glycine from the
photorespiratory C, cycle (i.e., glycine not part of the pro-
duction of glycerate in support of photosynthesis) is either
fully decarboxylated or inserted as '*C-labeled glycyl resi-
dues in proteins [21]. This '*C incorporation in leaf protein,
which was also uniformly >N labeled by '"NH,'°NOs,
occurs as soon as 2 min after the start of '*CO, labeling.
These measurements were based on differences between
the spectra of labeled leaves and those of similar unlabeled
leaves. A difference of this sort usually suffers from phase
and amplitude distortions. Because the glycine from the
C, cycle is 50% '*C-enriched within 2 min of the start of
labeling, and more than 95% within 4 min [20], we can
use a DQF ">C-'3C filter to follow glycine metabolism in
a labeled leaf with no interference from the natural-abun-
dance background. A separate experiment on an unlabeled
leaf is not required and this makes up for most of the losses
in the double-quantum filter. The DQF-REDOR strategy

glycine
and
glycyl Cqy

SISD /72‘6 ppm (ref)

T T T T T T
200 150 100 50 0 70 60

50 40 30
5, (ppm) 3 (ppm)
peptide
glycine / C=0 ‘
and HC™ N‘\CH
lycerate
4 HN—E r«lf

Ribose-5-phosphate

o e L Y N S |
190 180 170 160 140 130 120 110 100

G (ppm) & (ppm)

Fig. 9. 125-MHz *C{!®N} DQF-REDOR spectra of a lyophilized
soybean leaf (150 mg) labeled for 6 min with 300-ppm '3CO,. The full-
echo spectrum is shown in black and the '’N-dephased spectrum in red.
The double-quantum filter was optimized (maximum full echo) for 56
rotor periods (t =4 nT, + 2T, = 14 T,, magic-angle spinning at 7143 Hz,
47 = 7.84 ms). Dephasing was restricted to 12 rotor periods during the
second t-m—t period. Both S and S, spectra resulted from the accumu-
lation of 480,000 scans.

is illustrated in Fig. 9 where the appearance of *C-'3C
pairs in glycine, glycerate, and glycyl residues in protein
[21], as well as in glycyl insertions in aminoimidazole pur-
ine precursors, is made clear by the combination of charac-
teristic chemical shifts and one-bond REDOR dephasing
by N. The double-quantum filter also passes >C-'3C
coherences that arise from the triose components of sugars
(73 and 105 ppm) produced by photosynthesis [20]. These
sugar signals are not dephased by '"N.

3.6. Conclusions

We have shown that DQF-REDOR, a combination of a
13C-13C homonuclear J-based double-quantum filter and
BC{'>N} REDOR, results in selective observation of
13C_13C spin pairs in the presence of a large background
signal from '*C single spins. Internuclear distances between
the '*C-"*C spin pairs and an '°N dephaser can be mea-
sured quantitatively without the complication of the unad-
justable phase twist and dephasing caused by Jcc coupling.
DQF-REDOR is suitable for analyses as complicated as
the tracking of glycine metabolism in a uniform-'>N soy-
bean leaf labeled by '*CO.,.
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