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A new 3D pulse sequence correlates backbone amide proton
nd nitrogen with alpha proton resonances selectively for gly-
ine residues in a fully doubly labeled (15N, 13C) protein. The
xcitation of multiple quantum coherences provides optimized
esolution and sensitivity. Degenerate alpha proton groups can
e promptly recognized. Correlation of guanidine NH groups to
elta protons of arginine side chains is also obtained. © 1999

cademic Press

Key Words: NMR; Gly; protein; multiple quantum; strong
oupling.

INTRODUCTION

Several triple-resonance three- and four-dimensional
iques have been developed in recent years to achieve thr
ond connectivities among1H and 15N resonances of amid
roups and the intraresidue and sequential13Ca and 1Ha res-
nances (1–3).
The more convenient approach takes advantage o

avorable relaxation properties of the amide15N compared
o the 13Ca and transfers amide proton magnetizat
hrough15N and13Ca to the1Ha and then back to1HN (2, 3).
n any case, these methods are designed (or optimize
erform such correlation for nonglycine residues, in that
lways assumes that a single proton is directly couple

he 13Ca. As a result, the backbone connectivity is of
nterrupted at glycine residues, preventing complete seq
ial assignment (4). To circumvent this difficulty, a 3D
elective correlation experiment was recently propo
hich works uniquely on glycines, among all other resid

5). The magnetization transfer pathway follows the sch
utlined above in which the magnetization is transferre

he 1Ha atoms from the Ca atoms via the1JCaHa
coupling.

or our purposes it is sufficient to restrict the analysis to
eneration and evolution (t1) of the 1Ha resonances. In th
roduct-operator formalism (6) we will use the following
perator symbols: N for15N spin, C for13Ca spin, and I for

1 To whom correspondence should be addressed.
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Ha spin. The two1Ha atoms of glycines are indicated by1
nd I2. For glycines the state before the coherence tran
t the onset oft1 evolution can be represented, omitt
onstant numerical factors, by

r~a! 5 NzCyI1zI2z, [1]

here r(a) stands for the spin density matrix. This term
artially converted into transverse proton single quantum
erences by 90° carbon and 45° proton pulses (5), thereby
enerating

r~t1! 5 1/ 2NzCz$I1yI2z cos~2pn1t1! 1 I1zI2y cos~2pn2t1!%.

[2]

ere and in the following we indicate only terms that
elected by the phase cycle.n1, n2 are the proton chemic
hifts. At the end of thet1 period, a second proton–carb
ulse pair similar to the previous one will produce

r~b! 5 1/4NzCyI1zI2z $cos~2pn1t1! 1 cos~2pn2t1!%, [3]

heret1 needs to be short (t1max, 10 ms) to neglect the effe
f the geminal coupling.
For our purposes the term in Eq. [3] represents the am

f magnetization that will be finally converted back into
ervable signal according to this method (5).
In what follows we illustrate how, by following a differe

oute, the observable signal can be enhanced more than
n sensitivity, allowing also optimal resolution in the1Ha

imension (t1max . 10 ms). This new route brings abo
ultiple quantum coherences in thet1 period.

THE NEW PULSE SCHEME

The pulse sequence is illustrated in Fig. 1. We examin
etail the coherence transfer between points a and b w
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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16 BAZZO, CICERO, AND BARBATO
nclose thet1 evolution period of the alpha protons. At po
in the sequence the system can be represented by the
xpression used in Eq. [1]. The 90° proton pulsef5 will
enerate the term

r~t1! 5 NzCyI1yI2y, [4]

hich represents a linear combination of heteronuclear
iple quantum coherences. This term can be selected
espect to other coherences, belonging to nonglycine
ystems, simply by alternating the phasef5. As it turns out
he equivalent (NH)–CH2 spin system present in argini
ide chains get selected, too, although the resulting sig
asily distinguishable by the different shift and multip
tructure, due to the additional couplings with the su
uent methilene group.
The operatorial term expressed by Eq. [4] will now evo

uring t1, subject to the action of the Hamiltonian of t
ystem. The analysis can be largely simplified if one c
iders that the operators describing nitrogen and carbo
ot undergo any net evolution int1 since the 180° alpha
arbon pulse removes the effect of both alpha-carbon c

FIG. 1. 3D Pulse scheme used to correlate backbone amide proto
rotein. Wide and narrow solid rectangles indicate 180° and 90° pu

1 5 y, 2y; f2 5 x,x, 2x, 2x; f3 5 x; f4 5 4(x), 4(2x); f5 5 8(x

R 5 x, 2x, 2x,x, 2x,x,x, 2x. The durations of the fixed delays aret9
o the States–TPPI method;f5 is not incremented. Complex FT is exec
o 1Ha signals (see text for alternative detection methods). Sine-bell-s
pplied along thez-axis with the following durations:G1 5 G2 5 4 ms;G3

f water selective flipback pulses.
ame
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cal shift evolution and its couplings with nitrogen a
arbonyl atoms. The couplings1JCaH1

, 1JCaH2
, on the othe

and, are not effective on the multiple quantum term
ressed in Eq. [4]. Therefore, we simply focus on the pro
art, rH (t1) 5 I1yI2y (t1),

I1yI2y~t1! 5 1/4$ @I1
1I2

2~t1! 1 I1
2I2

1~t1!#

2 @I1
1I2

1~t1! 1 I1
2I2

2~t1!# }, [5]

here the shift operators (7) in the square brackets are used
epresent zero-quantum coherence (ZQC) and double-qua
oherence (2QC), respectively.
If H1 and H2 are weakly coupled (J12/(n1 2 n2) ! 1), the

xpressions above can be directly used to describe ZQC
QC, and thet1 evolution results in

rH~t1! 5 1/ 2$@I1yI2y 1 I1xI2x#cos~2pnZQCt1! 1 @I1yI2y 2 I1xI2x#

3 cos~2pn2QCt1!% 1 other terms, [6

ith nZQC 5 n1 2 n2 andn2QC 5 n1 1 n2.
At the end oft , a second phase-alternated proton 90° p

to nitrogen and alpha protons, selectively for glycine residues in a do
s, respectively, with phasex where not indicated. Phase cycling is as follo
8(2x); f6 5 32(x), 32(2x); f7 5 16(y), 16(2y); f8 5 8(2x), 8(x);
.5 ms;t 5 2.75 ms;d 5 12 ms;e 5 3 ms.f2 is incremented accordin

d int1 and real FT is executed in t2. Proton carrier is at low field with respe
ed pulsed field gradients (PFG) with a strength of 8 G/cm at their ma
G4 5 1.5 ms. No water presaturation is used. See text for implement
ns
lse
),
5 2
ute
hap
5

1
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17CORRELATION OF AMIDE GROUPS TO ALPHA PROTONS IN GLYCINES
f7) can select either of the two terms I1yI2y or I1xI2x to
enerate

r~b! 5 1/ 2NzCyI1zI2z $cos~2pnZQCt1! 6 cos~2pn2QCt1!%,

[7]

here other multiple quantum terms (sine modulated)
emoved by the phase alternationf7.

The expressions in Eqs. [3] and [7] should be compare
he experiment just described, glycine Ha resonances are me
ured as the sum and the difference of their actual freque
he resulting twofold sensitivity gain is the direct effect of
omplete coherence transfer that can be obtained be
arbon magnetization and multiple quantum coherence in
ase. Other effects, though, contribute to further enhance

FIG. 2. 2D correlation spectrum between backbone amide proton an
ample of ubiquitin. The pulse sequence used is simply the 2D version
ncremented. The double-quantum peaks show up at a frequency corres
he zero-quantum peaks show up at a frequency that directly represe
rovides the two alpha-proton chemical shifts that are correlated with th

i–Ni J1 and Ci–Ni11 J2 coupling, respectively. The analogue peaks fo
ositions are to be taken in the center of the corresponding multiplet. Z
re

In

es.

en
is
n-

itivity and improve resolution at the same time, by narrow
he linewidth int1. In fact, on the one hand multiple quant
oherences excited int1 are unaffected by the geminalJ12

oupling, which therefore does not contribute to the linew
nd does not limit the duration of t1. On the other hand, th
elaxation of the multiple quantum coherence is more favor
ince the direct dipolar interaction between the two prot
hich is the dominant relaxation agent for single quan
roton terms, is not effective (8).
Due to the symmetry of the magnetization transfer, b

roton operator terms in Eq. [7] are longitudinal and they c
pure cosine modulation. The corresponding sine modul

ecessary for quadrature detection cannot be convenient
omplished in our scheme. Therefore, a real Fourier tran
ation is to be applied int . To avoid the overlap of real pea

lpha proton resonances, selective for glycine residues of a doubly labele15N, 13C)
the 3D pulse scheme illustrated in Fig. 1, where the nitrogen evolutionot
ding to the sum of the proton shifts with respect to the carrier, positioned.75 ppm
the chemical shift difference between the two alpha protons. A simplion
mide protons in the same residue (i ) and in the subsequent residue (i 1 1), via the
rginine residues appear in a separate region of the spectrum and thei
-frequency peaks show strong coupling effects for Gly 75 and Gly 76t).
d a
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18 BAZZO, CICERO, AND BARBATO
ith peak images, the proton carrier can be set on one side
espect to all glycine1Ha frequencies. As a result, ZQC a
QC signals resonate in different regions of the spect

hereby allowing their simultaneous detection. If, on the o
and, the proton carrier is set in a central position, 2QC
eaks need to be separated from the corresponding quad

mages according to the TPPI method (8) and also edited wit
espect to the ZQC peaks, by storing separately the two
ets obtained by usingf7 5 x, 2x and f7 5 y, 2y. Then,
dding and subtracting the two data sets provide sep
ubspectra containing ZQC and 2QC signals. Clearly ZQC
eaks still cannot be separated from corresponding image

his method, since zero-order coherences are not affect
he TPPI phase incrementation. However, the two proton
uencies can unambiguously be determined from the sum

he magnitude of the difference. Moreover, if a peak der
rom ZQC is sufficiently close to the zero frequency limit
he spectrum, a certain degree of overlap with its quadr
mage is bound to occur, depending on the linewidth.
henomenon affects the lineshape and not the peak-integ

ntensity.
In the setup that results in opposite signs for ZQC and

eaks (see Eqs. [6] and [7]), the opposite initial phase n
arily makes the value of the observable net magnetiz
orresponding to the first theoreticalt1 point (t1 5 0) equal to
ero. As is well known, the finite durations of real pulses, l
n particularf6, which needs to invert alpha carbons with
ffecting carbonyls, do not in general allow the accurate
uisition of this first point. In this case, though, we can c
eniently begin data acquisition at the second theoretict1
oint by setting the initial delay equal to the dwell time int1,
hereas the FID corresponding tot1 5 0 can be produce
uring data processing by zeroing the first trace of the 2D
atrix. This trick eliminates the need for any zero- or fi
rder phase corrections in thet1 dimension, thereby producin
pectra with reduced baseline distortions andt1 ridges (9).
In the pulse sequence illustrated in Fig. 1 no water pre

ation is used. Gradients are used to eliminate residual t
erse water magnetization, whereas the last 90° proton pu
sed to restore, at least partially, water magnetization alon
z-axis. This condition prevents cross saturation of am

rotons. In general the use of water selective flipback puls
ppropriate times of pulse sequences guarantees optimum

rol on the solvent magnetization (10). Water flipback pulse
an be introduced also in our pulse sequence, provided the
sed outside the intervale 2 pulse (f5) 2 t1 2 pulse (f7) 2
, where alpha protons are directly involved. A 90° wa
elective pulse could be applied just before the carbon
f4) with a phase opposite tof5 in order to have wate
agnetization restored along the1z-axis before thet1 period.
nalogously, during the subsequentt delay, a selective puls
ith phasef7 could set water magnetization along the2z-axis

ust before the next inversion pulse. The implementatio
ith
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ater flipback pulses in the rest of the sequence is straigh
ard. The introduction of such pulses in the simple sch

llustrated in Fig. 1 would more efficiently restore the wa
agnetization to equilibrium (1z-axis) before data acquis

ion, thereby further optimizing sensitivity, particularly
lycines whose amide protons are more subject to cross
ation.

The high selectivity allows the execution of the experim
n a two-dimensional fashion, since the frequency dispersio
mide protons or nitrogens, separately, can be sufficie
esolve the spin systems, particularly if one considers th
uch more adequate frequency resolution in the indirec
ension is obtained in a 2D experiment, compared to 3D

FIG. 3. (a) Simulated subspectra showing the relation between the
nd the corresponding zero-frequency peaks as a function of the
oupling parameteru 5 1

2
arctg{J12/(n1 2 n2)}. In the simulation a couplin

onstantJ12 5 16 Hz is assumed throughout and the value of the chem
hift differenceDn 5 n1 2 n2 (Hz) is varied. (b) Experimental subspec
orresponding to Gly 75 (bottom) and Gly 76 (top) NH frequencies. D
eaks appear on the right. ZQC peaks appear on the left. Zero-frequency
ppear truncated but with the correct area in both simulated and experi
pectra (see text).
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19CORRELATION OF AMIDE GROUPS TO ALPHA PROTONS IN GLYCINES
EXPERIMENTAL

In Fig. 2, a two-dimensional version of the experimen
llustrated for a 2 mM sample of human ubiquitin in water
H 4.5 and room temperature. In the spectrum, reported a
rotons are correlated with alpha protons via their double-
ero-quantum frequencies, by incrementingt1. All expected
orrelation peaks are present:1Ha resonances of the six gl
ines are correlated with intraresidue (i ) and interresidue (i 1
) amide proton resonances, via the sum and difference of
hemical shift, as measured with respect to the proton ca
ince all1Ha frequencies have the same sign, due to the ca
osition (4.75 ppm), double quantum peaks appear in the u
egion of the spectrum and zero quantum peaks in the l
egion. The closer the chemical shifts for the two protons
loser to zero the ZQC peak shows up in the spectrum. T
ore, magnetic equivalent (or nearly so) alpha-proton gr
re promptly recognized. This constitutes a specific featu

he experiment that turns out to be quite useful for assign

FIG. 3—
de
d

eir
r.

er
er
er
e

re-
s

of
nt

urposes. In fact, the equivalence or simply the accid
oincidence (or nearly so) of alpha-proton chemical shifts
ource of ambiguity in experiments in which shifts are dire
onitored, since the practical observation of a single cor

ion peak raises the question of whether it represents both
rotons or just one of the two with the second correlation b
issing or not easily distinguishable for whatever rea
learly the direct monitoring of the chemical shift differen

ZQC) unambiguously sets the issue. The peaks appea
antageously) as singlets in this spectrum since homonu
eminal coupling is not effective. The resulting chemical s
re in general agreement with previously published
11, 12).

In addition to glycines, only a very similar spin syst
H–CH2– of arginine side chains also appears in the spect
n the right-hand side. The latter is easily distinguishabl

he characteristic resonance position and multiplet pattern
o the coupling interactions with the adjacent methilene gr

ntinued
Co
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20 BAZZO, CICERO, AND BARBATO
Zero-quantum coherences exhibit somewhat narrower
ompared to double quantum coherences, as expected (8).
For Gly 75 we observe two peaks in the zero quan

egion. This is clearly also visible in the correlation of the sa
QC with Gly 76 NH. The elucidation of this experimen
etail calls for a brief digression.

STRONG COUPLING EFFECTS

Some particular consequences on the resulting spectru
o be expected in the situation of strong coupling between
wo geminal alpha protons. In this case, the expression in
5] does not contain only zero- and double-quantum co
nces. The reason resides in the mixing of the spin s
orresponding to zero total spin longitudinal component,
rated by the Hamiltonian of the system

c1 5 aa; c2 5 cosu ~ab! 1 sin u ~ba!;

c3 5 2sin u ~ab! 1 cosu ~ba!; c4 5 bb, [8]

here u 5 1
2

arctg{J12/(n1 2 n2)} represents the stron
oupling parameter. In general the operators in Eq. [5] ca
xpanded in the eigenbase (8)

@I1
1I2

2 1 I1
2I2

1# 5 @I1~2,3! 1 I2~2,3!#@~cosu !2 2 ~sin u !2#

1 @I~2,2! 2 I~3,3!#sin~2u ! [9]

@I1
1I2

1 1 I1
2I2

2# 5 @I1~1,4! 1 I2~1,4!#, [10]

ith I6(2,3), I6(1,4) representing ZQ and 2Q transitions, resp
ively, and with I(2,2), I(3,3) representing polarization operat
8).

Clearly the strong coupling does not have any effect on
QC. We then consider only the evolution int1 of terms relate

o the ZQC:

I6~2,3!~t1! 5 I6~2,3! exp$ 7 i2pnZQCt1%;

I~2,2!~t1! 5 I~2,2!; I~3,3!~t1! 5 I~3,3!, [11]

ith

nZQC 5 @ J12
2 1 ~n1 2 n2!

2#1/ 2. [12]

y transforming back in the product base we get

rH~t1! 5 1/ 2@I1yI2y 1 I1xI2x#cos~2pnZQCt1!

3 $@~cosu !2 1 ~sin u !2#2

1 @sin~2u !#2} 1 1/ 2@I1yI2y 2 I1xI2x#

3 cos~2pn t ! 1 other terms. [13
2QC 1
es

e

are
e
q.
r-
es
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e
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e

inally the proton pulsef7 generates

r~b! 5 1/2NzCyI1zI2z z $cos~2pnZQCt1!@~cosu !2 2 ~sin u !2#2

1 @sin~2u !#2 6 cos~2pn2QCt1!}. [14]

In practice 2Q transitions are not affected by the str
oupling, and therefore the position of the 2QC peaks
ays represents the sum of the two proton frequencies
naltered intensity. On the other hand, the position of
QC peaks is given by the expression [J12

2 1 (n1 2 n2)2]1/ 2

ith intensity factor [(cosu)2 2 (sin u)2]2. An additiona
eak at zero frequency is present with intensity factor [s
)]2. From the ratio of the peak integrated intensities
arameteru can be determined, and then from the ZQC p
osition the accurate chemical shift difference between

wo protons can be derived. Incidentally also the gem
oupling constant is evaluated. In the limit of weak coup
u 3 0°) of course we regain the previous expressions
he zero frequency peak is absent. In the limit of infin
trong coupling (u 3 45°) only the zero-frequency peak
resent with an intensity factor equal to unity. The rela
etween the ZQC and the zero frequency peak ca
imulated as a function of the strong coupling parametu.
he result is illustrated in Fig. 3a. The zero-frequency p
ppears truncated, since its maximum coincides with

imit of the spectrum. However, its area corresponds to
ntire peak due to the symmetrical contribution of the p
uadrature image.
A conclusive and detailed interpretation of the experime

ata illustrated in Fig. 2 can now be given. The relevant c
ections are reported in Fig. 3b. From the first cross sectio
5 parameters can be derived and then, by subtractin
elative contribution of Gly 75 to the zero-frequency pea
he second, Gly 76 parameters can also be determined. R

TABLE 1
Glycine Alpha-Proton Chemical Shifts as Determined by Simul-

aneous Monitoring of Double- and Zero-Quantum Coherence
volution

n2QC (Hz) nZQC (Hz) d1 (ppm) d2 (ppm)

10 800 370 4.32 3.58
35 745 106 4.11 3.90
47 1015 315 4.05 3.42
53 750 82 4.08 3.92
75a 805 22 3.96 3.93
76a 985 48 3.81 3.72

Note.n2QC(Hz) 5 500.13{[4.752 d1 (ppm)]1 [4.752 d2 (ppm)]}; n1 (Hz)
500.13z d1 (ppm); n2 (Hz) 5 500.13z d2 (ppm); nZQC (Hz) 5 [(n1 2 n2)

2

J12
2 ]1/2; J12 5 15.8 Hz(G75);J12 5 15.9 Hz(G76); 500.135 spectr. freq

MHz); 4.755 dcarrier (ppm).
a See text.
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21CORRELATION OF AMIDE GROUPS TO ALPHA PROTONS IN GLYCINES
re reported in Table 1, where data for all glycines are
ected. Clearly if alpha protons are weakly coupled, then ch
cal shift calculation is trivial. For arginine side chains, f
uency values are to be taken in the center of correspo
ultiplets.

CONCLUSIONS

In summary, we have shown that a simple experimen
orrelate amide proton and nitrogen resonances with1Ha

esonances specifically for glycine residues in a fully dou
abeled (15N, 13C) protein. A unique feature of the expe

ent is the direct monitoring of the chemical shift diff
nce (ZQC) of the alpha protons, which is quite useful to
nambiguous assignment in case of chemical shift deg
cy. Additionally in this experiment guanidine NH grou
re correlated to delta protons of arginine side chains

hough a number of general experiments are availabl
ssignment purposes of amino acids in doubly labeled

eins, this pulse sequence dedicated to glycines des
ome consideration, in our opinion, for its superior se
ivity and exquisite specificity.
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