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A new 3D pulse sequence correlates backbone amide proton  *H_ spin. The two'H_, atoms of glycines are indicated by |
and nitrogen with alpha proton resonances selectively for gly- and L. For glycines the state before the coherence transfi

cine residues in a fully doubly labeled (*°N, **C) protein. The 4t the onset oft, evolution can be represented, omitting
excitation of multiple quantum coherences provides optimized constant numerical factors, by

resolution and sensitivity. Degenerate alpha proton groups can
be promptly recognized. Correlation of guanidine NH groups to
delta protons of arginine side chains is also obtained. © 1999 p(@) = N.Cyl1l 2z [1]
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Key Words: NMR; Gly; protein; multiple quantum; strong where p(a) stands for the spin density matrix. This term is

coupling. partially converted into transverse proton single quantum cc
herences by 90° carbon and 45° proton puls€gs thereby
generating

INTRODUCTION

Several triple-resonance three- and four-dimensional tech?(t1) = 1/2N,CAlyl5, cod2musty) + Iilpy cOL2mwty)}.
nigues have been developed in recent years to achieve through- [2]
bond connectivities amontH and **N resonances of amide

groups and the intraresidue and sequertfi@], and*H, res- Here and in the following we indicate only terms that are
onances 1-3). selected by the phase cycle,, v, are the proton chemical

The more convenient approach takes advantage of &fts. At the end of the, period, a second proton—carbon
favorable relaxation propertles of the amIbEGN Compared pu'se pair similar to the previous one will produce

to the **C, and transfers amide proton magnetization
through®®N and*3C, to the'H_, and then back toH,, (2, 3).

In any case, these methods are designed (or optimized) to
perform such correlation for nonglycine residues, in that one
always assumes that a single proton is directly coupled {€rét. needs to be short,., < 10 ms) to neglect the effect
the 13C,. As a result, the backbone connectivity is ofteff! e geminal coupling. _

interrupted at glycine residues, preventing complete sequenf©" 0Ur purposes the term in Eq. [3] represents the amou
tial assignment 4). To circumvent this difficulty, a 3D of magnetization that WI|| be fmally converted back into ob-
selective correlation experiment was recently propos&§vable signal according to this methd.( _

which works uniquely on glycines, among all other residues In what follows we |Ilgstrate how, by following a different |
(5). The magnetization transfer pathway follows the schenj@Ute the observable signal can be enhanced more than twi
outlined above in which the magnetization is transferred {§ Sensitivity, allowing also optimal resolution in thed,
the IH,, atoms from the G atoms via the'J. ,, coupling. d|m§nS|on {1max > 10 ms). Thls new route brings about
For our purposes it is sufficient to restrict the analysis to tfBUltiPleé quantum coherences in theperiod.

generation and evolutiort,) of the *H_ resonances. In the

product-operator formalismé) we will use the following THE NEW PULSE SCHEME

operator symbols: N fot°N spin, C for'*C,, spin, and | for

p(b) = 1/4N,Cllp, {cod2mv ty) + cod2mw,ty)},  [3]

The pulse sequence is illustrated in Fig. 1. We examine i
1 To whom correspondence should be addressed. detail the coherence transfer between points a and b whic
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FIG. 1. 3D Pulse scheme used to correlate backbone amide protons to nitrogen and alpha protons, selectively for glycine residues in a doubly
protein. Wide and narrow solid rectangles indicate 180° and 90° pulses, respectively, withxpivhsee not indicated. Phase cycling is as follows:
b1 =Y, 7Y b2 = XX =X, =X Py = X by = 4(X), 4(=X); s = 8(X), 8(—=X); bs = 32(X), 32(=X); ¢7 = 16(y), 16(=Y); ¢ = 8(—X), 8(X);
dr = X, =X, —X,X, —X,X,X, —X. The durations of the fixed delays are= 2.5 ms;r = 2.75 ms;8 = 12 ms;e = 3 ms. ¢, is incremented according
to the States—TPPI methody; is not incremented. Complex FT is executedjrand real FT is executed ig.tProton carrier is at low field with respect
to *H_, signals (see text for alternative detection methods). Sine-bell-shaped pulsed field gradients (PFG) with a strength of 8 G/cm at their maxin
applied along the-axis with the following durationsG; = G, = 4 ms;G; = G, = 1.5 ms. No water presaturation is used. See text for implementatio
of water selective flipback pulses.

enclose the, evolution period of the alpha protons. At pointical shift evolution and its couplings with nitrogen and
a in the sequence the system can be represented by the seanbonyl atoms. The couplindﬁcqu, 1JC(,H2! on the other

expression used in Eqg. [1]. The 90° proton pulsgwill hand, are not effective on the multiple quantum term ex
generate the term pressed in Eq. [4]. Therefore, we simply focus on the proto

part, py (t1) = I1ylay (t2),
p(tl) = NszllyIZy- [4] o .
|1y|2y(t1) = 1/4{“1 15 (t) + 113 (tl)]
which represents a linear combination of heteronuclear mul- — [z (t) + 1115 ()]}, [5]
tiple quantum coherences. This term can be selected with

respect to other coherences, belonging to nonglycine Spjiere the shift operatorg)in the square brackets are used to
systems, simply by alternating the phagg As it turns out, represent zero-quantum coherence (ZQC) and double-quantt
the equivalent (NH)-Chl spin system present in argininecoherence (2QC), respectively.

side chains get selected, too, although the resulting signal isf H, and H, are weakly coupledJy,/(v, — v,) < 1), the

structure, due to the additional couplings with the subsgqc, and the, evolution results in

guent methilene group.

The operatorial term expressed by Eq. [4] will now evolve
during tlp, subject to the gction of %/heqH.[;slrLiltonian of thepH(tl) = 12{hylzy + Tudodeos2myzecty) + Uyl = Iudad
system. The analysis can be largely simplified if one con- X cog2mvyady)} + other terms, [6]
siders that the operators describing nitrogen and carbon do
not undergo any net evolution iy since the 180° alpha- with v,5c = v; — v, andvyge = vp + 75
carbon pulse removes the effect of both alpha-carbon chemAt the end oft,, a second phase-alternated proton 90° puls
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FIG. 2. 2D correlation spectrum between backbone amide proton and alpha proton resonances, selective for glycine residues of a doulsiy |af@)ed (
sample of ubiquitin. The pulse sequence used is simply the 2D version of the 3D pulse scheme illustrated in Fig. 1, where the nitrogen evolutioh tim
incremented. The double-quantum peaks show up at a frequency corresponding to the sum of the proton shifts with respect to the carrier, po&itioped at -
The zero-quantum peaks show up at a frequency that directly represents the chemical shift difference between the two alpha protons. A sinople ca
provides the two alpha-proton chemical shifts that are correlated with the amide protons in the same ieaithén(the subsequent residue 1), via the
C—N; J;, and G-N,,, J, coupling, respectively. The analogue peaks for arginine residues appear in a separate region of the spectrum and their fre
positions are to be taken in the center of the corresponding multiplet. Zero-frequency peaks show strong coupling effects for Gly 75 and Glyty6 (see

(¢7) can select either of the two terms, I, or I;,l,, to sitivity and improve resolution at the same time, by narrowing

generate the linewidth int,. In fact, on the one hand multiple quantum
coherences excited ity are unaffected by the gemindl,
p(b) = 1/2N,C/l1,l,,{cog2mv,qcty) * COL2Tvondy)}, coupling, which therefore does not contribute to the linewidtt

[7] and does not limit the duration of.tOn the other hand, the

relaxation of the multiple quantum coherence is more favorabil
where other multiple quantum terms (sine modulated) a?@?e the direct di_polar interacFion between th.e two proton:s
removed by the phase alternatig. which is the dominant relaxation agent for single quantun

The expressions in Egs. [3] and [7] should be compared. Bioton terms, is not effectives).

the experiment just described, glycine Hesonances are mea- Due to the symmetry of the magnetization transfer, botl
sured as the sum and the difference of their actual frequencig@ton operator terms in Eq. [7] are longitudinal and they carr
The resulting twofold sensitivity gain is the direct effect of th@ pure cosine modulation. The corresponding sine modulatic
complete coherence transfer that can be obtained betw&egessary for quadrature detection cannot be conveniently
carbon magnetization and multiple quantum coherence in tisidmplished in our scheme. Therefore, a real Fourier transfo
case. Other effects, though, contribute to further enhance seration is to be applied ity. To avoid the overlap of real peaks
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with peak images, the proton carrier can be set on one side Witlgi Av=48.0 Hz

respect to all glycinéH,, frequencies. As a result, ZQC and

2QC signals resonate in different regions of the spectrum,____

thereby allowing their simultaneous detection. If, on the other

hand, the proton carrier is set in a central position, 2QC real

peaks need to be separated from the corresponding quadrature Av=24.0 Hz

images according to the TPPI meth@®) é&nd also edited with u&

respect to the ZQC peaks, by storing separately the two dat

sets obtained by using, = x, —x and¢, =y, —y. Then,

adding and subtracting the two data sets provide separate

subspectra containing ZQC and 2QC signals. Clearly ZQC real Av=16.8 Hz

peaks still cannot be separated from corresponding images ww

this method, since zero-order coherences are not affected by

the TPPI phase incrementation. However, the two proton fre-

guencies can unambiguously be determined from the sum and

the magnitude of the difference. Moreover, if a peak derive Av=12.0 Hz

from ZQC is sufficiently close to the zero frequency limit of

the spectrum, a certain degree of overlap with its quadrature

image is bound to occur, depending on the linewidth. Thi

phenomenon affects the lineshape and not the peak-integratad

intensity. Av=3.6 Hz
In the setup that results in opposite signs for ZQC and 2QC

peaks (see Egs. [6] and [7]), the opposite initial phase neces-

sarily makes the value of the observable net magnetizatio

corresponding to the first theoretidalpoint (t, = 0) equal to

zero. As is well known, the finite durations of real pulses, like, Av=0.0 Hz

in particular ¢g, which needs to invert alpha carbons without

affecting carbonyls, do not in general allow the accurate ac-

quisition of this first point. In this case, though, we can cong 10 20 30 40 50 60 70 80

veniently begin data acquisition at the second theoretical Hz

point by setting the initial delay equal to the dwell timetin FIG. 3. (a) Simulated subspectra showing the relation between the ZQ

whereas the FID corresponding tp = 0 can be produced and the corresponding zero-frequency peaks as a function of the stro

during data processing by zeroing the first trace of the 2D dagupling parameted = Zarctg{J;/(v, — v,)}. In the simulation a coupling

matrix. This trick eliminates the need for any zero- or firstonstanti, = 16 Hz is assumed throughout and the value of the chemica

. . . . . shift differenceAv = v, — v, (Hz) is varied. (b) Experimental subspectra

order phase corrections in t!tlpdlmens[on, thereby producmg corresponding to Gly 75 (bottom) and Gly 76 (top) NH frequencies. DQC

spectra with reduced baseline distortions anddges 0). peaks appear on the right. ZQC peaks appear on the left. Zero-frequency pe:
In the pulse sequence illustrated in Fig. 1 no water presatyppear truncated but with the correct area in both simulated and experimen

ration is used. Gradients are used to eliminate residual trapggctra (see text).

verse water magnetization, whereas the last 90° proton pulse is

used to restore, at least partially, water magnetization along the

+z-axis. This condition prevents cross saturation of amideater flipback pulses in the rest of the sequence is straightfo

protons. In general the use of water selective flipback pulsesird. The introduction of such pulses in the simple schem

appropriate times of pulse sequences guarantees optimum dlustrated in Fig. 1 would more efficiently restore the water

trol on the solvent magnetizatiod@. Water flipback pulses magnetization to equilibrium« z-axis) before data acquisi-

can be introduced also in our pulse sequence, provided theyt#os, thereby further optimizing sensitivity, particularly for

used outside the interval — pulse ¢s) — t; — pulse ;) — glycines whose amide protons are more subject to cross sa

€, where alpha protons are directly involved. A 90° wateiation.

selective pulse could be applied just before the carbon pulserhe high selectivity allows the execution of the experimen

(¢,) with a phase opposite t@s in order to have water in a two-dimensional fashion, since the frequency dispersion ¢

magnetization restored along thez-axis before the; period. amide protons or nitrogens, separately, can be sufficient |

Analogously, during the subsequentlelay, a selective pulse resolve the spin systems, particularly if one considers that

with phasep, could set water magnetization along the-axis much more adequate frequency resolution in the indirect d

just before the next inversion pulse. The implementation afension is obtained in a 2D experiment, compared to 3D.
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FIG. 3—Continued

EXPERIMENTAL purposes. In fact, the equivalence or simply the accident

) ) ] ) ) coincidence (or nearly so) of alpha-proton chemical shifts is

_In Fig. 2, a two-dimensional version of the experiment i, ;rce of ambiguity in experiments in which shifts are directly
illustrated fo'a 2 mM sample of human ubiquitin in water at.,,iored since the practical observation of a single correlz
pH 4.5 and room temperature. In the spectrum, reported am#:ageh peak raises the question of whether it represents both alp

protons are correlated with alpha protons via their double- a . . . .
. : protons or just one of the two with the second correlation bein
zero-quantum frequencies, by incrementing All expected = " . S
missing or not easily distinguishable for whatever reasor

correlation peaks are presefH,, resonances of the six gly- . o . o
cines are correlated with intraresidug and interresiduei (+ Clearly the direct monitoring of the chemical shift difference

1) amide proton resonances, via the sum and difference of tH&RC) unambiguously sets the issue. The peaks appear (¢
chemical shift, as measured with respect to the proton carriégntageously) as singlets in this spectrum since homonucle
Since all*H,, frequencies have the same sign, due to the carrﬂﬁ‘m'_nal coupling is not effec'uvg. The re'sultmg chemlcal shifts
position (4.75 ppm), double quantum peaks appear in the upp&® in general agreement with previously published dat
region of the spectrum and zero quantum peaks in the lowéd: 12

region. The closer the chemical shifts for the two protons, theln addition to glycines, only a very similar spin system
closer to zero the ZQC peak shows up in the spectrum. TheNH-CH,— of arginine side chains also appears in the spectrur
fore, magnetic equivalent (or nearly so) alpha-proton groups the right-hand side. The latter is easily distinguishable b
are promptly recognized. This constitutes a specific featuretb® characteristic resonance position and multiplet pattern, d
the experiment that turns out to be quite useful for assignmeatthe coupling interactions with the adjacent methilene grouy
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Zero-quantum coherences exhibit somewhat narrower lines TABLE 1
compared to double quantum coherences, as expeBted ( Glycine Alpha-Proton Chemical Shifts as Determined by Simul-
For Gly 75 we observe two peaks in the zero quantukaneous Monitoring of Double- and Zero-Quantum Coherence
region. This is clearly also visible in the correlation of the sanfe/olution
ZQC with Gly 76 NH. The elucidation of this experimental

. . . . Hz Hz ) m 1) m
detail calls for a brief digression. vaoe (H2) vzqe (H2) : (Ppm) 2 (pem)
G10 800 370 432 3.58

STRONG COUPLING EFFECTS G35 745 106 411 3.90

G47 1015 315 4.05 3.42

Some particular consequences on the resulting spectrum @ra 750 82 4.08 3.92
805 22 3.96 3.93

to be expected in the situation of strong coupling bet_vvee_n thes 985 48 381 372
two geminal alpha protons. In this case, the expression in Eg-

[5] does not contain only zero- and double-quantum coherNote.v,oc(Hz) = 500.13{[4.75— &, (ppm)] + [4.75— &, (ppm)]}; v; (H2)
ences. The reason resides in the mixing of the spin state§00 135, (PPm); v, (Hz) = 500.13- 3, (PPM); vzqc (HZ) = [(vy — 1)
corresponding to zero total spin longitudinal component, o 12 = 15.8 Hz(G75);J;, = 15.9 Hz(G76); 500.13= spectr. freq.

. . FMHZ) 4.75= 5(:a\mer (ppm)
erated by the Hamiltonian of the system aSee text.

= aa; P, =cosl(af) + sin6(Ba);
s = —sin 0 (aB) + cosO(Ba); W, = BB, [g] Finally the proton pulseb; generates

where 6 = % arctg{J,,/(v, — v,)} represents the strong P(B) =1/2N.C Yzl o, {cOS 2wy (COS0)* — (sin 6)°F
coupling parameter. In general the operators in Eq. [5] can be + [sin(260)]° + cog2mvyods)}- [14]
expanded in the eigenbas® (

In practice 2Q transitions are not affected by the stron
(51 + 100517 = 1723 + 17®3][(cos 0)* — (sin 6)7] coupling, and therefore the position of the 2QC peaks a
122 — |GI]sin(20) [9] ways represents the sum of the two proton frequencies wi
unaltered intensity. On the other hand, the position of th
(515 + 101, = [17®Y + 109, [10] ZQC peaks is given by the expressioit} + (v, — v,)?]*?
with intensity factor [(cog)® — (sin 6)?]%. An additional
with 1@ |09 representing ZQ and 2Q transitions, respe@eak at zero frequency is present with intensity factor [sin (:
tively, and with (2 2 |33 representing polarization operatord))]”. From the ratio of the peak integrated intensities the
(8). paramete® can be determined, and then from the ZQC peal
Clearly the strong coupling does not have any effect on tp@sition the accurate chemical shift difference between th

2QC. We then consider only the evolutiortirof terms related two protons can be derived. Incidentally also the gemina
to the ZQC: coupling constant is evaluated. In the limit of weak coupling

(0 — 0°) of course we regain the previous expressions an
12@3(t) = 1729 exp{ T i27v50d4); the zero frequency peak is absent. In the limit of infinite

strong coupling § — 45°) only the zero-frequency peak is
122(t) = 122; 133ty =199, [11] present with an intensity factor equal to unity. The relatior
between the ZQC and the zero frequency peak can t

with simulated as a function of the strong coupling paraméter
The result is illustrated in Fig. 3a. The zero-frequency pea
vae = [ + (v, — vp)?]Y2 [12] appears truncated, since its maximum coincides with th
limit of the spectrum. However, its area corresponds to th
entire peak due to the symmetrical contribution of the pea

guadrature image.

_ A conclusive and detailed interpretation of the experimente
Pr(t) = L/ 2lylay + lido]Cos2mrzch) data illustrated in Fig. 2 can now be given. The relevant cros
X {[(cosH)? + (sin )?]? sections are reported in Fig. 3b. From the first cross section G
. 5 75 parameters can be derived and then, by subtracting tl
+ [sin(20) 17 + 1/ 21yylyy — 11l relative contribution of Gly 75 to the zero-frequency peak ir
X coq2mvyd;) + other terms. [13] the second, Gly 76 parameters can also be determined. Resl

By transforming back in the product base we get
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guency values are to be taken in the center of corresponding o o
27 L. E. Kay, M. Wittekind, M. A. McCoy, M. Friedrichs, and L. Mueller,

multiplets. J. Magn. Reson. 98, 443 (1992).

3. E. T. Olejniczak, R. X. Xu, A. M. Petros, and S. W. Fesik, J. Magn.
Reson. 100, 444 (1992).

4. M. Rance, W. J. Chazin, C. Dalvit, and P. E. Wright, in “Methods in
Enzymology” (N. Oppenheimer and T. L. James, Eds.), Vol. 176, p.
In summary, we have shown that a simple experiment can 114, Academic Press, San Diego (1989).
correlate amide proton and nitrogen resonances W) 5. M. Wittekind, W. J. Metzler, and L. Mueller, J. Magn. Reson. B 101,
resonances specifically for glycine residues in a fully doubly 214 (1993).
labeled (-5N, 13C) protein. A unique feature of the experi- 6. R. T. Cubb, V. Thanabal, and G. Wagner, J. Biomol. NMR 2, 203
ment is the direct monitoring of the chemical shift differ- (1992 _ _
ence (ZQC) of the alpha protons, which is quite useful to ge%. O. W. Sorensen, G. Eich, M. H. Levitt, G. Bodenhausen, and R. R.
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CONCLUSIONS
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