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Abstract

In three-dimensional and four-dimensional experiments on doubly labelled proteins not only heteroft€lear (
15N) but also proton{H) frequencies are often indirectly monitored, rather than being directly observed. In this
communication we show how in these experiments by overlalfihgnd heteronuclear evolutions one can obtain
decreased apparent relaxation rate$tbkignals, yielding improved sensitivity. The new method applies to spin
pairs likeH-1°N, as in amide groups, 3H-13C, as in methine groups of alpha or aromatic systems.

Heteronuclear correlation pulse sequences involving present in the sequence, by gradually incorporating
either single quantum (HSQC) or multiple quantum them in the appropriate evolution time. A more recent
(HMQC) coherences are often used in high-resolution application has been illustrated for a 3B8C F-
NMR as building blocks of three-dimensional and edited, B-filtered HMQC-NOESY (Lee et al., 1994),
four-dimensional experiments in which not only het- and these methods are now becoming more and more
eronuclear but also proton frequencies are indirectly widespread.
monitored, rather than being directly observed. Usu- In this communication we propose not only to ex-
ally proton (t) and carbon &) or proton (§) and ploit systematically all available fixed delays to moni-
nitrogen () are separately monitored, before an ad- tor proton chemical shift evolution, but we extend the
ditional step of coherence transfer, typically via a concept and show that also the heteronuclear incre-
proton-proton NOE, is executed. In this communica- mented time can be exploited for the same purpose.
tion we show how sensitivity can be improved at the Our target is to restrict the period in which protons
quite affordable cost of a more painstaking timing of undergo b relaxation to the duration strictly neces-
the r.f. pulses in the sequence, without any substantial sary to obtain the desired resolution. To this effect the
alteration of the rationale of the experiments. progressive overlaying ofH and heteronucleus evo-
In HMQC-NOESY experiments, the proton evolu- lution times in the course of the experiment can be
tion time is currently implemented simply by increas- used to provide a decreased apparent relaxation rate
ing a given time interval that is subject to unavoidable of H signals. ForrH T, values of the order of a few
T2 relaxation losses (Fesik and Zuiderweg, 1988; milliseconds, typical of macromolecules in solution,
Vuister et al., 1993). Indeed, to reduce such losses, the advantage turns out to be largely worth the effort.
a method known as ‘semi-constant’ time incremen- Figure 1 illustrates the pulse sequence for record-
tation (Grzesiek and Bax, 1993) has long ago been ing H(t;)-C(t) HMQC-NOE-NH (g detected) with
introduced to take advantage of fixed delays inherently the new method. As indicated, all three proton in-
version pulses are progressively shifted to achigve t
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¢'61 %62 fn %64 ;a. %62 X 85 5 o t, is incremented to allow3C frequency monitoring,
1HJil N ok BN 5 the 4 data point corresponding to a given net value
o 5 qf proton evolution is accomplished by different op-
e R | | Sk timized arrangements of proton pulses and delays to
; E minimize the total delay experienced by proton trans-
Hhmt o .
15N ) I; 3 — ] verse magnetization. As a result of such a trick, the
signal decay duringptis artificially slowed down as
G, ] 1 1l [ the t evolution time is incremented. The correspond-
Gy G, G3 Gs ing peak-integrated intensities remain unaltered with
Figure 1. Pulse scheme for the 3EH-13C HMQC-NOESY exper-  '€Spect to the conventional experiment, but the corre-
iment. Narrow and wide pulses denote°9nd 180 flip angles, sponding f line-widths tend to be narrower for longer

respectively. Pulse phases are along the x-axis unless indicated oth-t; periods, since they benefit from an increasingly ad-

erwise.py = 45°, 45, 225, 225'; ¢, = 135, 135, 315, 315; - -
b3 — 0° 180°: o — 0°. 1807, 180", &°: neglecting puise duration  V@NtgeOUs compensation aptoceeds. An entirely

in the following: & — —231 + 255 + 3 — d2; Aty = 1/SW(Fy); symme_trical argument could be g?ven for the signal
Aty = 1/SW(Fp) (where SW denotes the sweep widthy; (init.) decay in t for any given # data point. The result is

t=/ 282 t(InEt_-)_t)= 565(6n|t-) = tl-5 m;;A ?;)3 (mzltA)zs = ?Zta('“'t-i a: indeed a modification of the theoretical 2D absorption
2i2; B (Init.) = us; Aty = —2A08; + 2 + Ad3 — Adg; ; : | _ :

Aby = —15ms/(1y —1); Abg = 05/(11 — 1), Ads — —Abg. Lorentzian peak shape in any-F> or F3-Fy plangs, in

Aby = At1/2+ Adg — Adg; Adg = Adq for (31 + 3p) < 3.7 ms; that some signal intensity in the Br F; dimension is

Adg = Adq + (Ady + Ad1)/2 for (31 + 82) > 3.7 ms; where subtracted from the peak sides and pushed towards the

and At; denotelH evolution time and its increment, respectively; centre. The result is a narrower peak with the same

and analogously fob; and A3; with A8; > 0 for increment and . . . .
A3 < 0 for decrement;A%; values are functions of the current integral, and therefore an increased signal to noise

value of% I; and b are the number of complex data points ¥t ratio with respect to the corresponding peak of the

(F1) and~>C (), respectively. Gradient pulses are sine-bell shaped conventional experiment. Broader peaks, correspond-

"(‘;"th mabdmum strength of 20 G/cm and duratiory & G = 2ms; ing to shorter relaxation times, will benefit to a greater
3 = Vu. .

extent and exhibit a greater sensitivity enhancement.
In practice, however, the final outcome is a combined
(i.e. until the first inversion pulse reaches a position €ffect of *H and *3C relaxation, the duration of t
immediately following the first 90 pulse and the sec-  and ¢ evolution and the weighting function adopted
ond and third ones a back-to-back situation). Clearly, in the data processing. If one adopts a shifte¢BJ
time incrementation will have to be implemented in a Sine-bell function, as in our case, the line shape is es-
different way for different 4 values. For shorbtpe- sentially determined by the apodization factor and the
riods the different time intervals are incremented (or Only detectable change is the sensitivity enhancement.
decremented) in such a way as to increase in paral- For protons with 3 values in the range 5-20 ms the
lel the duration of the intervals comprising the first signal enhancementturned out to be between 55% and
(81 + 3,) and the third § + 8,) proton inversion 5% under the resolution conditions used.

pulses, until the maximum value fog fs reached. The practical conditions for the new experiment
The corresponding carbon inversion pulses are shifted can be selected as follows. At first the desired (or af-
independently to maintain the same net heteronuclearfordable) resolution is chosen for the keteronuclear
coupling evolution time. Clearly, for shors values  dimension, by setting the maximum duration of the
the central delaydg + 84) can only be marginally rel-  evolutiontime 4. This choice is clearly dictated by the
evant. In contrast, for long periods like towards the ~ persistence of an observable signal at the very end of
end of carbonz evolution, the central delay can very the pulse sequence. However, it will also determine
significantly contribute. In the corresponding standard the time that is available, without further, Telax-
experiment (Lee et al., 1994) the central proton in- ation losses, fotH t; evolution. The latter, in fact,
version pulse is kept fixed and therefore the whele t corresponds to the maximum duration efpflus the
period is not used fortevolution, although proton  duration of the two coherence transfer steps flanking it,
magnetization happens to be in the transverse plane. Infrom proton single quantum (SQ) to multiple guantum
our new scheme the carbonpteriod is fully included ~ (MQ) coherences and back. Such an arrangement usu-
in the % monitoring, by defining the delay increments ally guarantees an optimized proton resolution with
and decrements in the pulse sequence as proper funcminimum relaxation losses. The comparison between
tions of the currenttduration. As the evolution time  the new scheme and the standard HMQC-NOESY se-
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Figure 2. TH(F1)-1H(F3) planes selected at the indicate3C chemical shift extracted from the 3D data sets obtained with the conventional
pulse sequence (a) and with the new scheme (b), respectively. Total evolutionltiﬂmis;—_ 12.5 ms;13C top = 5.3 ms. In both thejtand b
dimensions a shiftedw3) sine-bell shaped weighting function has been applied prior to FT transformation. NOESY mixing=rm60 ms.

guence was made by acquiring the two experiments on
a sample of a complex between the protease domain of 'y

HCV NS3, a protein of 21 kDa (Barbato et al., 1999),

and a peptide ligand. The spectra were recorded at”NjI |

room temperature using a Bruker AVANCE 600 MHz

¢, ¢, O, 0, O,
Hil“lﬁl :
rsl»

66){ -X :

!t L7
spectrometer. The sample concentration was 0.6 mM e L7 I§ 5

in 90% HO, 10% DO, pH 6.6. The experimental

duration was 16 h. The advantage in terms of sen-

sitivity gains due to reduced;Trelaxation losses is
illustrated in Figure 2, which shows the same K)¢F
H(F3) plane (at'*C (F) = 61.9 ppm) out of the 3D

G, [ ]
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Figure 3. Pulse scheme for the 3BH-15N HSQC-NOESY ex-
periment. Narrow and wide pulses denote % angles, respec-

data sets obtained with the standard (a) and the new (b)tively. Pulse phases are along the x-axis unless indicated other-

pulse sequence. Proton signals with less favouraple T

values are more penalized in the standard experiment

and are clearly detected only with the new scheme.
In the HSQC-NOESY building block, used for
example in the 4D'®N-'H-NOE-°N-1H, only the
time of the retro-INEPT preceding the NOE mixing
is currently included in4t, adopting a semi-constant
time incrementation (Grzesiek et al., 1995). Figure 3
illustrates our new pulse sequence for recording H(t
N(t) HSQC-NOE-NH @ detected) in which'H

evolution is accomplished in three consecutive steps.

The initial 1 increments are executed by right shifting
the inversion pulse of the retro-INEPT until del&y
approaches zero. This portion of the evolution can
be performed in constant timé;(+ 85 = 5.5 ms) or

in semi-constant time (extending for instardaet 35
from 4.5 ms to 5.5 ms) fashion. At this poiAH
evolution is continued by including the current dura-
tion of the >N t, evolution time in the ¢ period. To
this purpose, sincEH magnetization is aligned along
the z-axis during heteronuclear évolution, one has
to shift backwards two proton pulses, the inversion

wise. ¢1 = 45°, 45°, 225, 225; ¢ 135, 135, 315,
31%; ¢3 = 0°, 18C; ¢k 0°, 18C°, 18(°, 0°; neglecting

pulse duration in the followingyt= 84 — 85 + tp — 283 + 8 — 81;

Aty = 1/SW(Fy); Aty = 1/SW(Fp) (where SW denotes the

sweep width); 81 (init.) = 32 (init.) = 84 (init.) = 385 (init.)

37 (init) = 3g (init) = 2.25 ms; 33 (init.) t/2;

tp (init) = 50 ps; At] = A8g — Adg = 2A83 = Ao — Ady;

Adg5 = —Aly/2.44; Ad4 = Adg = Aty + Adg; A8z = —Aty/2;

ASp = —At1/(1 + (325 + Atx(lp — 1) — t9)/2.25); Adp =

Arp + A8y, A87 = A31 for (31 + 32) < 5.4 ms; Ad7

A8 + (A3 + Adq1)/2 for (31 + 82) > 5.4 ms; where £ and

Aty denotelH evolution time and its increment, respectively; and

analogously foB; and A8; with A3; > 0 for increment and\$; < 0

for decrement,A3; values are functions of the current value gf t

I, and b are the number of complex data points fo (F1) and

13¢ (R,), respectively. Gradient pulses are sine-bell shaped with a

maximum strength of 20 G/cm and duration; & Gy, = 2 ms;

Gz =04 ms.

pulse initially at the centre optand the following 90
pulse. In doing so, one achieves the gradual insertion
of IH evolution within the currently available inter-

val. Clearly, the inversion pulse is kept at the centre of
the interval in whichtH magnetization is longitudinal

to refocus heteronuclear coupling. Once the currently
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available 3 period is ‘used up’, a 360resulting pulse Let us now put the comparison in more quantitative
(90°-180C°-90°) has been generated, right at the end of terms. For simplicity we will consider the two INEPT
the first INEPT period. At this point the latter can also periods’; + 3 andds + 85 as constant times. Let us
be included as part of the €volution, by back-shifting now indicate the additional time in whiciH magne-

the first proton inversion pulse. Therefore the three de- tization is in the transverse plane (as SQ coherence)
lays (retro-INEPT,4, initial INEPT) are used one after  with Aty (observable signal being5in the conven-

the other for £ monitoring. One should realize that tional experiment. Analogously foat;, and $ in

the initial increments ofH evolution (first step corre-  the new experiment. All values of evolution (longer
sponding to the retro-INEPT) are always executed in than the retro-INEPT periods + 3s) are practically

the same fashion, independently of the current value executed by setting appropriate values foir; and

of to, whereas the additional increments pate exe- Atip. In generalAtig > Atgp.

cuted firstly within the 1 period (itself an incremented Ss and $ are given by the following expressions,
delay, second step) and finally, for the amount needed where only the relevant relaxation terms are included:
to complete 1 evolution, by using the initial INEPT

delay (third step). Clearly, the progressive overlaying Sa = €XP—[(31 4 32)/T2H] €xp—(t2/T2n)

of *H and*®N evolution times (during the second step) exp—[(54 + 85)/Tar] €xp—(Atia/Tom)

brings about the generation of multiple quantum co- (1)
herence (MQ) and therefore from this point of view

the experiment appears at that stage as a ‘gradual’ in-Sy = exp—[(31 + 32)/Tan] exp—(283/T2n)

sertion of a portion of an HMQC type of evolution into

an HSQC eiperiment. The exter):sionlbf evolution exp—{(tz — 283)/Tame

(beyond the time of the retro-INEPT) under the form exp—[(34 + 35)/Ton)]exp—(Atip/T2n) (2)

of MQ, instead of single quantum (SQ) components, o .

turns out to be advantageous in terms of relaxation, if 1 he sensitivity gain can now be represented by the
compared with the conventional experiment in which fatio

1H evolution follows®N evolution under the form of

SQ coherence. In fact, one has to compare the reIax—Sb/Sa = Xtz — 23)/Tan]
ation rate of the MQ coherence (hew scheme) with exp—[(t2 — 283)/ Tomo]

the product of the relaxation rates of the two SQ co-

herences (conventional scheme) and, sincepdéT< expl(Al1a = Afp/ Ton] 3)
1Ton + UTon (BaX etal., 1990), one indeed expects Since 1/-EMQ < 1/Tox + 1/ToN ONne can eas”y derive
an advantage from the new scheme. Moreover, oncethe following expression:

the available period is fully included in 1, one can

use, as a final ‘bonus’, the initial INEPT period to  Sb/Sa > exp—[(t2 — 283)/T2H]

completetH evolution. In practice, the relative advan-

tage of the new method compared to the conventional exl(Alia— At1o)/Tan] “)
one depends on the duration selected ¥ evo- This expression holds in general for any combination
lution. In the conventional experimefH evolution of t; and b values. Nevertheless, it is instructive to

simply follows >N evolution in the pulse sequence distinguish three different situations.
and typically one would select a shorter evolution for (@) t+81+ 32 < Atga In this caseds = 0

proton, due to its faster decay fop Telaxation and andAtip = Atia— (t2 4+ 31 4 82). S/Sa > exp (814

homonuclear coupling modulation. In the new scheme 3,) /Toy] > 1. The first INEPT periodsq +35) is fully
homonuclear modulation unavoidably occurs just the exploited for'H evolution.

same during the MQ period, whereas relaxation is not (b) b < Aty < to + 81 + 85. In this caseds = 0
as fast, as previously stated, and therefore the decay isand Aty, = 0. §/Sa > expl(Atia— t2)/Ton] > 1.
slower. However, more importantly, such decay occurs 1H evolution is not sufficiently long to cover com-

in practice only during thetperiod. Such a period is  pletely the first INEPT period. Therefore the delay
by definition variable, extending in practice from zero (3, + 3,) is only partially exploited.

until its maximum value corresponding to the selected (c) to > Atya In this caseds = (tp — Atyz)/2 and
duration of>N evolution. Atyp = 0. $/Sa > 1. 1H evolution is completely cov-
ered by the4 period. Therefore the delagi(+ 8) is
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not exploited and the gain just depends on the slightly >N = 118.7 ppm, 'H = 6.54 ppm
more favourable relaxation occurring during the time
(t2 — 283). a d

In any case the real advantage of the new experi-
ment can clearly be measured by the relative portion
of relaxation-free delay (the initial INEPT) that finally o4 89 84 79 74 64 94 89 84 79 74 64
enters in*H evolution. For short durations of tHeéd e ppi
evolution time (up to 8 or 10 ms) this would not occur '>N'= 104.2 ppm, 'H = 9.83 ppm
for the entire experiment but only for the initial incre- b e
ments of the4 period, until the 3 duration completely
covers the it extension. For longetH evolution of
course the advantage would extend longer. Fer g1 87 83 79 75 J1 87 83 79 75
evolution times as long as the sum of the maximum ppm ppm
t> period plus the INEPT and retro-INEPT periods (t 5N = 1233 ppm, 'H=821 ppm

max+ 11 ms) the advantage would be present for the ¢ WW/ANW

f
entire experiment (i.e. for all current values gf.tin
this respect one could conclude that while it might ap-

pear somewhat tricky to make the best choice forthe 102 o8 92 90 86 102 98 94 90 86
total duration of'H evolution, it nevertheless holds ppm ppm
true for any given choice that the new experiment is Figure 4. F5 cross sections selected at the indicalé{F;) and
advantageous with respect to the conventional one. In 15N(F2) chemical shifts extracted from the 3D data sets obtained

. . with the conventional pulse sequence (a, b, c) and with the

Fl)raCtlce’ alt.hOUQh 9”8 mlght. be ter_npted to select for new scheme (d, e, f), respectively. Total evolution timést

H t; evolution the time previously indicated (maxt t; — 27.8 ms; 1N t, = 168 ms. In both £ and b dimensions
+ 11 ms), as in fact we have done in the example ashifted t/3) sine-bell shaped weighting function has been applied
reported below, due consideration should be given to Prior to FT transformation. NOESY mixing time= 100 ms.

the possibility that such a long time could well be too

penalizing for fast decaying proton signals. parison one could take Figure 3 to represent also the
Similar arguments to those illustrated previously - ¢onyentional sequence simply by considering the first
for the pulse sequence of Figure 1, relative to the mod- 14 proton inversion pulses as fixed at the center of the
ification of the_ _Ilne shape induced by the new type corresponding interval$; + 5, andds + d3, respec-
of -tz acquisition, apply also to the pulse scheme e|y quring the semi-constant time incrementation
shown in Figure 3. The advantage of the reduced T 4t he retro-INEPT preceding NOE mixing (Grzesiek
relaxation losses translates again via a change of theq; o 1995).) The spectra were recorded on the same
theoretical Lorentzian peak shape in enhanced signal gy mpie as before. The experiment duration was 20 h.
to noise ratios. In t_hls experiment the_ mod|f|cat|on Proton T values are typically in the range of 5-20 ms
of the peak shape is somewhat ill defined since the ynq the resulting gains vary accordingly from 5% to
signal decay duringstincrementation is subject 10 ggo4 again more pronounced for more critical signals.
different regimes, firstly with no relaxation l0sses pse phases are arranged to allow radiation damp-
(retro-INEPT period), secondly relaxing like a compo- 4 15 restore water magnetization along the z-axis at
nent qf multiple _quantumprot_c;n—mtrogerz@enod, the end of the NOESY mixing time (Lippens et al.,
of variable duration followingzincrementation), and 1995), before the final WATERGATE flip-back pulses

finally again v_vith no relaxation_losses or with a re- (Grzesiek and Bax, 1993). The observed signals are
duced relaxation rate, #H evolution extends beyond the amide protons.

the duration of the initial INEPT. In practice, though, As for the practical implementation of the two
the effect is finally detected in terms of enhanced sen- oy hariments, the corresponding pulse sequences are
S|t|V|ty, as previously reported, particularly after signal | ritten in the Bruker standard pulse program lan-
apodization. o guage. Each pulse scheme is programmed as a single
_ The resultis |IIustrat_ed in Flggre 4. Here cross sec- experiment. The variation of the delays employed in
tions are reported at different nitrogen-proton chemi- o nroton channel is not implemented using fixed in-
cal shifts obtained with the conventional (a, b, ¢) and ¢rements (or decrements) as in conventional schemes,
the new (d, e, f) pulse sequence. (For the sake of com-
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but for each newstvalue the appropriate delays are amide NH groups and aromatic CH groups in large
redefined according to the rationale of the experi- proteins, for which a sufficiently strong TROSY ef-
ments. The practical rules are given in the figure fectis expected at the appropriate magnetic fields. The
legends. A series of logical ‘if statements’ and ‘vari- TROSY experiment inherently follows an HSQC type
able’ statements allows the continuous readjustment of of scheme, since it relies on the selective detection
the different delays during the execution of the experi- of the slowly relaxing components of heteronuclear
ment. For the sake of clarity one should also notice that single quantum coherences. Clearly our trick of over-
the time incrementation is executed differently for the laying proton and heteronuclear evolutions does not
two sequences. In the pulse scheme of the'BBC apply to TROSY sequences, since the introduction
HMQC-NOESY (Figure 1) the time incrementation of of proton-heteronuclear multiple quantum coherences
t; evolution is accomplished by the simultaneous re- would simply defeat the rationale on which TROSY
definition of the delay$1, 32, 83, 84, anddg for each is based. Therefore the two techniques represent two
value of the evolution timeyt In the pulse scheme of  alternative methods to monitor such systems. Their
the 3D 'H-1N HSQC NOESY (Figure 3) the time relative sensitivity clearly depends on the interplay of
incrementation for it evolution has to take place in  several parameters likeyTrelaxation times, chemi-
separate steps. Firstly the delays3s andsg are used cal shift anisotropies, dipolar couplings and magnetic
until 85 approaches zero and the entire intedsal- 35 field strengths, and it can only be assessed on a case
from an initial value of 4.5 ms approaches 5.5 ms. by case basis.
Secondly the delay& are used. From an initial value
equal to $/2 they are decreased until they approach )
zero. Thirdly the delays,, 5, ands; are used to com- ~ Supplementary material
plete § evolution. The increment or decrement values
for these delays depend on the current and maximum
values of the timest The pulse program handles the
execution of the pulse sequence as a single experimen
to ensure that no discontinuity in signal amplitude is
occurring. The practical rules are given in the figure
legend.
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