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Two modifications to sensitivity-enhanced gradient-selected sequence is obtained by replacing the sensitivity-enha
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ROSY-based triple-resonance NMR experiments are proposed
hat reduce the overall duration of the pulse sequences and min-
mize radiation damping effects on water-flipback solvent suppres-
ion. The modifications are illustrated for the HNCO–TROSY
xperiment, but are applicable to all triple-resonance experiments
hat detect proton magnetization after a reverse polarization
ransfer step from a 15N spin. The methods are applied to yeast
riosephosphate isomerase, a symmetric dimer with 248 amino
cid residues per monomer. © 1999 Academic Press

Key Words: TROSY; triple-resonance NMR spectroscopy; tri-
sephosphate isomerase; gradient coherence selection.

Transverse-relaxation-optimized spectroscopy (TROSY
ently has been introduced by Pervushinet al. (1) as a new
pproach for obtaining1H–X correlation spectra that utiliz

he interference between the1H–X dipolar and the1H or X
SA relaxation mechanisms (2) to reduce resonance linewidt

n multidimensional NMR experiments. The initial descr
ions of the TROSY experiment for backbone1H–15N correla-
ions (1) and aromatic1H–13C correlations (3) in proteins were
uickly followed by extensions to triple-resonance NMR sp

roscopy (4, 5). The physical basis of the TROSY experim
nd the sensitivity gains expected in double- and triple-r
ance NMR spectroscopy have been analyzed elsew
1, 3, 4, 6–8). The present Communication demonstrates m
fications to sensitivity-enhanced, gradient-selected, triple
nance TROSY experiments that reduce the duration o
ulse sequences to minimize relaxation losses and min
adiation damping effects in water-flipback solvent suppres
chemes. The modifications are illustrated for the HNC
ROSY experiment, but are equally applicable to other d
le- and triple-resonance NMR experiments.
A conventional sensitivity-enhanced gradient-sele
NCO–TROSY pulse sequence is illustrated in Fig. 1a.
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radient-selected reverse polarization transfer step of a
entional HNCO experiment (9) with a sensitivity-enhance
radient-selected TROSY sequence. The sequence differs
phase-cycled HNCO–TROSY experiment (4) by the inclu-

ion of the coherence selection gradients G3 and G6
odification of the phase cycle. As shown, the sequen
xtended by a short spin–echo period,t–180°–t, in order to

ncorporate the decoding gradient G6, as proposed in
radient-selected TROSY experiments (10, 6). As a result, th
ater 1H magnetization is inverted along the2z axis for the

ime periodD 1 t prior to the last1H 180° pulse, which serve
o return the water magnetization to1z axis prior to the
etection period. As has been discussed elsewhere (11) rapid
adiation damping of the solvent signal at high static magn
eld strengths compromises water-flipback solvent sup
ion methods that must invert the water magnetization rel
o methods that use crafted pulses to leave the water m
ization unperturbed along the1z axis.

The modified HNCO–TROSY pulse sequence is illustr
n Fig. 1b. Two changes are incorporated into this experim
irst, a13CO 180° pulse (point a, Fig. 1b) is introduced to al

he 15N–13CO scalar coupling interaction to evolve during
rst 2D period of the TROSY sequence element. Conseque
he 15N constant time evolution period can be reduced tod 5

2 2D and the overall duration of the experiment is redu
y 2D. Interference between the dipolar and CSA relaxa
echanisms, which forms the basis of the TROSY experim
oes not affect conformational exchange broadening of
ance signals. Thus, loss of signal intensity from exch
roadening is just as significant in TROSY-based experim
s in conventional heteronuclear correlation experiments
inimizing the overall length of the experiments is equ

mportant. Second, the last half of the TROSY sequence
ent is modified to eliminate the need for the final1H 180°
ulse in Fig. 1a. The 180° pulse depicted as an open rect

n Fig. 1b is a selective or crafted pulse that leaves the w
32;
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181COMMUNICATIONS
agnetization along the1z axis. Thus, the drawbacks asso
ted with inverting the solvent magnetization in existing
ient-selected TROSY experiments are avoided. This mo
ation to the TROSY refocusing period has been u

FIG. 1. Pulse sequences for HNCO–TROSY experiments. (a) Con
ional sensitivity-enhanced gradient-selected HNCO–TROSY experimen
odified sensitivity-enhanced gradient-selected HNCO–TROSY experi
ll pulses are applied withx-phase unless otherwise indicated. Narrow
ide filled rectangles correspond to 90° and 180° rectangular pulses, r

ively. The 1H pulses are applied at the frequency of the H2O resonance wit
B1 5 25 kHz. Nitrogen pulses are applied at an offset of 120 ppm
B1 5 6.40 kHz. The 13CO pulses are applied at an offset of 173 ppm w
B1 5 n=15 5 4.63 kHz and the13Ca pulses are applied at an offset of
pm with gB1 5 n=3 5 10.2 kHz inwhich n is the frequency differenc
etween the13CO and13Ca carriers. The filled squares are low power1H 90°
ulses for water-flipback. In the present application, these were 1.4 ms
ngular pulses. The unfilled rectangle represents a crafted 180° inversio

hat leaves the water magnetization unperturbed. In the present applicati
-9-19 pulse was utilized (13). The delays areD 5 2.75 ms,T 5 22 ms,d 5
2 2D, t a 5 (d 2 t 2)/4, t b 5 (d 1 t 2)/4, z 5 (D 1 t / 2), andt 5 250
s. The phase cycle isf 1 5 ( x, 2x), f 2 5 ( x, x, 2x, 2x), f 3 5 ( x, x,
, x, 2x, 2x, 2x, 2x), f 4 5 3088 to compensate for the off-resonan
ffects of the13Ca 180° pulse duringt 1, f 5 5 y, f 6 5 x, receiver5 ( x, 2x,
x, x). Gradient pulse lengths and strengths are G1z 5 (520 ms, 6 G/cm)
2z 5 (600 ms, 4.8 G/cm), G3xyz 5 (1.5 ms, 24G/cm), G4z 5 (500 ms, 7.2
/cm), G5z 5 (500 ms, 12 G/cm), G6xyz 5 (150 ms, 24.24 G/cm). Th
radient pulses have the shape of the center lobe of a sine function. Qua
etection in t 1 is achieved by shiftingf2 and the receiver following th
tates–TPPI protocol (22). PEP echo/antiecho coherence selection durint 2

23–25) is obtained by inverting the sign of the gradient G6 and of pulse ph

5 andf6; f1 and the receiver were inverted on alternatingt2 increments. A
ensitivity-enhanced, non-gradient-selected version of the pulse seque
ig. 1b is obtained by eliminating G3 and G6, settingt 5 0, and utilizing the
ensitivity-enhanced TROSY phase cycle (14).
-
fi-
d

OSY experiment (12). Most importantly, the advantages co
erred by the modified pulse sequence are not accompani
ny significant ancillary drawbacks; consequently, these m

fications are generally applicable.
The proposed modifications to the HNCO–TROSY exp
ent were tested on a [99%-13C, 99%-15N, 80%-2H]-labeled
90Y, W157F mutant of yeast triosephosphate isome

TIM), a symmetric dimer (totalMw 5 54 kD) with 248 amino
cid residues per monomer. Preparation of the isotopi
nriched protein is described elsewhere (14). The sample use

or NMR spectroscopy was 0.9 mM (pH 5.9, 10 m
D3CO2Na, 1 mM DTT, 0.02% NaN3, 90%H2O/10%D2O).
he experiment was performed on a Bruker DRX600 N
pectrometer equipped with a three-axis gradient triple-
ance probe. The sample temperature was 293 K. The

rum was recorded using a total of 16 transients per echo
cho pair, 643 323 1024 complex points and spectral wid
f 2500 3 2500 3 10,000 Hz in F1(13CO) 3 F2(15N) 3
3(1H), respectively. The total acquisition time was 35 h.
pectrum was processed using Felix (Molecular Simulat
nc.) and in-house FORTRAN programs by the PEP echo/
cho procedure (15). A convolution filter was applied to th

ree-induction decays to suppress residual solvent signals16).
he FIDs were apodized with a 8 Hz exponential window

unction, zero-filled by a factor of two, Fourier transform
nd baseline corrected with a second-order polynomial f

ion. The interferograms in the indirect dimensions were
ized using Kaiser window functions, zero-filled by a facto

wo, and Fourier transformed.
To illustrate the quality of the data achievable using

ROSY approach in triple-resonance NMR experiments,
f the most crowded F1(13CO) 3 F3(1H) planes in the HNCO
pectrum is shown in Fig. 2. The sensitivity gains afforded
ROSY-based triple resonance experiments have been
ussed elsewhere (4). In accordance with these expectatio
he TROSY–HNCO for TIM is approximately a factor of 2

FIG. 2. HNCO spectra of TIM. (a)1H(F3)/13CO (F1) 2D slice of a
ROSY–HNCO spectrum acquired using the pulse sequence in Fig.
escribed in the text. (b)1H(F3)/13CO(F1) 2D slice acquired using a conv

ional gradient-enhanced pulse sequence (q).
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imes more sensitive than a conventional PEP–HNCO ex
ent. Overall, the modified pulse sequence in Fig. 1b is 7–
ore sensitive than the conventional sequence in Fig. 1a

esidues in the active-site loop in TIM, known to unde
hemical exchange linebroadening, the sensitivity gai
reater than 15%.
In TROSY–HNCO (and TROSY–HNCA) experiments,

15N magnetization can be stored along thez-axis during the
13CO (13Ca) t 1 evolution period or the15N coherence can be le
n the transverse plane to evolve as15N–13CO (15N–13Ca) mul-
iple quantum coherence duringt 1 (4). The former approach
mplemented in Fig. 1. The latter approach is implemente
liminating the two 90°15N pulses surrounding thet 1 period,
emoving the 15N 180° pulse duringt 1, and adjusting th
ositions of the15N and 13CO 180° pulses duringT and d to
efocus the15N chemical shift duringt 1. The latter strateg
llows the entireT 1 d period to be used for frequen

abeling. In addition, the 90° water-flipback pulses can
liminated and water suppression obtained by the approa
ori and co-workers by adjusting the strengths of G2 and

12). The relative sensitivity of the two methods depends
he additional linebroadening due to the transverse15N coher-

FIG. 3. TROSY–HN(CA)CO pulse sequence. All pulses are applied
nd 180° pulses, respectively and the 3-9-19 composite pulse (13) is shown
ipback. The proton carrier frequency is set on resonance with the H2O signa
pm, respectively.1H pulses are applied atgB1 5 25 kHz. All 13C 90° (180°)

n Hz between the13Ca and13CO regions of the spectra.13Ca decoupling durin
26), at a field strength of 15.7 kHz and duration of 150ms. Deuterium decou
equence at a field strength of 2.5 kHz. Delays areD 5 2.75 ms,TN 5 22 m
x; f 3 5 x, x, 2x, 2x; f 4 5 8(x), 8(2x); f 5 5 528; f 6 5 y; f 7 5 x;

re G1z 5 (520 ms, 6 G/cm), G2z 5 (600 ms, 4.8 G/cm), G3xyz 5 (1.5 ms,
s, 24.24 G/cm). The gradient pulses have the shape of the center lobe

ollowing the States–TPPI protocol (22). PEP echo/antiecho coherence se
ulse phasesf6 andf7. A sensitivity-enhanced, non-gradient-selected ve
tilizing the sensitivity-enhanced TROSY phase cycle (14).
ri-
%
or

is

y

e
of
3
n

nce duringt 1 in the latter compared with the losses due
ulse imperfections in the former. In addition to probe per
ance, this balance will depend on the size of the protein
agnetic field employed, and the maximum value oft 1 used. In

avorable cases, up to an additional 10% sensitivity ca
btained by leaving the15N magnetization transverse as m

iple quantum coherence duringt 1.
The modifications demonstrated for the TROSY–HN

xperiment have proven equally effective in TROS
ased HN(CA)CO, HNCA, HN(CO)CA, HN(CA)CB, an
N(COCA)CB experiments. Figure 3 illustrates a modi
ersion of the TROSY–HN(CA)CO experiment (5). This ex-
eriment utilizes a constant time periodTC for 13CO evolution

hat satisfies the relationship 2e 1 TC 5 1/JCC in which JCC is
he 13Ca–

13Cb coupling constant (17, 18). As a result, mirro
mage linear prediction can be used to increase resolutiont 1

19) and the13Ca–
13Cb scalar coupling is refocused without t

eed for selective13Ca pulses (which invariably adverse
ffect resonances of Gly, Ser, and Thr). The pulse sequ
lso utilizes a different method of decoupling the passive s
uring the15N evolution period than that illustrated in Fig. 1
he approach in Fig. 1b enables the entire periodd to be

hase unless otherwise indicated. Narrow and wide filled rectangles dep
an open rectangle. The filled squares are low power1H 90° pulses for wate
.7 ppm),13CO, 13Ca,

15N, and2H carriers are set to 173.0, 55.0, 120.0, and
ses are applied with a field strength ofn/=15 (n/=3) wheren is the difference
O evolution was accomplished with a 180° pulse, that had the r-SNOB p
g during periods of transverse Ca magnetization is achieved with a WALTZ-

C 5 14 ms, ande 5 7 ms. The phase cycle isf 1 5 4(x), 4(2x); f 2 5 x,
eiver5 x, 2x, 2x, x, 2x, x, x, 2x. Gradient pulse lengths and streng
/cm), G4z 5 (500 ms, 7.2 G/cm), G5z 5 (500 ms, 12 G/cm), G6xyz 5 (150

a sine function. Quadrature detection int 1 is achieved by shiftingf3 and the receive
tion duringt 2 (23–25) is obtained by inverting the sign of the gradient G6 an
n of the pulse sequence is obtained by eliminating G3 and G6, settingt 5 0, and
withx-p
as
l (4
pul
g13C
plin
s,T
rec

24G
of
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tilized for frequency labeling; in the approach illustrated
ig. 3 the maximum evolution is limited tod – 2(G31 t fb) in
hich t fb is the length of the selective water-flipback pu
ither approach can be adopted in TROSY triple-reson
xperiments. A strip plot of sequential connectivities obta

or the HN(CA)CO experiment is shown in Fig. 4 for TIM
ost importantly, a number of interresidue correlations in T
ere observable only in spectra that utilize the shorte
eriodd to improve sensitivity.
A final point of interest concerns the effect of13CO CSA

elaxation in triple-resonance spectroscopy of large prot
he benefits of15N TROSY-based techniques are greates
igh magnetic field strengths (800–900 MHz) (1); however

he 13CO CSA and consequently the13CO spin–spin relaxatio
ate constant increases quadratically with field. Most tri
esonance experiments are run in pairs: one experimen
he 1JNCa and2JNCa couplings to correlate the Ca

i and Ca
i21 spins

o the Ni spin and the other experiment uses the1JNCO and
1JCaCO couplings to correlate the Ca

i21 and Ni spins (20). The
atter experiments are very sensitive for small proteins at

agnetic field strengths, but sensitivity decreases as the
etic field increases and as the size of the molecule incre

FIG. 4. HN(CA)CO-derived sequential connectivities for TIM. 2D1H–
3CO strips taken from the HN(CA)CO spectra as illustrated for resi
28–135 in TIM. Data were acquired with the pulse sequence shown in
nd assignments were confirmed with TROSY HNCO, HNCA, HN(CO)
N(CA)CB, and HN(COCA)CB experiments. The residue name is indic
t the top of each strip along with the15N chemical shift at the bottom.
.
ce
d

d

s.
t

-
ses

w
ag-
es.

orrelation in the HN(CO)CA experiment compared with
ame correlation in the HNCA experiment is given by

S5
sin2~pJNCOd!sin2~pJCaCOt!exp~22R2t!

cos2~p 1JCaNT!sin2~p 2JCaNT!

< 5.4 exp~20.018 s21R2!, [1]

n which d ' 22 ms,T ' 28 ms, andt ' 9 ms, R2 is the
ransverse relaxation rate for the13CO spin,1JNCa ' 7–11 Hz,

2JNCa ' 4–9 Hz, JNCO ' 15 Hz, andJCaCO ' 55 Hz. The
easured relative sensitivity for HN(CO)CA and HNCA sp

ra of TIM at 600 MHz is 2.9, which yields an estimate ofR2 5
7 s21 at 600 MHz. At 900 MHz, the sensitivity of th
N(CO)CA (and other experiments relayed through the13CO
pin) will be less than the HNCA (and other experiments
tilize the 2JNCa

coupling) for molecules significantly larg
han TIM.

A large number of triple-resonance experiments detec
agnetization of protons attached to15N spins. These puls

equences invariably include a constant-time period for15N
requency labeling and refocusing of a15N–X (X normally
eing13CO or 13Ca spin) scalar coupling interaction prior to t
nal reverse polarization transfer period (20). These sequenc
lso incorporate water-flipback water suppression for opt
ensitivity (21). Thus, the modifications to the HNCO–TRO
ulse sequence presented herein are applicable to any
esonance experiment that incorporates a TROSY seq
lement for reverse polarization transfer from a15N spin to a1H
pin.
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