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TROSY pulse sequences for recording, e.g., "H-""N chemical
shift correlation spectra of proteins are designed to select only one
of four two-dimensional multiplet components. However, all of the
variants published so far are prone to relaxation-induced artifacts
at the positions of two of the other multiplet components. This
article introduces modifications to the two spin-state-selective co-
herence transfer building blocks of the TROSY mixing sequence
resulting in a clean TROSY spectrum with the artifacts largely
suppressed. It works by having the new mixing sequence generate
peaks of opposite phase at the positions of the relaxation artifacts.
The clean TROSY pulse sequence is marginally shorter than the
original one and contains the same pulses. Experimental demon-
stration is presented for the N-labeled proteins RAP 17-97 (N-
terminal domain of a,-macroglobulin receptor associated protein)
and EQT, equinatoxin Il, from the Mediterranean anemone Ac-
tinia equina.  © 2000 Academic Press
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such modifications are indeed possible so that clean TROS
spectra can be obtained.

The idea is to modify the two spin-state-selective coherenc
transfer (SCT) building blocks 6, 7) of the TROSY mixing
sequence so as to compensate for the relaxation-induced &
facts by coherently generating exactly the same artifacts b
with opposite phase. The same idea has been applied earliel
another simpler problem of relaxation-induced artifacts intel
fering with measurement of coupling constants8j. The
modifications to the two ¥T elements shall be derived in
analogy to an earlier improvement to the TROSY pulse s
quence 7). But first the nomenclature of TROSY, anti-
TROSY, and~; or F, semi-TROSY peaks is defined in Fig. 1.
The relaxation artifacts occur at the positions of the sem
TROSY peaks¥).

Disregarding signs of frequencies, the echo and antiecho -

TROSY peaks in an®N-'H system occur as the high-fre-
quency doublet component in tH&N dimension and as the

Recording heteronuclear correlation spectra of large molgw-frequency doublet component in the dimension. Hence,
cules at high magnetic fields without heteronuclear decoupliag the gyromagnetic ratios fofN and *H are negative and
can enhance both resolution and sensitivity &s has been positive, respectively (i.e., positive and negative Larmor fre
demonstrated recently in terms of the so-called TROSY aguencies, respectively), and th& coupling constant is nega-
proach applied tdH-"*N (2) and *H-"*C (3) correlations in tive, the TROSY peak coordinates a®@ — =J, Q,, — wJ)
proteins. One of four two-dimensional (2D) multiplet compoin the echo and€ Q + #J, Q, — wJ) in the antiecho. Thus
nents benefits from favorable subtractive interference betwetr pertinent coherence transfers for the clean TROSY mixir
dipolar and chemical shift anisotropy relaxation mechanisrsequence are
causing a relatively long transverse relaxation time for that
component while the other three peaks are broader (

. . -gB
The latter ones are of no value in heteronuclear chemical | BS* / :72‘1 [1a]
shift correlation spectra recorded without heteronuclear decou- *
pling. Hence it was suggested that special pulse sequences [2S* --» | ~SB, [1b]

designed to suppress them be applied, thus resulting in spectra

with only the narrow peak?). However, Rancet al. (5) have

shown that these TROSY pulse sequences are prone to reiihere the solid line indicates the transfer for the desire
ation-induced artifacts at the positions of the broader compbROSY peak whereas the dashed lines represent those leac
nents. Clearly, it is desirable to modify the TROSY pulst® the semi-TROSY peaks. As shown in Ré&f) fwo consec-
sequences to suppress these artifacts as they might interff¢e SCT elements yield the desired TROSY coherenc
with real TROSY peaks and lead to spectral ambiguities. TH52nSfers, e.g., for the echo part:

is the issue addressed in this paper and it will be shown that

a

ml,S* l
! Presented in part at the Nordic NMR Symposium, Gothenburg, Sweden, IPS” I=S”
August 24-25, 1999. (1) (2)

I"SE. [2]
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¢ =(p +a)m/2 [5a]
¢s= (ps+ g9/ 2 [5b]
o) . 0, = (pl - Q|)7T/2 [5¢]
aT sT4 s = (ps— qg) /2. [5d]
— QO .
S Hence the combined propagator of Eq. [3] can be rearrang
O according to
ibilyai 0121yS;n 10217y i dsSy
ST2 T eve e e
= @ imlgimlgidilyg —i(nl Dlxg —i(0/2)20:Sgin(ly+S) g —im(ly+S)
1
0 % @ (01 221:Sgin(ly+S) g ~i(ml Dlxgi(ml 2)Sg ~im(ly+S,)
|
X @ (09 221:Snimlly+S) g —imlly+S) g ~i(65 2)21:5,
FIG. 1. Schematic®N-"H TROSY multiplet pattern (antiecho). The-de
sired component, dubbed “TROSY peak,” is marked with a T, whereas the @l DSgidsSyg —imlzginls
artifacts comprise the two “semi-TROSY peaks”fn (sT,) and F, (sT,),
respectively, as well as the so-called “anti-TROSY peak” labeled aT. In the — e_i(ﬂ'+d’\)lz{ei({b”zei(ﬂ'/2)|xe_i¢l|z}e—i(9|/2)2|zszei77(—|y+sy)
uncompensated original TROSY experiment, the semi-TROSY peaks arising
from different single- versus multiple-quantum relaxation ratsh@ve op- X @100 2)21:Sgi(m 2)lgi(m 2)Siq ~1(05 2)21Sgim(ly=S)
posite phase of the TROSY peak while the anti-TROSY peak is most often not _ _ ) _ ) _
visible due to much lower amplitude and fast decay. X @709 221:5] o "i¢sSl (M DSgidsSil @ ~idsSiginlz [6]

But in order to open the other pathways in Eq. [1] it isvhere thez rotations outside the braces in the final expressio
necessary to let these two rotation angles deviate frand to can be omitted as they have no influence on the spectrum, &
include small rotations on the respective other doublet trangliie propagators in the two braces represef2t pulses on |
tions, i.e., those with the passive spin in fBestate. In other (phase—¢,) and S (phaseés), respectively. The negative signs
words, the first and secondGT elements are replaced by on the angles in the terms witH &, are prepared for the fact
thatJ is negative for®N—‘H systems.
piml,S¢ + qml,SP [3a] However, before converting Eqg. [6] to an actual pulse se
quence it is necessary to pay attention to the jungle of signs
and NMR (9). Levitt has pointed out that current NMR instruments
do not distinguish between spins with positive and negativ
gyromagnetic ratios when RF pulses are phase shifted and t
this must be considered in the spin dynami@s The conse-

ivelv. where in the ab f the relaxati . qf%ence is that they-sensitive phase shifts ofN and ‘H
respectively, where in the a sence o t.e relaxation effeigannels of current NMR spectrometers are in opposite ser
p=ps=1andg, = gs = 0, i.e., as in Eq. [2]. These

. . IS ! >~ (9). This means that one of the phas¢s or ¢s must be
rotations are lllustrated in F|g.12 and the resulting pe'ak-l'nte werted. Which one it is depends on the sense of the actual |
sity patt'erns as they occur ]'FN._ H TROSY are shown n F'g' phase shifts on the instruments and that is opposite on Vari
3. The intensities can be derived from the diagrams in Fig.

d the following two t f tion f s f inal d Bruker spectrometers. In order not to make this a proble
and the foflowing two transtormation formuias for singies, practical applications we introduce new phagesand ¢g
transition operators

instead of— ¢, and ¢s and implement the pulse sequence a
outlined in Fig. 4a. Furthermore, for the applications in minc

psml “S, + qsml ﬁSy, [3b]

e I3 rtsei\m?( _ |,iSCOSE n Iising [4a] the re_sults are iqsen_sitive to phase shifts ofr pulses. _
' ’ 2 ’ 2 As is obvious in Fig. 2 the other coherence transfers in Ec

1 ‘ W v [1] starting with1?S™ and1“S™ amount to permutation gf,

e M Ee" = | fsCOSE + Iﬁssini, [4b] with g, andps with gs, or in other words sign inversion

and 0s. Hence, due to the equality

where indices, s, gndt refer to three _d_ifferent energy Ie_zvels. Qiblyg 01215 10218 g5,
For the conversion of the two modifiedGT rotations into
pulse sequences it is convenient to introduce new variables: = g Ml S)gidhgifi2lSgl02lSg ~idsSginlAS) (7]
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FIG. 2. Coherence transfer processes needed for clean TROSY. In an idealized uncompensated TROSY mixing process (corrgsponiirg1oq, = s =
0) two consecutive spin-state-selectiveotations {) take the coherendéS™ (or1°S") to |~ S thus giving rise to a single multiplet component—the TROSY peak (solic
wavy lines)—in the 2D IS multiplet (cf., Fig. 1). Semi-TROSY peaks (dashed lines) can be generated with well-controllable amplitudes (giveridn ‘#ig-'8l
TROSY) if the spin-state-selectivity is lifted, i.e., whgnor gs differ from zero. Anti-TROSY peaks (dotted lines) have negligible intensity.

a Fy b Fs
$7S; s;s; (-)sis; () sis:
® ® — 1Pg- ® ® - P
Qs 15N — Qg 15N
® ® - 1°8” ® ® - 19~
(-)sis;  ()sis; $:S; 87S;
_F2 0 —F2 0
()sis;  ()sis; S1S; sis;
® ® - |°S* ® ® — 1°8*
L -0s N - -Qs N
® ® - 1PS* ® ® — IPS*
s's; sis} (-)sis; () sis;
T T T T —
rs* o, Isb s o, 18
_F1 —F1
1H 1H

FIG. 3. Intensities of the multiplet components in a generaliZ&é-"H TROSY spectrum allowing for all the spin-state-selective rotations shown in Fi
2. The negative signs in brackets reflect the antiphase character of the preparation sequence and not the TROSY mixing sequence. Antiecho rmmdeetho
in bold in (a) and (b), respectively. The intensity expressions are abbreviaded=s — 1 {sin 6, + sin ¢, }{sin 05 * sin ¢s}. For example, the intensity for
the TROSY peaks is easily calculated from Eq. [4]: gint/ 2)cos@, 7/ 2) X sin(psw/2)cos@sm/2), which can be rearranged according to Eq. [5].
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FIG. 4. Clean TROSY pulse sequences without (a) and witc fiter (b). For®N-"H correlation on Bruker instruments, phasgs= —y, ¢s = —y —
Ags, and gradient ratios (3G,:G;) = (—7:3:1.987) select the echo, whereas the setfing vy, ¢s = y — Ags, and (G:G,:G;) = (—8:2:3.013) selects the
antiecho. On Varian instruments tg and ¢ phases must be inverted. In order to include the nafiMemagnetizationy is y and —y on Bruker and Varian
instruments, respectively. The prefixto pulse phases indicates independemqthase shift two-step cycles with alternating receiver phase. The delays-are
s = (2Jw) tandr, = (2Jw) ' — A7,. The uncompensated TROSY experiment empldys = A7, = 0. The clean TROSY sequence with thtESilter
shown in (b) eliminate§, semi-TROSY artifacts by the preparation sequence. Phase cycling and gradient settings are the same as in (a) except for th
the first of the two G gradients.

it follows that the corresponding pulse sequence can be refaty. [8b] arises from ther phase shift of the associated coher-

ized as the one for the transfers starting fidi@ andl“S™ by ence after the initial INEPT (antiphase) transfer. The solutio

inverting the signs oth, and ¢ s or equivalently ofp, andgs.  for the usual case df, > f, (5) is

Alternatively, 7~ can be added to these two phases (vide infra,

Eq. [8]). b = 0s= 7/2 [9a]
The relaxation-inducedr; and F, semi-TROSY artifacts )

occur with opposite phase to the TROSY pe&k, (o the SN0 = ((fi—=1)% = 2(fy + ) + 1 = (f, — ;)  [9b]

compensating coherence transfers must genera}te peaks of thg, bs= (f, — f)2—2(f,+f,) + 1+ (f,—f,) [9c]

same phase as the TROSY peak. Hence according to Fig. 3 the

equations relevant for the problem read

frrosy = %{1 = (fy + 1)

frrosy = ${sin 6, + sin ¢,}{sin 05 + sin ¢g [8a] +(f, = f)2—2(f, + f,) + 1}. [od]

f, = —%{sin 6, — sin ¢,}{sin 6 + sin o5}  [8b]

Note that the above equations do not consider possible cc
comitant amplitude changes in the multiplet component
fo=i{sin 6, + sin ¢, H{sin s — sin ¢s},  [8c] caused by relaxation changes in the modified pulse sequen

A typical example resulting in clean TROSY spectré,is

where the TROSY peak intensity is to be maximized subject @05 andf, = 0.01requiring 0, = 64° and ¢s = 78°; this
the boundary conditions that semi-TROSY peaks of intensitik=sads tofrosy = 0.94, i.e., a modest 6% sensitivity penalty for
f, andf,, respectively, must be generated. The negative signsappression of the relaxation-induced artifacts. In practice, v
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FIG. 5. N-'H clean TROSY of thé°N-labeleda,-macroglobulin associated protein (RAP 17-97; 90%/10%04D,0, 300 K, pH 6.4) recorded with the
pulse sequence in Fig. 4a on a Bruker DRX 600-MHz spectrometer. The dashed region in the overview (a) is expanded: (b) shows the prominent sem
artifacts of the conventional TROSY spectrum, i.e., recorded with the pulse sequence of Fig. 4a with the parameters 7s = (2Jyy) ' = 5.05 ms (with
Jwi = 99 Hz for the tryptophan indoles) angl = ¢s = *y in the antiecho/echo selection. The clean TROSY spectrum shown in (¢) was obtained using
parameterg = 75 = (2Jyy) ' = 5.05 ms andr, = 3.37 ms(i.e., 6, = w1, = 60° or Af, = 30°) andg, = +y andps = 80°, —10C° (i.e., Aps =
10°) for antiecho/echo selection. (d) presents a clean TROSY spectrum recorded with the sequence of Fig. 4b V&thypesfliter prior tot, and the setting
T¢ = 2.24 ms andp = 50°. The other parameters arg = 75 = (2Jwi) ', ¢ = =y andgs = 80°, —10C". In all cases 8 scans were recorded with 512
echo and 512 antiecho incrementstinand 2048 data points ity in the conventional alternating antiecho/echo mode. Spectral widths were 15 ppm in
(centered at the water resonance) and 50 ppRyirZero-filling to 8k ) by 4k (t,) data points prior to strip transformation was done for the spectral regior
shown while apodization employed a @osindow function shifted by 18° in both dimensions. Finally, the Watergate elements employed Gaus:
water-selectiver/2 pulses of 75Q«s duration.

have noticed the opposite, namely a slight, sensitivity enhanséze of the semi-TROSY artifacts in cross peaks where tf
ment due to the shorter delay in the firSCS element of the artifact amplitudes exceed 50% of theandf, values chosen
TROSY mixing sequence. for the pulse sequence. Should there be a larger deviation in t
The key experimental parameters can be written artifact amplitudes, the experiment in Fig. 4b provides an ea:
remedy if a slightly longer pulse sequence is acceptable.
eliminates thd=, semi-TROSY artifacts by not exciting them

=3 sinH{{(fi—f)2—2(f + 1) +1 by the preparation sequence using a modifiéd Slement
(8,10-12. Then theF, semi-TROSY artifacts can either be
—(f,—f)} [10a]  ignored because they are very sm&)l ¢r the phases can be
- adjusted to suppress them.
Aps= 5 sin™Y V(fL— f)2—2(f,+1f,) +1 Two different proteins were chosen for experimental denr
onstration, *°N-labeled RAP 17-97 (N-terminal domain of
+(f, — )} [10b] «a,-macroglobulin receptor associated proteidB)(and the

20-kDa equinatoxin Il (EQT) from the Mediterranean anemon
Given that theoretical relaxation calculations cannot be efctinia equina(14).

pected to be sufficiently accurate to establish the efaand First, Fig. 5a shows an overview of thi&\—"H correlation in
¢ s to use for a new protein they are likely to be set empiricallRAP taken with the clean TROSY sequence of Fig. 4a. Th
based on experience with similar proteins. Clearly,fthand framed region from different spectra is expanded in the figure
f, values required might not be exactly the same for all sites frig. 5b is from the conventional uncompensated TROSY spe
the protein but for practical use there is a simple rule of tHeum exhibiting semi-TROSY artifacts; 5c and 5d are clea
thumb: Given a+5% variation in the'J, coupling constants, TROSY spectra recorded with the sequences in Figs. 4a a
the clean TROSY experiment of Fig. 4dwaysreduces the 4b, respectively. It is evident from the sections shown that tf
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FIG. 6.

Mediterranean anemoretinia equina(90%/10% HO/D,0, 300 K) recorded
on a Bruker DRX 600. The dashed region in the overview (a) is expanded
the subsequent panels: (b) conventional TROSY spectrum, i.e., using
sequence of Fig. 4a with the parameters 7, = 75 = (2Jy) " = 5.21 ms
ande, = ¢s = *y in the antiecho/echo selection. Here thesemi-TROSY
peaks are clearly visible (see arrows) while fheones are not. The clean
TROSY spectrum in (c) was recorded with the setting 75 = (2Jy) " =
5.21 ms,r, = 3.47 ms(corresponding t®, = w1, = 60° for J = 96

®N-"H clean TROSY spectra of the 20-kDa equinatoxin from the

SCHULTE-HERBRUGGEN AND S@RENSEN

20-kDa protein EQT using clean TROSY. In the expansions c
the region indicated, the conventional TROSY spectrum pre
sented in Fig. 6b exhibit§, semi-TROSY artifacts, while
none are visible ir-,. Clearly, the clean TROSY experiment
(Fig. 6¢) suppresses the semi-TROSY artifacts, as does t
clean TROSY variant applying the’s filter (Fig. 6d).

In conclusion, clean TROSY experiments have been derive
to eliminate the undesired multiplet components (sem
TROSY peaks) occurring in conventional TROSY spectre
Two parameters in the two spin-state-selective coheren
transfer elements of the TROSY mixing sequence can
adjusted to different sizes of the artifacts. Alternatively, a clea
TROSY variant with an additional’& filter prior tot, can be
used for cases where the artifactskn or the effective cou
pling constants including scalar and residual dipolar contribt
tions vary strongly.

Note added in proofM. H. Levitt and O. G. Johanneseh, Magn. Reson
142,190-194 (2000), indicate a further reason for spectrometer-depende
signs of phase shifts.
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