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In "H-""*N TROSY experiments of proteins and nucleic acids,
where the second coherence transfer delay time 7' has been fixed
as 5.6 ms, 1/(2'Jyy), in order to achieve complete spin-state selec-
tion, spurious negative peaks are observed along the N axes.
These peaks are often annoyingly large, especially for nucleic
acids. A simple product operator calculation, however, indicated
that the shortening of the second delay time 7', which is next to the
t1 period, would efficiently suppress these spurious peaks, without
sacrificing the sensitivities of the TROSY peaks too much. We
have shown for three systems, two 11- and 17-kDa proteins and
one 8-kDa DNA duplex, that these spurious peaks can be effec-
tively suppressed with delay times of 3.3 ms for the two proteins
and 2.3 ms for the DNA. These delay times, optimized by trial and
error, for the spurious peak suppression did not depend on the
magnetic field strength and the temperature very much. Although
the shortened 7’ delay times attenuate the TROSY peak intensities
by about 10 and 20% for the two proteins and the DNA, respec-
tively, this simple modification will be useful for the quantitative
uses of TROSY peaks and will result in cleaner spectra for various
TROSY-based multiple resonance experiments. © 2000 Academic Press

Key Words: "H-""N TROSY experiment; spurious peak suppres-
sion; isotopically labeled biomacromolecules; nucleic acids;
protein.

INTRODUCTION

the conventional HSQC spectra, although one of the fol
multiplet components of HSQC is actually detected in TROS®
(3-11). If one takes the relaxation effects into consideratior
then TROSY becomes very attractive and is 1.1 times mol
sensitive compared to HSQC for a 45-kDa protedy. (The
much narrower linewidths in both dimensions make TROS
experiments important not only for large molecules but also fc
most experiments requiring narrower linewidths.

Although the TROSY experiment has a big advantage in i
much narrower linewidths, there is a hidden spurious pea
which was pointed out by Rancet al. (8). For the ‘H-"N
TROSY, a negative peak in tHéN dimension appears, due to
the difference in the relaxation rates between single quantu
N magnetization and multiquanturti—>N magnetization.
The spurious peak in thEN dimension is dominated by the
chemical shift anisotropy (CSA) of the proton and proton-
proton dipolar interactions with the remote protons. When th
CSA term is dominant, the magnitude of the spurious peec
depends on the magnetic field strength. On the other har
when the'H-"H dipolar interactions are dominant, the spuriou:
peak is independent from the magnetic field strength. W
examined the magnetic field strength dependence of the sy
rious peak and its elimination. The simple product operatc
calculation was used to find a way to eliminate the spuriot
peak, and the delay time next to tteperiod was found to be

Transverse relaxation optimized spectroscopy, TROSY, fignportant. Experimentally, the spurious peaks in the TROS

cently developed by Pervushiet al. (1), is an extremely

spectra were eliminated in three systems, one DNA (8 kD:

important breakthrough in  biological NMR techniquesand two proteins (11 and 17 kDa).
TROSY experiments allow, for example, the detailed spectral

analyses of proteins as large as 110 kR (hich are defi-

THEORY

nitely too large to be handled by conventional NMR spectros-

copy, and thus TROSY is quickly becoming an essential tool
for NMR studies of larger biological macromolecules. Th

peak intensities of TROSY can be improved by a factox /(&
(3—-12), with either a sensitivity enhancement schet® 6r a

gradient coherence selection scheme with sensitivity enhan
ment (L3). With this sensitivity improvement, the integrate
peak intensities of the TROSY spectra become half of those

! To whom correspondence should be addressed. F8%:(426) 77-2544.
E-mail: kainosho@nmr.chem.metro-u.ac.jp.
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The TROSY spectrum is characterized by the sum or th
Bifference of the in-phase and antiphase doublet componel
with a 1 to 1ratio. Experimentally this ratio is not 1 to 1, since
the relaxation rate of the antiphase components is faster th

it of the in-phase ones, and thus the spurious peak appear
he spectrum. Rancet al. (8) expressed these spurious peak:
LPjng the product operator formalism including the relaxatio
rates. For example, the real component of thhequadrature
signal, o, is shown as
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FIG. 1. Pulse sequence of the sensitivity- and gradient-enhanced TROSY. Thin and thick pulses are 90° and 180° pulses, respectively. Pulse phe
unless indicated otherwise. P- and N-type signals are selected with sign inversions of PFGs g5/g6 anfilplasesr the States—TPPI mode detection, sign
inversion of the following is required: pulse pha$g, receiver phase, and PFGs g5/g6. Phase cyde= 8(x), 8(—x); ¢2 = 4(X), 4(—x); $3 = 2(x),
2(—Xx); ¢4 = x, —x; ¢1 = y; 2 = x; receiver= 4(x), 8(—x), 4(x). Delay: 7 = 1/(2"3w); 7 = 1/(2'J\n). 7 is the delay time to be optimized for the
spurious peak elimination.
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or = —4l[cog mIyut)cod Qyty)exp(—[Ruq + Ry ]7) and
— Sin(mIgty) SIN(Qty) exp( —[Ros + Ry]7)] dis = iy ol 7 (87?) (4]
+ 8|ySZ[COiWJNHtl)COiQNtl)qu_2 RMQT) C| = 0‘)IAO-|/35 [5]
= sin(mJyuts) Sin(Qpts) eXp(—[Ras + Ruol 7)1, whereJ(w) is the spectrum density functiop, is the permit

[1] tivity of free spacef: is Planck’s constanty is the gyromag-

netic ratio,r,s is the length of the IS bond, anflo is the

chemical shift anisotropy. The suffixésS, andK are related

to the target amide or imino proton, the nitrogen, and th

remote proton, respectively. All three rate constants conta

coherence™N single-quantum coherence, afid—"N mult- contributions from remote protons, and the s_ummations ir
’ ' clude all remote protonK( # 1). In Eqg. [3] the first, second,

quantum coherence, respectively. third t the TROSY ks at the f
The exponential terms in Eq. [1] can be expanded to the fira rf‘]ite ér((j) eim: JareQ e_ WJOS) (Bea_s:J eﬂreiqu:\r]m); coc
N NH» H NH/» N NH» H NH/»

order inT when the relaxation rates are assumed to be mugh | QO + 7, O + 7y, respectively. The first term is
N NH» H NH/» .

. -1
less than 1/(4) ~ 100 s the target TROSY peak, and the other two are the spuriot
peaks. The amplitude of each peak is determined by the rele
or= —4(l, — 21,S)cod (Qy + mIy)t4] ation rates and the delay timeFor example, wheR,s ~ Ryo
X [1— (2Ryq + Ry + Ryg)7/2] — 4(1, — 21,8) andRy, ~ Ry, no spuri(_)L_Js p_eak will be generated. In genera
the target peak is positive in-phase aRg, = R, so the
X cog (A — mIw)t1](Ros — Rug) 7/2 spurious peaks along tH&N axis are negative.
In Fig. 1 the sensitivity- and gradient-enhanced TROS
— 41, + 21,5,)c08 (O + mI)ti](Ruo — Ra)7/2 9 y 9
(Iy 5 CO4 (D )t (Ruo 2) pulse sequence is shown. For the case &t 7, the amplitude
[2] of ok changes due to the relaxation. Assuming the relax:
tion rates are much less than HW(¢and 1/(4) ~ 100 s*,

whered,, is the one-bond N—H scalar coupling constady,is
the chemical shift of thé’N spin, andr = 1/(2'Jyy). Ry, Ros,
andR,, are the relaxation rate constants fersingle-quantum

If J(0) > J(w)), then and ignoring the imperfection of the spin-state selection, tt
relaxation effect may be described by the product operat
or= —4(l, — 21,5)cod (Qy + mIy)t] formalism.
X [1— (2Ryq + Ra + Rpg)7/2] or= —4(l, — 21,S)cod (Qy + mIy)ti]
—4(ly — 21,S)cod (Qy — mIy)ty] X [1 = (Ryg + Ra)7/2 — (Ryo + Ry9) 7'/ 2]
X 2J(0)7[d/8 — ¢f/6 — 3, d /8] — 4(1, — 21,8)co§ (Qy — mIyty]
—4(1y + 21,S)cod (Qy + 7Iu)t4] X (Rys — Ryo) 712 — 4(1, + 21,S)

X 23(0)7[—d7/8 + c¥6] [3] X cog (Qy + I ty](Rug — Ray) /2 [6]
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In comparison to Eq. [2] the TROSY peak intensities at thEhe volume of each sample was about 260in a 5-mm
frequency coordinates()y + 7Jwu, Qny — wJyy) and @ —  Shigemi tube.
wJw, Q4 — wIw), the first and second terms, are different, NMR experiments were performed on Bruker DRX600 ant
but that of Qy + 7w, Qu + wIw), the third term, is DRX800 spectrometers using ®—-"C—"N triple-resonance
identical. The difference is characterized by a factor-f1 probe-head equipped with aXYZ triple-axis gradient. The
(2Ruo + Ry + Ru)7/2]/[1 — (Ryo + R2)7/2 — (Rug + TROSY pulse sequence is shown in Fig. 1. The delay tifne
R,s)7'/2] and /7’ for the target and the spurious peaks alongas changed from 0 to 5.6 ms and was optimized to elimina
the N axis, respectively. When' < , the intensities of the the spurious peaks along th#N axis. The following temper
target and the spurious peaks increase and decrease, resgeces were examined: 2, 20, and 30°C on 600 MHz and 20
tively, compared to that for’ = 7. Note that when changing on 800 MHz for DNA; 35°C on 600 MHz for cystatin A; and
the delay timer’ the peak intensity is also changed, but the sige0°C on 600 and 800 MHz for the HMG1-HOX-D9 complex.
is not affected. For the evaluation of the relative intensity of the spurious peal
Whent' # T, the spin-state selection does not work well anthe N 1D slice was obtained by calculating the sum of the 1L
an artifact appears along th&N axis. Ignoring the relaxation slices over the peak range in thid dimension with XWIN-

effect, oy is written as NMR software (Bruker). The product operator calculation wa
performed using POMA16) on Mathematica software (Wol-
or = —4(1, — 21,5)cof (D + mh)ts] fram Research, Inc.).
X1+ sin(mdyyr')]/2 — 41y — 21,S) RESULTS AND DISCUSSION

X cog (Qy — mIw)t[1 — sin(mIwwr )12, [7
T = Il N dnur’) ] (7] Ranceet al. demonstrated that two types of spurious peak

o o are observed in TROSY8]. One was the large spurious peak
If 7" = 2n X 7, wheren is either zero or a positive |nteger,a|0ng the'N axis, and the other was small and along the
then the intensity of the artifact is positive and identical to thals Comparing these two spurious peaks, the difference
of the target peak. It' = (4n + 1) X 7, no artifact peak is hejr magnitudes was more than 10-fold, and the relative ir
generated, and i’ = (4n + 3) X 7, no target peak is tensity of the small spurious peak was about 1% of the targ
generated. Since the simy,7') value changes from1t0+1  peak. The peak shape of the latter spurious peak was not ¢
when changing the delay time, the intensities of the target |y to absorption, and the sign judgement was also difficul
and the artifact peaks are controlled from zero to a positiVeyis meant that the expression of Egs. [2, 3] was not exact f
maximum value (see Eq. [7]). The real signal may be explainggls small spurious peak. Thus, we focused on the former lar
by the sum of two factors, the relaxation (Eq. [6]) and theyrious peak and did not consider the latter. For the lar
imperfection of spin-state selection (Eq. [7]). Therefore, th@purious peaks, two origins, as shown in Eq. [3], were consi
optimal delay timer’ exists where the two factors cancel each,e(: the proton CSA term and the dipolar term between tt
other, the negative spurious peak caused by the relaxatigiyet and the remote protorg)(To see which is important,
effect and the positive artifact generated by the imperfection gfs magnetic field strength dependence was examined usi

the spin-state selection. 600- and 800-MHz spectrometers. For the DNA, the relativ
intensity of the spurious peak was 2540% increased on 800
EXPERIMENTAL MHz compared to 600 MHz, but for the proteins the intensity

was similar or less. This result was self-conflicting, but ma
Three “N-enriched samples, one DNA and two proteinsuggest the presence of some exchange terms for the DNA ¢
were used to examine and demonstrate the spurious péakinsignificance of the proton CSA term for the proteins.
elimination in TROSY. The double-stranded DNA sample, ca. By changing the delay tim€ (see Fig. 1), the spurious peak
2 mM, contained 100 mM NacCl, 10 mM phosphate buffer, arglong the >N axis could be eliminated, as described unde
0.1 mM EDTA (pH 6.8). The sequence was the self-compl@heory (see Egs. [6] and [7]). In Fig. 2, tff&\ 1D slices of the
ment d(CGGAATTCGCG),, in which bold letters representsensitivity- and gradient-enhanceld—""N TROSY spectra of
N-labeled residues (12 bp, 8 kDa). The two protein samplBNA are presented. The top spectrum was recorded with
were the uniformly*N-labeled cystatin A (97 aa, 11 kDa)4) t = 5.6 ms, and the bottom was witH = 2.3 ms. In the
and the protein—protein complex of tHéN-labeled Box A bottom spectrum, the spurious peak along tfé axis was
domain of the HMGL1 protein (82 aa, 9.6 kDa) and the nonlaompletely eliminated. The delay timg was optimized by
beled homeo domain of the HOX-D9 protein (61 aa, 7.8 kDa&hanging the delay tim&, as shown in Fig. 3. The open circles
(15). The concentration of the protein—protein complex sampéand the cross points were the relative peak intensities of tl
was ca. 1 mM, including 100 mM KCI, 1ImM DTT, 5% spurious peaks for the guanosine and thymine imino groug
glycerol, and 0.02% NaN(pH 5.5), and for cystatin A it was respectively, which were measured at three different temper
ca. 1 mM, including 10 mM sodium acetate buffer (pH 4.0}ures, 2, 20, and 30°C, on a 600-MHz spectrometer. The sol
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FIG. 2. 1D slices of the thymine imin&N from TROSY spectra of 8-kDa
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of the real and imaginary parts durint. It was also not useful
for eliminating the spurious peaks. These calculated resul
were experimentally confirmed by changing the delay time
and the'H and N pulse lengths. The absolute power of the
gradients did not affect the relative intensities of the spuriot
peaks.

The spurious peak elimination technique used for th
TROSY spectrum of the DNA was also applicable to the
proteins. In Fig. 4, four spectra are shown to demonstrate hc
well our procedure worked for the 11- and 17-kDa proteins
The left two spectra are for the 11-kDa protein, and the righ
two are for the 17-kDa protein—protein complex. The toy
spectra were measured by the conventional TROSY paramet
and the lower spectra were by the optimal valués; 3.3 ms.
Our procedure for the spurious peak elimination did work wel
in the limited narrow spectral region, as shown in Fig. 4
However, the optimat’ value was slightly different depending
on the proton chemical shift, and thus there was no optim
value that eliminated all of the spurious peaks over the entil
spectrum. This was because the amide and imino proton CS¢
values depended on the isotropic chemical shift valag, @nd
that CSA value changed the amplitude of the spurious pe:
(see Eq. [3]). Moreover, theoretically the spurious peaks alor
the 'H axis were not suppressed at all by our procedur
although this spurious peak was negligible, about 1% of tr
main signal.

The difference between the optimized values for the
protein (3.3 ms) and the DNA (2.3 ms) is too big to neglect
Since the optimal delay time’ depends on both the proton
CSA value and the strength of the proton—proton dipolar ir
teraction, the observed difference in tHevalue between the
DNA and the protein should be explained by the overal
correlation time, the proton CSA values, and the proton densi
around the target proton. In Eq. [3] if the relation<< 7, is

DNA measured at 20°C on 600 MHz. (Top) Conventional and (bottom) the

spurious peak eliminated spectra,= 5.6 ms and 2.3 ms, respectively. The
pulse sequence of Fig. 1 is used.

curve was calculated from the ratio, i sin(wJw7)J/[1 +

sin(wJy.7)], which is the intensity ratio of the spurious peak
to the target, as shown in Eq. [7]. The dotted curves were
obtained by smoothing the observed values for each guanosine
and thymine at three temperatures. The solid and dotted curves
were similar to each other, but did not fit well by adding or
subtracting a constant value. Such differences may be due to

the relaxation of the spurious peak itself.

The effects of the length of the delay timend the'H and
"N flip angles on TROSY were also examined by the simp
product operator calculation. By changing feand N pulse
lengths and the delay time all of the magnetizations were

attenuated, but the relative intensities of the four componeli
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FIG. 3. Plots of the relative intensity of the spurious peak against dela
time 7 measured at three different temperatures, 2, 20, and 30°C, on 600 MF
e experimental conditions are identical to those of Fig. 2. The open circle

the cross points are the guanosine and thymine imino groups, respectiv

were not altered and it was not useful to eliminate the spuriofe solid curve was theoretically calculated from Eq. [7]. The dotted curve

peaks. The imperfection of th#d pulse length caused mixing

were smoothed for the observed values.
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FIG. 4. (Left) A portion of the TROSY spectra for the 11-kDa protein cystatin A at 37°C on 600 MHz; (right) the TROSY spectra for the 17-
protein—protein complex at 20°C on 600 MHz. (Top) Conventional and (bottom) the spurious peak eliminated 8pedité,ms and 3.3 ms, respectively. The
pulse sequence of Fig. 1 is used.

assumed, then we get the simple equati#(®) ~ S* X 1,, shown in Eq. [2], and th&®,, and R, terms include such a
wherer, andr, are the correlation times for overall and interngbroton exchange term, but tis term does not. If the proton
motion, andS’ is the generalized squared order parameter. Te&change term is significantly large, then the spurious pea
magnitude of the spurious peaks along tf¢ axis is propor increase and suppress other factors. This is one of the mq
tional to 2r[d%/8 — cf/6 — X, d%/8] X S’r,. TheS® for the reasonable explanations for our observation, and it is consiste
DNA imino NH group is about 0.8 (Kojimat al.,unpublished with the observed magnetic field dependence, but addition
results) and that for the protein amide is 8:8.9 or more. The experiments will be needed to prove it.

overall correlation timer, is roughly proportional to the mo  There are two other approaches to attenuate and elimin:
lecular weight. The proton density around the DNA iminehe spurious peaks. One is deuterium labeling, where the pr
proton is quite low compared to that for the amide protomon—proton dipolar term is attenuate®).(The other procedure
Considering these three factors, the spurious peak for our DNAthe IPAP method1(®), where the in-phase and the antiphas
(8 kDa) should be weaker than that for our protein (11 and kignals are recorded separately and summed or subtractec
kDa), but this conflicts with our observed results. The residugét the single component in tHéN dimension for the'Jy,
factor is the proton CSA value. The exact CSA values for threeasurement. Since the relaxation rates of each in-phase :
imino and the amide protons are not known, but they do nahtiphase component are not identical, the relative ratio of tt
seem to be very different. There is one thing we have ntwto components for the summation and the subtraction canr
considered: the proton line broadening due to fast excharge equal to 1 to generate a pure, single component.SRe
with the bulk water. It affects the apparent relaxation rates, aratio of IPAP is not very different from ours, but it is slightly
in fact it is important for the DNA imino protons, since theworse due to the relaxation during the delay time-(7'). The
exchange rate is faster than that for the proteins. The spuriqugsiod from the first pulse to the detection in our experiment i
peaks along th€N axis are proportional toRzs — Ryo)7/2, as  shorter than that in IPAP, but our procedure requires sever
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experiments to optimize the delay time. The total experimentalpported by CREST (Core Research for Evolutional Science and Technolo
time of IPAP is clearly shorter than ours to obtain a pure, singféthe Japan Science and Technology Cooperation (JST) and by a Grant-in-/
component spectrum. Thus our procedure, involving shortenifé)g eicc'zngfr']% Eﬁﬁﬁ?é%&ngggﬁw Areas from the Ministry of Education,
the delay timer’, should be understood as a simple procedure to ' '
attenuate the spurious peak for a system in which the optimal
delay time is known from other proteins and nucleic acids. REFERENCES
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