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Procedures are described for significantly improving the sensi-
tivity of the recently proposed TROSY (transverse relaxation-
optimized spectroscopy) experiment (K. Pervushin et al., 1997,
Proc. Natl. Acad. Sci. USA 94, 12366-12371). The TROSY exper-
iment takes advantage of destructive interference between dipolar
and chemical shift anisotropy relaxation mechanisms to achieve
substantial reductions in resonance linewidths in heteronuclear
correlation spectra; the effect is significant particularly for studies
of large molecular weight systems at very high static magnetic
field strengths. A /2 improvement in the sensitivity of the
TROSY experiment is achieved by implementation of the PEP
(preservation of equivalent pathways) scheme (J. Cavanagh and
M. Rance, 1990, J. Magn. Reson. 88, 72—-85). An additional sig-
nificant improvement in sensitivity for *>N-labeled samples in H,0
solution is realized through a simple modification of the *H-*°N
TROSY pulse sequence to return the water magnetization to its
equilibrium position (+z axis) at the beginning of the acquisition
period. Relaxation-induced imbalance between the coherence
transfer pathways utilized in the TROSY refocusing period is
shown theoretically and experimentally to give rise to additional
unanticipated signals in TROSY spectra. © 1999 Academic Press
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INTRODUCTION

troscopy was examined theoretically first by Shimi3) éub-
sequently, numerous papers have been published that deve
more fully the theoretical aspects of DD—CSA cross-correla
tion and describe practical applications of the measurement
such effects [se€2] and references therein]. The influence of
DD-CSA interference on resonance linewidths in biomolecule
NMR studies was pointed out by Redfield in regard to the
nucleic acid work of Guen et al. (4). Griffey and Redfield%)
anticipated the resolution and sensitivity advantages that cou
be obtained in heteronuclear correlation spectroscopy throu
the simple expedient of collecting the data without decoupling
in order to realize the benefits of destructive DD-CSA inter
ference. This idea forms the basis of the transverse relaxatio
optimized spectroscopy (TROSY) experiment developed b
Pervushinet al. (2).

In the applications for which TROSY-type experiments are
most beneficial, sensitivity undoubtedly will be a key issue
Thus, further developments that provide increased sensitivi
will have a significant impact on the feasibility of the experi-
ments and the quality of the data recorded. The present pay
describes two simple procedures that allow the inherent sen:
tivity of the original TROSY experiment to be improved by at
least 40%, and possibly more; this enhancement reduces t
spectrometer time necessary to achieve a particular signal-t
noise figure by at least a factor of 2. The first procedur

Dramatic increases in spectral resolution and sensitivity faodifies the manner in which the data are recorded, but do

heteronuclear correlation NMR spectroscopy of macromol@ot alter the NMR pulse sequence itself. The second procedu
cules in solution were demonstrated recently by Pervushin dfdolves a minor modification of the pulse sequence in order t
co-workers {). The origin of these improvements lies in theivoid saturation of the solvent resonance. The benefits of the
destructive interference betwedH—X dipolar (DD) and the Procedures are demonstrated'i-'"N TROSY experiments
X-nucleus chemical shift anisotropy (CSA) relaxation mech@n CH, **N)-labeled triosephosphate isomerase (TIM), a sym
nisms for Speciﬁc Spin_mu'tip|et Componeng_(At Very h|gh metriC dimer W|th a tOtal molecular mass of 54 kDa. (248 amin(
magnetic field strengths, nearly complete cancellation of tR&id residues per monomer). Details of the TROSY experime!
direct dipolar and CSA relaxation processes can be achiev&§ also illustrated using data recorded for calbindiy, 2
for specific nuclear spin transitions in a heteronuckeXrspin  Small calcium-binding protein with a molecular mass of 8.t
system; consequently, spin-spin relaxation rates for speclffé@ (75 amino acid residues).
multiplet components can be reduced significantly. These in-
terference effects thereby offer the possibility of substantially
improved spectral resolution and sensitivity for macromole-
cules of high molecular mass. A straightforward analysis of the spin dynamics in the TROSY
DD-CSA interference, or cross-correlation, in NMR spe@xperiment described by Pervusieinal. (1) indicates that a/2
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improvement in sensitivity immediately can be achieved via tha
implementation of the PEP (preservation of equivalent pathways) y
method that has been widely applied in numerous experiments 1H l 1 ll
such as homonuclear TOCS®%, () and various heteronuclear ‘R
correlation experiments813. PEP is a general approach |
whereby a conventional pulse sequence for a desired experiment l
is redesigned to preserve two essentially equivalent coherence SN |
transfer pathways. The signals from the two pathways are re- |

G

corded simultaneously and separated after acquisition as part of
the data processing protocol. In one approach, the two signals are
processed to obtain two identical spectra with the same sensitivity 2 ﬂ
as a conventional experiment recorded in the same total time and

the improved sensitivity is obtained by adding the two indepen-

dent spectrag 7). In an alternative approach, the two signals ar®

used as a complex pair to provide frequency discrimination in the y oy ¢2 ba
relevant indirect dimension of the multidimensional experiment ! I 3 | B l I I ‘

(11, 19. This procedure obviates the need for separate collection

of a phase-shifted orthogonal data set for frequency discrimination | ¢ : y b3
and results in identical sensitivity in half the acquisition time 15N | A I 1 1 l
required for a conventional experiment. In either case, a sensitivity | l l 1 I 2 I 2
improvement by a factor up &2 per unit time is achieved for | | | | |
each frequency dimension in which the PEP procedure can be &1 ctla2 a2las  a3laa cé

applied. The practical implementation of the PEP methodology G, M ﬂ
depends on the details of individual experiments. In some cases, ‘h———‘m“—[‘

no change in the actual pulse sequence is heceawhereas

other cases require some reengineering of the original pulse s&lG. 1. Pulse sequences for (a) the original TROSY experimBnarid (b)
quence -(_13_ If the original pulse sequence must be |engthen§dTROSY experiment modified to incorporate water flip-back. Narrow and thicl

. o . rs represent RF pulses with 90° and 180° nominal flip angles, respectively;
to Implement the PEP method, then additional relaxation eﬁe?fﬁses have phasex unless otherwise indicated. The final proton composite 180"

can reduce the actual sensitivity gain bela(2 (7, §). pulse is part of a WATERGATEZ() scheme, and thus is designed to nominally
The TROSY experiment of Pervushin and co-workers already a 180° pulse for the spectral region of interest and a 0° or 360° pulse for t
is suited ideally for implementation of the PEP procedure, and water magnetization. Either the originally proposed(Sélective)-180, (nonse-

changes in the actual pulse sequence are necessary. PEP iéeﬁtﬁ_e)—g(j(selective) composite sequen@¥)(or crafted composite 180° pulses
Suc

. . . .such as the so-called 3-9-19 sequer2® ¢an be used. For sequence (b) the
plemented in TROSY 5|mply by separating the phase'cyd"ﬂg)ton transmitter frequency must be placed at the water resonance frequency

steps into two halves, and accumulating the data separately fordfifeve the desired flip-back of the water magnetization at the end fitgod.
two reduced phase cycles. For the convenience of the presgymilar gradients G2 are inserted in theperiod of sequence (b) to minimize
discussion, the original TROSY pulse sequence, with the phaséagfation damping. The delay = 0.54y,,. To implement the PEP scheme for
the first proton 180° pulse Changed froorto y (vide infra) is sensitivity enhancement, the conventional phase cycle is divided into two halve
. . ' ith separate recording of the two FIDs. For experiments performed on Varia
reprOdUCEd 'n_ Fig. _1a' In order. to demon_Strate hOV\_/ the P NOVA spectrometers (see text for changes required for a Bruker DRX spectron
enhancement is achieved, a detailed analysis of the spin dynargigs, the first FID is recorded with, = (+y, =y, —%, +X), by = +Y, s = +%,
during the pulse sequence is useful. andd, = (+x, —x, +y, —Y), while the second FID is acquired wih = (+y, -,
The theoretical treatment of coherence transfer and relaxatiof +%) d)zf:tf:y‘pdsp: ;K and 434 = (b—ﬁ _+>t<|h +ty' t_)?HThe reqt:_ifefd Ejata g
; ; ; cessing for the scheme is described in the text. The magnetic field gradi
effects durlng the TRQ.S.Y experiment parallels the anaIySIS p8LFJEI)ses areg: (a) G1, amplituge5 G/cm, duratior= 400 us; G2= ZOgG/cm, 1 mg;
formed 'for PEP ;en5|t|V|ty enhancemept of other heteronucleay_ s Glem, 400us; G4 = 12 Glem, 400us; and (b) G1= 5 Glem, 400us,
correlation experiments/(8). The Cartesian basis product operez = 4 G/em, 320us; G3= 5 Glem, 400us; G4= 12 Glcm, 400us. The G2
ators withl = H and S = **N are utilized to represent thegradient pulse in sequence (b) should be set at a level sufficient to preve

evolution of the density operator through the pulse Sequerﬁ'@ificant radiation damping of the water magnetization duringtiperiod.
(14-17%. For clarity, the relaxation decay functions for the indi-

vidual multiplet components during the evolution peripdre not

shown; these are given irl)(and do not affect the presentperiments, signals arising from the origit@N spin polarization
analysis. Only components of the density operator originatiggntribute constructively to the desired TROSY spectra an
with proton spin polarization are considered. The small contribghould be preserved in the experimebjt (

tion to the density operator and detected signal ffihi spin  Prior to the first'°N 90° pulse of phase, (see Fig. 1a), the
polarization is ignored for simplicity; however, the effects oflensity operator is given by

relaxation on these components of the density operator can be

analyzed analogously. Unlike most heteronuclear correlation ex- o(0) = -21,S,. [1]
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For the first step of the phase cycle given in the legend to Fig. 1, — 21, §,cog mIyyty) sin(Qpty)exp(—2 RyoT)
= y and the density operator after eriod is given b . .
b=y ty op thep 9 4 — 21, Ssin(mIyuty)Sin(Qut;)exp—[Ros+ Ryol™)

o(ty) = —21,S,co8myty) coSOnty) ) c0g Mty 08 ity exp —[Rug + Ral?)
=~ Ssin(mJyuty) cos Onty) 1, 8in(mIyty) 08 Oty exp —[Ros + Ry]7)
~ 21, Scodmyty)sin(Onty) — 21, S,co8 wIyuity) Sin(Qyty) exp(—2 Ryor)
* Ssin(myyty)sin(Qnty) [2] — 21, Ssin(mJyit)SinQut)exp(—[Ros + Ryol7)

(4]

in which Jy is the one-bond N-H scalar coupling constant
and Q) is the chemical shift of thé>N spin.

Direct analysis of the TROSY refocusing period (beginnin
with the 90°*H pulse following thet, period and ending with
the final®™®>N 90° pulse prior to acquisition) yields the following
effective propagator,

in which exponential damping of the amplitudes of single-
auantumlH coherences, single-quantuiftN coherences, and
multiple-quantum coherences during the delayisave been
included in the expressions for the density operator.

The relaxation rate constants for single-quanttincoher-
ence, single-quantum®N coherence, and multiple-quantum

U~ exp( i 121'S¢3> exp<—i 7272|ZSZ) ex;{—i qz-rlx) coherence are given byL7, 18
R, = (d%/8)[4J(0) + J(w, — wg) + 3I(w))
x exp(i ;Tsy) exp(—i ;T2|Zsz> eXp<—i 5 |d,2) 3] + 3(we)+ 63(w, + wg)]
+ (c/6)[4J(0) + 3J(w,)] + (c3/2)I(ws)
in which r = 1/(2J,,,) has been assumed. For the first step of + > (d?/8)[5J(0) + 9J(w,) + 6J(2w,)] [5]
the phase cycle, the density operator given by Eq. 2 evolves K

h h the TROSY ref i i
through the TROSY refocusing period as Rye = (42/8)[4(0) + J(w, — w9 + 3)(wg)

/21 + 3J(w)+ 6J(w, + wy)]
a(ty) ——— —21, S,cog myty) CoY Qyty) + (c¥6)[43(0) + 3J(wa)] + (c22)I(w))
— S,sin(mIyuty) cog Quty) + > (dZ/8)[J(0) + 3)(w) + 6J(2w)]  [6]

— 21, Scog mIyuty) sin(Qyt,)
Ruo = (dZ%/8)[ Iw, — ws) + 3I(ws)

+ Ssin(mIyyty) sin(Qyty) + 33(0) + 630, + 0g)]

w2 21,S,

————— —21,Scod mIyut;) ot Quty)exp —RygT) + (c{/6)[43(0) + 3J(w))]
+ (c¥6)[4J(0) + 3J(wg)]

+ > (d2/8)[5J(0) + 9J(w,) + 6J(2w)] [7]

+ 2l z S(S“‘]( WJNHtl) COS(QNtl)EX[X - stT)
— 21 X S/COi WJNHtl)Sin(QNtl) EX[IX - RMQT)

+ 21, Ssin(mIyuty) sin(Qyt;) expl—Ryst)
in which
w2, —wl28S,

———— > =21, S,cog mIyuty) coL O ty)expl—RyoT) dyy = yshpmer 53(87) [8]
1= V1Yol

— 21, S;sin(mIyut;) cog Qyty) exp( —RysT) ¢ = wAc, /V@_ [9]

— 21, Scog mIyuty) sin(Qyt,) expl—RygT)
Ko IS the permittivity of free spacdtis Planck’s constanty, and
= 21, §sin(mIyuty) SI(Ont)eX(—ResT) . are the gyromagnetic ratios of thendS spins, respectively;
aas Ns @s the length of thdS bond;r, is the distance between the
———— 1 ,cog Iyt cog Qutexp—[Ruo + Rul?) amide proton and a remote protén w, and wg are the Larmor
frequencies of théH and*>N spins, respectively; ando, and
+ Lsin(myt)cog O t)exp—[Res + RylT)  Aogare the chemical shift anisotropies of the (assumed aial)
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and™>N chemical shift tensors, respectively. For a rigid, isotropic The P- and N-type signals represented by Egs. [10] and [1:
rotor, the spectral density function is given Bfw) = (2/5)r,,/ are acquired and stored separately in the PEP scheme. The
(1 + w?72), in which 7, is the rotational correlation time of thecomponent of the F1 quadrature signal, representeabys
molecule. The expressions given Ry; andR,sinclude the effect obtained by summing the signals represented by Egs. [10] al
of averaging between in-phase and antiphase operators during 111§ after acquisition:

period 7 (19) and the expressions for all three rate constants

contain contributions from remote protons. The summations in- _ = —41 [ cos mIyuty) cog Qpty)exp(—[Ryo + Ry l7)

clude all remote protong(# 1) in the protein and will depend on

whether the nonexchangeable protons have been replaced with = sin(mJyuty)SIN(Qnty)eXpl —[Res + Ra]7)]

deuterons. The effects of methyl group rotations and aromatic ring + 81, Sl cod myt,) COL Qty)expl —2RyoT)

flips on the amide'H relaxation have not been included for g

simplicity (17). — sin(mIyuty) Sin(Qyty) expl—[Res + Rugl 7).

By the same approach, the summed density operator present [12]

immediately prior to acquisition (but including receiver phase

shifts) for the first four steps of the phase cycle is The imaginary component, representeddyy is obtained by
subtracting the signals represented by Eqgs. [10] and [11] aft
acquisition:

op = =2l [cogd mIyuty)cog Oyty)exp(—[Ryg + Ryl7)
— SiN(dyity)SIN( Q) exp —[Rys + Roy] 7] o, = 4l  cog mIyuty) sin(Qyt,)exp(—[Ryg + Ry]7)
+ sin(mIyuty) cog Oty exp( —[Rys + Ry ]7)]
— 8l S cod mIyqty)Sin(Qyty)expl—2RyqT)

+ sin(mIyuty) cog Qyty)exp(—[Rys + Ruol )]
+ 41, S cod mIyut;) cod Qyty)exp(—2Ryo7) [13]

— sin(mIyuty) Sin(Quty) exp(—[Rys + RMQ]T)]

+ 2l [ cog mIyuty) sin(Quts)expl—[Rug + Ral7)

+ sin(mIyut,) cog Qyty)exp(—[Ros + Ry ]7)]

The above analysis demonstrates that, aside from minor effec

— 41, S[cod mIyty) SIN(Qut,) exp —2RyoT) due to possible pulse imperfections, the basic TROSY puls
sequence provides two equivalent coherence transfer pathwe
+ sin(mJyuty) cog Quts)expl—[Rys + Ruol7) ] leading to the NMR signals of interest. The phase differenc

between the two signal components in the acquisition dimer
sion (represented by tHg andl, operators in Egs. [12] and
[13]) is corrected trivially by applying a 90° phase correction
The density operator obtained for the last four steps of tive F2 or by performing equivalent manipulations in the time
phase cycle is domain for one of the two data setg).( The data set repre-
sented byoy is cosine-modulated and the data set represente
by o, is sine-modulated with respect to thN chemical shift
oy = —2l[cogmIyut;)cod Onty)exp(—[Rugq + Ral™) duringt,. Therefore, the two data sets can be processed by tl

. . _ conventional hypercomplex approach7(20 to obtain ab-
= sin(mJunty) sin(Qnty) exp(—[Res + Rz ]7)] sorption mode lineshapes in both frequency dimensions. Tt

[10]

— 21, [cod mIyty) SIN(Quty) exp( —[Ryg + Ryl7) signal-to-noise ratio is identical to that obtained by recordin
conventional hypercomplex data using the original eight-ste
+ sin(mIyut,) cog Oyt expl—[Rys + Ry ]7) ] phase cycle and shifting the phasedgfby 90° to obtain each
member of the quadrature pair in F1).(Consequently, the
+ 41, S[cog mIuty) codQnty)expl—2RyqT) total acquisition time for the sensitivity-enhanced experiment

relative to the conventional experiment, is reduced by ha

= SIN(mhty) SIN(Qyty) €Xp—[Ros + Ruel )] without affecting sensitivity.

+ 41, S cod mIyty) Sin(Qut;)exp( —2 RyoT) As can be seen in the analysis above, the effects of rela
ation are identical for the real and imaginary components of th
+ sin(mJyuty) cog Qyty)exp(—[Ras + Ryl )] F1 quadrature pair; thus, only the real part needs to be consi

ered further to illustrate the effects of relaxation during the
TROSY refocusing period on the final spectrum. The exponer
tial terms in EqQ. [12] can be expanded to first ordetimnder

in which op and oy represent density operators resulting ithe assumption that the rates are much less tham) (44100
echo and antiecho signals, respectively. s ). The final expression obtained from Eq. [12] is

[11]
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or = —4(l, — 21,S,)cod (Qy + mIy)ty]e; to achieve the same resuR3, 24. One of the most effec-
_ _ - tive procedures for water flip-back in HSQC experiments

Ay = 21y S,)cod (D = mhuwt]e, was proposed by Moréet al. (24). The so-called FHSQC
— 4(l, + 21,S,)cod (O + mIyti]es  [14] pulse sequence minimizes radiation damping effects, whic
can degrade the quality of water suppression, and does n

in which require selective 90° water flip-back pulses, which can in
troduce unnecessary delays into the pulse sequence. Int
€=1- (2Ryo + Ry + Ryg)7/2 [15] FHSQC sequence, a gradient pulse is applied during the fir

INEPT segment when the desired coherences are stored

€2 = (Res = Ruo)7/2 21,S, spin order. This gradient defocuses the transverge H

~ 2J(0)r[d?%/8 — c/6 — >, d2/8] [16] magnetization. Subsequently, a second gradient pulse in t
K corresponding period of the reverse INEPT segment refc
€5 = (Rug — Ra)7/2 = 2J(0)] —d%/8 + c2/6] [17] Cuses the HO magnetization, and the followingH 90°

pulse returns the magnetization to the axis. A crafted*H

are the amplitude of the TROSY peak at frequency coordinat 0° pulse, such as the common 3-9-19 composite pul
25) or variations thereof26), replaces the final nonselec-

(Qn + mInms Qn — 7Iyw) as reduced by relaxation losses! | ' i th h ;
during the refocusing period, the amplitude of the multiplé{\’e pulse normally used in the reverse INEPT. The crafte

component at frequency coordinate@y( — mJny Qu — pulse is tun_ed to provide the necessary excitation bandwid
mJ\), and the amplitude of the multiplet component@g(+ OF the amide proton resonances and a null at th®H
T Qu + mIny), respectively. The fourth multiplet com-frequency. In practice this method provides superior suf
ponent atQy — Iy, QO + T is identically zero to first Pression of the water signal, compared to the alternative «
order. The rightmost expression in Eq. [16] is obtained assufiacing the water magnetization along the axis with the
ing thatJ(0) > J(w,) for macromolecules. If the relaxationfinal *H 90° pulse and rotating it back up to thez axis with
rate constant®,,, R,s, and Ry, are identical, then only the @ nonselectivéH 180° pulse, because deleterious effects o
desired TROSY resonance appears in the spectrum. An addidiation damping during the reverse INEPT are avoided.
tional resonance with amplitudg results from the relaxation- ~ Modification of the TROSY experiment to eliminate water
induced imbalance between the two terms contributing to teaturation and leave the water magnetization along-thexis
amplitude of thd, operator or between the two terms contribat the beginning of the detection period is easily achieved,
uting to the 2, S, operator in Eqg. [12]; an additional resonancghown in Fig. 1b, using the same general idea as proposed
with amplitudee; results from the relaxation-induced imbaliviori et al. (24). A magnetic field gradient pulse just after the
ance between thg, and 2, S, operators in Eq. [12]. At high first 90° >N pulse causes the solvent magnetization to b
field, for which TROSY experiments are optimalis/8 ~ dephased during thg period; at the end of the, period, a
cg/6 ~ c/6 andRyq ~ Ry. Consequently, the resonanc&econd gradient pulse of opposite amplitude is used to refoc
represented by; is expected to be small in all circumstanceg,e solvent magnetization. A straightforward vector analysis ¢
with an amplitude that depends on the static magnetic figith supsequent sequence of proton pulses demonstrates that
strength. In contrasRys — Ryq is dominated by the larger a1 magnetization is returned to the axis by the finatH

contribution toRy,q from dipol_ar interactions W_ith the remotegno pulse, and is unperturbed by the following application of
protons. Therefore, the amplitude of the multiplet componegty ;g (or similar)'H composite 180° pulse. The original

represented by, will depend upon whether the noneXChange\NATERGATE-type sequenc&() could also be used in place

able protons in the molecule have been replaced by deuterons, A )
The intensity decay of the desired TROSY signal due gsthe 3-9-19 pulse. No gradient is applied when the cohe

relaxation reflected by, also is dominated by the contribu-S"°¢€s of interest are stored as%, spin order; consequently,

tions to relaxation from dipolar interactions between the ami(gglaxatlon Iosse§ assocgtgd with this gradient and e‘,’dy curre
proton and remote protons and can be reduced by deuterati&GFOVE"Y delay in the original pulse sequence of Fig. 1a ar
In addition to the\/2 sensitivity enhancement providedavo'ded'_lf_ the !nltlalt1 value is set j[o half of the dwell time
by the implementation of the PEP methodology, furthd?9), sufficient time may not be available to accommodate th
improvements can be achieved IH-'N TROSY experi- defocusing and refocusing gradient pulses and associated ec
ments for aqueous samples by modifying the pulse sequelg€grent recovery delays within the initig] delay, particularly
to avoid water saturation. Since Grzesiek and B2®) @nd for the larger spectral widths necessary at very high magnet
Stonehouseet al. (22) initially discussed the advantage offield strengths. The pair of gradient pulses in thgeriod do
“water flip-back” methods that return the water proton magot affect the desiretPN single-quantum coherences present a
netization to thet z axis (as defined by the exterraj field) the end of the, period; consequently, the gradient pair simply
at the beginning of the acquisition period, other groups hagan be omitted from the sequence uttihas been incremented
reported modifications of various pulse sequences desigrnied value large enough to encompass the gradients.
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EXPERIMENTAL identical, due to pulse imperfections or relaxation effect:
(6, 8). The theoretical analysis of the TROSY experimen
Experimental data to demonstrate the sensitivity improvememtslicates that nuclear spin relaxation affects the cosine- ar
described above were recorded using samples®gflabeled sine-modulated components equally, and the absence of |
calbindin Dy, (4 mM, pH 5.5) in 90% HO/10% D,O solution and quadrature images due to pulse imperfections or other e
(®H, ™N)-labeled TIM in 90% HO/10% D,O buffer solution (2 fects in spectra acquired and processed in this manner w
mM TIM, 10 mM CD,CO,Na, 0.02% Nal, pH 5.7). The*™N-  verified experimentally using the sample of calbindig,D
labeled calbindin sample was a gift from Dr. Walter Chazifdata not shown).
(Scripps Research Institute). The (W90Y, W157F) double mutantAs mentioned under Theory, the equilibriutN polar-
of yeast TIM was overexpressed using Beeherichia colistrain  ization can contribute to the desired TROSY resonances al
JM105 (Pharmacia) transformed withtac promoter expression improve sensitivity; therefore care must be taken to ensul
plasmid (pK223-C, Pharmacia) containing the coding sequeribat the signals arising from the initiaPN polarization are
for the protein. The plasmid was a gift from Dr. Ann McDermotadditive to those originating from thiéd polarization (). In
of Columbia University. The JM105 cells were acclimated taddition, the phases of the proton pulses must be select
growth in 67% deuterated media and then the protein was oveuch that the water magnetization is placed along te
expressed using M9 minimal mediur®29 containing 1.85 g/L axis after the final proton 90° pulse in the water flip-back
™NH,CI, 1% glucose (naturatH and *°C abundance), 1 g/L experiment. Unfortunately, due to different conventions
thiamine, 0.45 g/L biotin, 0.05 mM Cag£l0.5 mM MgSQ, 0.05 among spectrometer manufacturers, the RF phases neede
mM CuCl, 125 ug/ml ampicillin, and 5 mM IPTG prepared in achieve the desired results can differ among instrument
99% D,O. TIM was purified essentially as describ@)(except The RF phases listed in Fig. 1 and discussed in the text a
that cells were lysed by sonication and the final chromatograpagpropriate for the Varian INOVA spectrometer. The first
step was performed using a High-Q ion exchange column (Biproton 180° pulse has been changed frerto y, and the
Rad). Purified TIM migrated as a single band on SDS—PAGE witeceiver phase cycling has been altered, compared with tl
a MW of 27 kDa and was judged to be95% pure. Enzymatic original TROSY sequence reported by Pervuséiral. (1).
activity of purified TIM was quantitated according to the methoBor data collection on a Bruker DRX spectrometer, the
described by Knowles and co-worker31). Kinetic constants, phase of the second proton 90° pulse should be chang
Vhax @aNd K., Were identical to values previously published fofrom +y to —y, and the two four-step receiver phase cycles
wild-type and (W90Y, W157F) mutant TIM (not showi3Q, 39. should be changed t¢, = (+X, —x, =y, +y) and (—x,
The extent of deuterium incorporation was determined byx, —y, +vV).
MALDI-TOF mass spectrometry (University of Michigan Protein
and Carbohydrate Structure Facility) to be 45%. RESULTS AND DISCUSSION
The NMR experiments were performed on INOVA 500-
and 800-MHz spectrometers, and the data processing wa#é contour plot of the'H-**N TROSY spectrum of the
performed using the Felix software package (MoleculgfH, **N]-labeled protein TIM is presented in Fig. 2; the
Simulations, Inc.) and in-house written programs. To indata were acquired with the sensitivity-enhanced, wate
plement the PEP procedure, data are recorded separatelyfliprback pulse sequence shown in Fig. 1b, and acquisitio
the two halves of the original eight-step phase cycle; i.e., fparameters are given in the legend to Fig. 2. Figure 3 shov
each value of;, a FID is recorded withh, = (+y, —y, —X, slices taken parallel to the F1 axis from a conventiona
+X), ¢, = ty, dbg = +x, andp, = (+X, =X, ty, —y), TROSY spectrum of TIM (TROSY), the sensitivity-en-
and then a second FID is recorded with = (+y, —y, —X, hanced TROSY spectrum (SE-TROSY), and the sensitivity
+X), ¢, = =Yy, b3 = —X, andp, = (=X, +X, +y, —y). enhanced, water flip-back TROSY spectrum (SE/FB
Processing of the PEP sensitivity-enhanced TROSY dataTiROSY). All spectra were recorded using the same tote
simplified if acquisition time. The slices are plotted such that the baselir
the hypercomplex methodl7, 20 is employed for F1 noise has the same amplitude for all three spectra in order
guadrature detection in a manner identical to that used in tfaeilitate visual assessment of the relative sensitivities of th
gradient-enhanced HSQC experiment proposed by &aythree experiments.
al. (11). Two new FIDs are created by taking the sum and The average relative signal-to-noise ratios for 53 resonanci
difference of the original data. As shown by Egs. [12] andhosen at random were 1.0, 1.4, and 2.2 for the three spect
[13], these new FIDs have pure sine or cosine modulatiosespectively. The PEP approach yields the theoretically e
with respect tat;. The real and imaginary parts of one FIDpected\/2 gain in sensitivity. By avoiding saturation transfer
are swapped, and the new imaginary part is negated, in ordl®@m water protons, the water flip-back pulse sequence pr
to effect a 90° phase shift in the detectiag)(dimension. vides an additional 53% sensitivity gain.
Finally, these two FIDs are used as the complex pair for The sensitivity gain afforded by the water flip-back tech-
two-dimensional Fourier transformation. Quadrature imagegue depends on the length of the recycle delay compare
in F1 occur if the two coherence transfer pathways are nit the water protom, and will be larger for shorter recycle
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FIG. 2. *H-'*N TROSY spectrum at 303 K of (W90Y, W157F) double mutant triosephosphate isomerase (TIM) randomly 45% fractionally enriched
2H at nonexchangeable sites. (a) The water flip-back, sensitivity-enhdHeétN TROSY spectrum acquired at 800 MHz using the pulse sequence of Fig. !
is shown. (b) An expansion of the boxed region in (a) is drawn at a lower contour threshold to illustrate the negative multiplet components ols®Enesd fc
resonances. The boxed region extends from 112.7 to 119.3 ppm in F1 and from 9.2 to 10.1 ppm in F2. Only positive contours are shown in (a), while r
contours are drawn in heavy lines in (b). The spectrum was acquired using 4 scans for each recorded FID (16ts¢acrepent), 320 complely increments,
and (F1, F2) spectral widths of (2500 Hz, 15609.76 Hz). To facilitate comparisons with the conventional sequence, quadrature detection in tietoR1 dir
was achieved by repeating data collection for egalalue with RF phase, incremented by 90° to provide a hypercomplex data set. The required manipulati
of the FIDs prior to Fourier transformation is described in the text.

delays. The data shown in Fig. 3 were obtained using a 2.5assensitivity associated with the water flip-back procedure
recycle delay (compared with a water protdp of ~4 s). is fairly uniform for different resonances in the spectrum of
Figure 4 illustrates the sensitivity difference between thEIM. This is somewhat surprising because amide proton
SE-TROSY and SE/FB-TROSY as a function of the recyciavolved in intramolecular hydrogen bonds would be ex-
delay. As expected, the SE/FB-TROSY is much more sepected to exchange slowly with solvent. However, the larg
sitive than the SE-TROSY for short recycle delays, but botholecular mass and long rotational correlation time of TIM
experiments give essentially identical results for recyclesults in very effective spin diffusion that transfers satura
delays much greater than the water proign The increase tion among protons33), even in the fractionally deuterated
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FIG. 3. Sensitivity of TROSY spectra. One-dimensional slices parallel to the F1 axis are shown for the TROSY, sensitivity-enhanced TROSY (SE-TR
and sensitivity-enhanced water flip-back TROSY (SE/FB-TROSY) spectra of TIM. Conventional and sensitivity-enhanced TROSY spectra weresaxpjuire
the same parameters as for the SE/FB-TROSY spectrum depicted in Fig. 2. The conventional TROSY spectrum was obtained from the SE-TROSY
addition of the two FIDs recorded for each valuedgfandt,. Slices are taken at (a) 8.82 ppm and (b) 9.42 ppm. The spectra are scaled so that the noise
is identical for each slice in (a) and for each slice in (b) to facilitate sensitivity comparisons. The baseline regions between 110 and 115 pprdeate e
vertically to show the noise levels in the spectra in (a). The region between 113 and 116 ppm is expanded vertically for the SE/FB-TROSY specttum i
illustrate the weak negative multiplet component@t,(— mJnu, Qn — 7mInn) corresponding to amplitude factes.

molecule. This effect will be reduced in proteins mor¢he relaxation rate constants ftil single-quantum coherence,
highly enriched in deuterium. 15N single-quantum coherence, and multiple-quantum cohe

The theoretical analysis of relaxation effects during thence can result in the appearance of additional resonances
TROSY refocusing period indicates that the differences amotige frequencies of undesired spin multiplet components. Th

MK:Y AN m M

1.0 5 2.0 8.0 20 16.0
Recycle Delay (s)

FIG. 4. Effect of recycle delay length on TROSY spectra. The signal intensities in the first FIDs of the (top) sensitivity-enhanced and (bo
sensitivity-enhanced water flip-back TROSY spectra of TIM are shown as a function of the recycle delay ranging from 1 to 16 s.
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amplitudees. This resonance is too weak to be observed in Fig
2. Equation [16] predicts thad, is larger for fully protonated
molecules, and Eg. [17] predicts thaf is larger at lower
magnetic fields. Figure 5 illustrates a subsection of the TROS
spectrum acquired at 500 MHz fétN-labeled calbindin Q.
Both the large negative resonance &4(— mJIyu, Oy —
mJyp) and the weak negative resonance(qgt (+ mJyy, Oy +
mJyn) €an be observed. The relaxation rate constants at 5(
MHz for **N-labeled calbindin [, were estimated from Egs.
125 123 121 119 105 103 10.1 99 [5]-{9] using 7, = 4.25 ns and';s = 1.02 A, r obtained
15N (ppm) *H (ppm) from the atomic coordinates of the molecule (PDB file 2bca)
; : ; o, = —16 ppm, andog = —160 ppm (). The calculated
values ofR, = 22.6 S ', R,s = 10.0s %, andRyo = 19.2s™*
yield e; = 0.81,e, = —0.025, ande; = —0.009. The relative
intensities of the additional multiplet components compare
with the TROSY resonance akgle; = —0.031 andej/e; =
—0.011. As can be seen, the calculated intensities predi
the signs and qualitative magnitudes of the two additione
multiplet components. In some instances, for example, thre
dimensional NOESY spectra of protonated molecules in whic
TROSY techniques are used for spectral editing, the negati
multiplet components may interfere with accurate quantificatior

a

126
5N (ppm)

CONCLUSION

The recently developed TROSY techniqu¢ (tilizes inter-
ference between the DD and CSA relaxation mechanisms
obtain substantially increased resolution and sensitivit{Hn
. S . 15N heteronuclear correlation spectra of large biological mac

e ST o romolecules at very high static magnetic fields. As demon
o ’ strated herein, by implementing the PEP and water flip-bac
‘ ' Y ' ' schemes in the TROSY pulse sequence, the sensitivity of tt
10.6 10.2 9.8 9.4 . _ haf®. which q
1H (ppm) experiment is [ncreasgd by more t &2, which corresponds
to a reduction in experimental acquisition time by more than
FIG. 5. TROSY spectrum of calbindin § at 303 K. (a) A section of the factor of 2. The increased sensitivity per unit time will be
water flip-back, sensitivity-enhanceéti—'*N TROSY spectrum acquired at valuable particularly for large macromolecules and molecule
500 MHz using the pulse sequence of Fig. 1b is shown to illustrate residygl |imited solubility or stability. The twofold shorter phase
multiplet components originating from relaxation-induced imbalance duri cle that can be used with the PEP scheme also facilitatt

the TROSY refocusing period. Positive contours are shown as thin lines al . f th hod | h |
negative contours are shown as heavy lines. The spectrum was acquired uwrporaﬂon of the TROSY method in other more comple

4 scans for each recorded FID (16 scans tpeincrement), 256 complek, three- and four-dimensional experiments.
increments, and (F1, F2) spectral widths of (1600 Hz, 12527.4 Hz). The RF

phase¢, was incremented by 90° to achieve F1 quadrature detection. (b) A ACKNOWLEDGMENTS
slice parallel to the F1 axis at F2 9.97 ppm is shown to illustrate the negative
multiplet at frequency coordinate€, — mJyy, QN — 7Iny) corresponding
to amplitude factok,. (c) A slice parallel to the F2 axis at F% 129.7 ppm is
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