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Abstract: Transverse relaxation-optimized spectroscopy (TROSY) yields greatly improved sensitivity for
multidimensional NMR experiments with aromatic spin systems in proteins. TROSY makes use of the fact
that due to the large anisotropy of th&C chemical shift tensor, the transverse relaxation of one component
of the 13C doublet in aromatid*C—'H moieties is reduced by interference of dipeltipole (DD) coupling

and chemical shift anisotropy (CSA) relaxation. The full advantage of TROSY for studies of aromatic spin
systems is obtained at presently available resonance frequencies from 500 to 800 MHz. Sietleenical

shifts are recorded using a constant-time evolution period, the TROSY improvement in signal-to-noise relative
to corresponding conventional NMR experiments increases with increasing molecular size and can be further
significantly enhanced by combined use of theand!3C steady-state magnetizations.With selective observation

of the slowly relaxing component of tHéC doublets in experiments recorded withéddtdecoupling during

the13C chemical shift evolution period, a4L0-fold sensitivity gain for individual aromatiéC—'H correlation

peaks was achieved for the uniformi§C-labeled 18 kDa protein cyclophilin A. A new 3D ct-TROSY-
HCCH-COSY experiment is presented, which correlates the resonant&miclei with those of covalently
bound!3C—!H groups and can be applied for complete identification of aromatic spin systems. In this scheme
the chemical shift evolution of neighboring aromafi€ spins are recorded in two indirectly detected spectral
dimensions, so that the additional third dimension is obtained without increase of the number of delays.

Introduction

Mutual compensation of different spin interactions, which
individually result in rapid transverse relaxation of nuclear
magnetic resonances (NMRhas recently been used to improve
both the spectral resolution and the sensitivity for observation
of IN—IH groups in large proteins. Here, the principles of
transverse relaxation-optimized spectroscopy (TRGSifg
applied in new experiments with greatly improved sensitivity
for investigations of the aromatic amino acid residues in
uniformly 13C-labeled proteins. In NMR studies of proteins in
the size range above about 10 kDa, where unif&itnlabeling

In aromatic spin systems the relaxation mechanisms of interest
arel3C—1H dipole—dipole coupling (DD) and3C chemical shift
anisotropy (CSA) relaxation. To achieve maximally reduced
relaxation, the potentially competing interactions must be
comparable in magnitude® Large values of the principal
elements and favorable orientation of tH€ chemical shift
tensor in aromatic groups allow effective compensatiobfof-

IH coupling by CSA relaxation at the presently availakte
resonance frequencies of 66800 MHz. In contrast, the small
CSA values for aromatic protons make the use of the TROSY
method unattractive for these nuclei. Therefore, for aromatic
13C—1H groups carbon chemical shifts are recorded with the

is routinely used, the assignment of the aromatic spin systems, TROSY method, which reducé&C transverse relaxation during

which are of critical importance for high quality of a structure
determinatior?, is a severe bottlenedk’ The presently de-
scribed TROSY experiments promise to greatly improve this
situation.
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the 13C shift evolution periods, whereas broad-ba#d decou-
pling is applied duringH signal acquisition.

The 33C—1H heteronuclear NMR experiments of interest for
studies of aromatic spin systems in uniformi§C-labeled
proteins use constant-time (ct) evolution periods to eliminate
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TROSY NMR of Aromatic Rings in Proteins

relaxation, mainly with the use of3C—!H heteronuclear
multiple-quantum coherence (HMQC) during the indirect evolu-
tion periods711 For aromatic groups, sensitivity enhancements

of up to about 20% relative to the basic experiments were thus

obtained for uniformly!3C-labeled proteiné. Since in the
TROSY-type experiments only one component of tHE

doublet is selectively observed, it becomes possible to combine

the IH and13C steady-state magnetizations in such a way that
the sensitivity of the experiment is enhanced about 2-fold.
Overall, we demonstrate in this paper for the 2D ct-TROSY-
[*3CH]-COSY and 3D ct-TROSY-(H)CCH-COSY experiments
with 13C-labeled proteins of size 418 kDa that the sensitivity
gain with TROSY is 4-10-fold for individual aromatic rings,
depending on the degree of immobilization in the protein
molecule.

Methods

Aromatic 13C—1H groups have favorable chemical shift
anisotropy (CSA) for the implementation of TROSY-type NMR
experiment2. For a carbon spin in a six-membered aromatic
ring the most highly shielded directiongs, is perpendicular to
the plane of the ring, and the least-shielded orientatign,is
directed approximately along tR&C—H bond12 with average
values ofo11 = 225 ppm,o22 = 149 ppm, andrsz = 15 ppm.
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Figure 1. Pulse schemes of TROSY-type 2D and 3D {°C]-
correlation experiments for studies of the aromatic spin systems of Tyr,
Phe, Trp and His, which are optimized for minimal transverse carbon
relaxation during the chemical shift evolution peridds. each of the
schemes (a c) narrow and wide bars on the horizontal lines marked
H and*3C stand for nonselective 9@nd 180 rf pulses, respectively.
The *H and *°C carrier frequencies are placed at 4.8 and 127 ppm,
respectively. The row marked PFG indicates the applied magnetic field

In TROSY experiments these large values and the favorable gradients along the axis: G = 10 G/cm, duration 0.8 ms; G= 12

orientation of the!3C CSA tensor in aromati€C—H groups
provide efficient compensation dfC—H dipolar coupling
relaxation during théC chemical shift evolution times. In

G/cm, 0.8 ms; @= 40 G/cm, 1 ms; = 10 G/cm, 0.8 ms. (a) 2D
ct-TROSY-[3CH]-COSY, which correlates the resonances of aromatic
13C spins with those of the directly attached protons. The delaysare

contrast, the small CSA values measured for aromatic protons= 1.6 ms;za = (T — 71 + 1)/2; 7, = (T — 71 — t2)/2. The duration of

advise against the use of the TROSY method during proton

chemical shift evolution periods. Therefore, only the aromatic
carbon chemical shifts are recorded with the TROSY method,
with the use of a constant-time evolution period to eliminate
resonance overlap due%#(*3C 13C) couplings] whereas broad-
band3C-decoupling is applied during proton signal acquisition.
With this strategy the advantage of TROSY-type experiments
will be in improved sensitivity, whereas, in contrast to the
situation with®>N—'H groups? the resonance line shapes and
hence the spectral resolution will not be affected.

Pulse schemes for 2D ct-TROSYAC,'H]-COSY and 3D ct-
TROSY-(H)CCH-COSY experiments are shown in Figure 1a,b.

The relevant magnetization transfer steps are described by the,

single-transition basis operatog? and $413 which refer to
the transitions =~ 2 and 3— 4 in the standard energy-level
diagram for a system of two spiri$.1* The corresponding
resonance frequencies atg” = ws + 7dis andwd’ = ws —
s, With transversé<C relaxation ratefy; = p* + 1 + 5
andRsy = p* + 4 — 5, wherel is the autorelaxation from
13C—1H dipolar coupling of the isolatet}C—H fragment and
13C CSA, 7 is thel3C CSA and*C—1H dipolar coupling cross-
correlated relaxation, angt comprises the contributions from
all other relaxation pathways. For a rigid, isotropically tumbling

(11) Griffey, R. H.; Redfield, A. GQ. Rev. Biophys 1987, 19, 51—82.
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J. Am Chem, Soc 1997, 119, 7361-7366. Yamazaki, T.; Tochio, H.; Furui,
J.; Aimoto, S.; Kyogoku, Y.J. Am Chem Soc 1997 119 872-880.
Swapna, G. V. T.; Rios, C. B.; Shang, Z.; Montelione, G.JTBiomol
NMR 1997 9, 105-111. Shang, Z.; Swapna, G. V. T.; Rios, C. B,
Montelione, G. T.J. Am Chem Soc 1997, 119, 9274-9278.
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(13) Ernst, R. R.; Bodenhausen, G.; Wokaun, Phe Principles of
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Press: Oxford, 1987. Sgrensen, O. W.; Eich, G. W.; Levitt, M. H,;
Bodenhausen, G.; Ernst R. Rrog. NMR Spectroscl983 16, 163-192.

(14) Farrar, T. C.; Stringfellow, T. C. IEncyclopedia of NMRGrant,

D. M., Harris, R. K., Eds.; Wiley: New York, 1996; Vol. 6, 4164107.

the constant-time period;, is set to 1¥Jcc = 17.6 ms. The rf pulse
phases are set toexcept when indicated otherwisep, = {7/4, 51/
4 e = {X; v2 = {2(3), 2(=3)}; 1 = {—Y}; ¢oreceiver)= {x,~
X,—X,X}. Quadrature detection in thg dimension is obtained by
applying the States-TPPI technidfievith the phasey,. (b) 3D ct-
TROSY-(H)CCH-COSY, which correlates the resonance$@fpins
with those of the directly boun#C—*H moieties in aromatic rings.
The delays are; = 1.6 ms;r, =6.6mstt1/2; 7, = 6.6 ms— t4/2; 7. =
2.2 ms— t)/2; 1 = 0.6 ms;re = 1.6 ms+ t,/2. The two constant-time
delays,Ta = 74 + p and Ty = 7c + 74 + 7e, Were set to 3/(Mcc) and
1/(43cc), respectively. The phase cycling scheme used was=
{7[/4757[/4}1 1//c = {X}v WZ = {2(y)v 2(_y)}7 1.03 = {X}v d’l = {_y},
¢o(receiver)= {x,—x,—x,x}. Quadrature detection in thedimension
is obtained using States-TPPby simultaneously incrementing each
f the phasesp: and y. by 9C°, and int; by applying States-TPPI
with 3. (c) Insert similar to a % element’ which is used to suppress
the fast-relaxing component of tA& doublet. Panel ¢ can be omitted
for larger proteins, where this component of tf@ doublet is typically
attenuated beyond detection by fast transverse relaxation (see text). If
c is not used, the phage = {x} in both experiments. In this paper we
also use a 2D version of the experiment (b), which is obtained by setting
t, = 0 (Figure 2d). The arrows labelealto d in a anda to fin b
identify time points discussed in the text.

spherical molecule thé3C autorelaxation rated, and the
interference termy, are given by the eqs 1 and®2:

A= P+ 09{4I0) + 3w} + Is{Iw, — wg +
3(w)) + 6J(w, + w} (1)

)

wsandw, are the Larmor frequencies of the spBandl. The
coupling constants are defined ps= Yg(y1ydhiiris®)?, ds =
lllg(a)sAOs)z, and Ki = 1/5]/|j/§"m)sAi(3 cog ((I)|) - 1)/2]33,
wherey, andysare the gyromagnetic ratios bandS, A is the
Planck constant divided byn2 r;s the distance between the
nucIeiSandI, (AO‘ 2= Alz + Azz - AlAz, with Al =033~ 011

1= (Ky + K){4J(0) + 3)(wg)}
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andA; = 022 — 011, and®d; is the angle between the internuclear
vector |—S and the principal direction of the chemical shift
tensor. In the following product operator description of the
experiment an explicit treatment of the spispin relaxation is
given for the chemical shift evolution periods, but in the interest
of clarity of the representation, relaxation during polarization
transfers and during the signal acquisition periods is not
considered. The spin operators used gre, andl; for protons,
andS,, $, andS; for the respective directly attach&#C nuclei.

The improvement in sensitivity of TROSY-type experiments
is based on recording th€C chemical shifts using th&3*

Jeshin et al.

polarization of the other one. To achieve complete suppression
of the resulting “minor” transition, the element of Figure 1c is
inserted between time poinksandc, resulting in the density
operator of eq 8 at time:

0. =(u— )8, + (u+2)S,* (8)

Since theS;,!? operator does not evolve durirtg, only the
magnetization of the53* component of theS multiplet then
needs to be further considered.

The time evolution of the single-transition operadgt* during

magnetization only, which corresponds to the component of the t1 can be described by a product of the spin operator with

13C doublet with the smaller transverse relaxation rgtg, In
the conventional reference experimehts proton decoupling
during 13C evolution periods results in the effective relaxation
rateR, = /5(Ry2 + Rag) = p* + A, which is significantly faster
thanRs4 in the situation typically encountered in larger proteins.

trigonometric coefficients and a monoexponential function
representing relaxatiohso that at timed

g = —(u+ v) cos(7'IecT) sin(idy) S, exp- Rsm(g)

In 13C constant-time experiments this difference in the transverse eq 9 operators which are not converted back to observable

relaxation rates translates into a significant improvement of the

signal-to-noise ratio YN), since the signal amplitude is
proportional to exptR,T), whereT is the duration of the ct
period andR; is the transverse relaxation rate. In addition,
TROSY provides the possibility of further improving the
sensitivity by combined use of th#H and 13C steady-state
magnetizationg,which is not accessible with the conventional
NMR techniques. In the following product operator analysis
of TROSY-type experiments with3C—1H moieties we first
describe the combined use of tAel and 13C steady-state

magnetizations and then discuss the relevant relaxation factors

A quantitative analysis of the relative contributions to improved
sensitivity from transverse relaxation optimization and from the
use of thel3C steady-state magnetization is given in the
Discussion section.

In the ct-TROSY-}3C H]-COSY experiment, the longitudinal
magnetizations of the nucléiand S at timea (Figure 1a) can
be described as

o, =Uuly, + S, 3

where the constant factousandv reflect the relative magnitudes

of the steady-state proton and carbon magnetizations, respec

tively, which are determined by the spitattice relaxation rates
and the duration of the delay between data recordifigat
time b, considering thetr/4 phase shift of thep; pulse, the
density operator is given by

0y = %Zuuzllzsly +08y) — (W21S, T 0S)] (@)

The density operator, can be expressed by eq 7 when

considering that the magnetization of the individual components

of the S doublet can be described using the single-transition
basis operator§'2 and §34,

i=XYy (5)

§?=25+15,

s4=25-15 i=xy ©)

1

ﬁ[(u +0)(S, 7 — 8,1 — (=), - 8,2

()

Equation 7 then shows that th& steady-state magnetization

Op =

proton magnetization have been omitted. With the ct pefiod
= 1/1cc, the magnetization observed during the acquisition
periodt; is
0, = (U+ v)/2) I, SiN@iY) expERe ) (10)

In eq 10 the factof/; accounts for the fact that only one
component of thel®C doublet is observed. The cosine-
modulated signal is obtained by application of the pulse
sequence with the phage incremented by 90
" Inthe 3D ct-TROSY-(H)CCH-COSY experiment (Figure 1b)
the evolution of magnetization can be described using eqs
1-8, resulting in the observable proton magnetization at time
d as given by

04= —(u+ v) cog(@'IecT,) sin idy) S, > x
expRy,T,) + (U v) sin@r'IecT,) cosr'IecT,) x
sinidty) (28,,5,7'425;,5,*) exp(~ReqTo) (11)

The two terms in eq 11 represent, respectively, the direct peaks
and the relay peaks in the; dimension. After the evolution
between the time points andf, the magnetization of interest

is given by

0= —coS("JecTy) Cos@ ) 2! 1Sy EXPER,T,) +

SinET'JecTy) CoSr IecTy[COS@ad,) 215,S,, +
COS(adly)2l5,S;] exp(—R,T,) (12)

For clarity the multiplicative factors (eq 11) have been omitted
in eq 12 and the single-transition operators have been trans-
formed back to the product operators. Because the second
constant-time periodl, = 7; + 74 + e, IS very short (4.4 ms),

it is advantageous to record the chemical shifts of the carbons
S, $, and $ with proton decoupling by a 18¢*H) pulse
(Figure 1b), so that they are modulated dys, w,s, and wss,
respectively. Finally, withl, = 3/(43Jcc) and Ty = 1/(41cc)

the magnetization observed during the acquisition petias
given by

O, = —((u+v)/8) Iy, Sin(wiétl) COS1dty) eXP(—Ra,yT, —

R.Ty) + ((u+ 2)/8) Sin(wigﬁ)['zx COS(,dty)+
35 COS@3dt,)] €XP(—Rs,T, — RoTy) (13)

contributes to the polarization of one transition and reduces The two terms in eq 13 represent the direct peaks and the relay
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@, CH) [ppm] 26 °C5 and the temperature dependence of the viscosity of the
Figure 2. Comparison of two direct and two relayeliH—13C aqueous solvent. This correlation time corresponds to that of
correlation experiments performed with uniformifC-labeled cyclo- a spherical 30 kDa protein inJ@ at 30°C. In the TROSY
philin A% in 2H,0 solution (protein concentration 1 mM, pB 6.5, spectrum (Figure 2b) only the downfield component of @

10°C) on a Bruker DRX-750 spectrometer. Contour plots of a spectral doublets is observed, so that the peak positions alongjffer
region that contains resonances of phenylalanyl residues is shown. (a)rom those observed for the same-8 fragment in Figure 2a
2D ct-["C,H]-COSY? (b) 2D ct-TROSY-FC,H]-COSY spectrum 1,y ahout 80 Hz. All the peaks are more intense in Figure 2b,

recorded using the pulse scheme of Figure 1a with insertion of Figure and a number of signals can be identified in the 2D ct-TROSY-
1c. (c) 2D ct-(H)C(C)H-COSYI (d) 2D ct-TROSY-(H)C(C)H-COSY 13C 1H-COSY i Ei 2b) that letel

spectrum recorded using the pulse scheme of Figure 1btwith0 [°C.H]- Spectrum ( igure ) tha are completely
and insertion of Figure 1c. The spectra a and b were recorded with °PScured by noise in the conventional experiment (Figure 2a).

2048 (2)*70 (ty) complex points, and ¢ and d with 2048){58 (t,) A quantitative comparison of the relative sensitivity of the two
complex points, which resulted in measurement times of 7.5 h each €xperiments can be obtained from cross sections taken along

for aand b, and 5.4 h for ¢ and d. The spectra were processed with thethe w, dimension (Figure 3). On average, a 6-fold signal-to-
program PROSA! Chemical shifts relative to DSS are indicated in  noise enhancement was obtained for the TROSY-type experi-
ppm in both dimensions. Corresponding peak positions in'#e ment. For the individual peaks the enhancement varies from 4
dimension of the spectra a and b, and ¢ and d, respectively, differ by t5 10, which reflects different local mobility of the individual
about 80 Hz, since the latter were obtained without proton decoupling 5,omatic rings. The largest enhancements were obtained for

duringt; and only one multiplet component is retained (see text). The L . . .
dashed lines identify the locations of the cross sections ateripat the aromatic rings in the core Of. the protein, which have the
shortest transversgC relaxation times.

are shown in Figure 3. In a and b, the assignments of selected cross- ) )
peaks are indicated, and in ¢ and d, the dotted horizontal lines indicate 1 Ne experimental scheme of Figure 1b extends the TROSY

three-bondH—13C connectivities in the aromatic rings. approach to correlate tiel and*3C resonances of a givérC—
IH moiety with the resonances of the directly bous@—1H
fragments. This experiment enabléd and 13C resonance
assignment for complete aromatic spin systems in uniformly
13C-labeled proteins. Figure 2d shows the same spectral region
as in Figure 2b from a 2D ct-TROSY-(H)C(C)H-COSY
spectrum recorded using the experimental scheme of Figure 1b
with t; = 0. In this spectrum each aromafiC resonance is
correlated on one hand by negative peaks with the resonance
Results of the directly attached proton, and by positive peaks with the
] ) resonances of one or two protons separated by two bonds. A

The potential of the TROSY approach for NMR experiments  comparison with the spectrum in Figure 2c, which was measured
with aromatic spin systems in uniformiC-labeled proteins  \ith the corresponding conventional experimental schée,
is first illustrated by comparison of the use of 2D ct-TROSY- demonstrates that for both the direct peaks and the relay peaks
[*3C,'H]-COSY (Figure 1a) and ctC,'H]-COSY? to correlate  the amplitudes are enhanced by application of TROSY. The
the 'H and!3C resonances of aromati&C—'H moieties. The sensitivity improvement achieved with the experiment of Figure
key difference between the two experiments is that in TROSY 1b is similar to that of the direct correlation experiment of Figure
the evolution of théS spin system due to tHgis scalar coupling  1a, i.e., by a factor of 410 for individual lines, as can be
is not refocused duringy, which preserves the differences in  estimated from a comparison of the cross sections taken along
DD-CSA interference for the individual multiplet components thew; dimension (Figure 3c,d). For example, for Phe 22, which
during this period. A small region from tHel—13C correlation is located in the core of the protein and has sk#@ttransverse
spectra that contains resonances of aromatic groups of therelaxation times, the connectivities identified in Figure 2d (three
uniformly 3C-labeled 18 kDa protein cyclophilin A is compared dotted lines on the right), are not visible in Figure 2c.
In Figure 2?‘-b- . The spectra were measurgd atdpwhere (15) Ottiger, M.; Zerbe, O.; Gutert, P.; Withrich, K. J. Mol. Biol. 1997,
the correlation time for cyclophilin A was estimated tode= 272 64-81.
16 ns, using the experimental value@f= 8 ns measured at (16) London, R. EJ. Magn Reson199Q 86, 410-415.

peaks in thaw; and w, dimensions, respectively. The corre-
sponding cosine-modulated signal in tle® dimension is
obtained with simultaneous incremention of the phaggand
Y2 by 9C°, and the sine-modulated signal in tlse dimension
results from incrementation of the phage by 9C°.
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1 Figure 5. Origins of the sensitivity enhancement observed for the 2D
w3("H) ct-TROSY-[’C,H]-COSY experiment (Figures 2 and 3). (a) Loga-
[ppm] rithmic plot of the ratio of the calculated 2D correlation peak amplitudes
in the TROSY-type experimenf{) and the standard 2D ct*H]-
COSY experimenit(AS) versus the isotropic rotational correlation time,
7.. The steady-state magnetizatiotis,[land[C,[] were estimated using
eqs 22-30 in the paper by Goldman (198%%ix H spins were placed
at 0.25 nm from théH spin of the’*C—!H moiety to account for the
i ) ) influence of long-range DD interactions di (*H). In the calculation
Figure 4. 3D ct-TROSY-(H)CCH-COSY experiment recorded with  the following parameters were usetiC constant-time delayf, = 1/4Jcc
the same sample of cyclophilin A as in Figure 2 on a Bruker DRX-  — 17 6 ms; delay between successive recordingss; s = 1.18 x
750 spectrometer using the experimental scheme of Figure 1b with 109 yad s at the magnetic field strength corresponding tdHa
insertion of Figure 1c. 58(*32(t2)*1024(ts) complex points were resonance frequency of 750 MHXw) = 0.4(d/(1+(rcw)?); 13C—1H
accumulated, yieldin@imax = 11.6 MS,tomax = 4.4 mMs, andiamax = distances;s = 0.109 NM;A; = 033 — 011 = —210 ppM;Az = 022 —
102.4 ms. Sixteen scans per increment were acquired, resulting in a;,, — —76 ppm;®, = 90°; ®, = 90°; y, = 2.67 x 10 rad S1 T

measuring time of 34 h. Prior to Fourier transformation, the size of ys=6.73x 107rad s1 T~ h = 1.05x 1073 J s. (b) Plot of the ratio

data matrix was 2-fold extended by linear prediction alongndt.. of two alternative choices for the steady-state magnetization that can
The spectra were processed with the program PR@S@ntour plots be used in TROSY[H,CandH,[H+ [T,0 vsz.. The relaxation rates of

of (a) [wa(**C) ws(*H)] strips and (b) f2(**C), ws(*H)] strips are shown. gy randT,Owere estimated using eqs-220 in the paper by Goldman
The strips were taken at the aromafiC chemical shifts of Phe 53,in (19g4)8

a alongw,, and in b alongw;. The direct’3C—'H cross-peaks are
circled, and in a direct peaks and their corresponding relay peaks arethys obtained without increase of the number of delays, which

connected with Fhin !ines, thus outlining the identification of the ~gntributes to minimizing losses of signal due to transvé&iGe
complete aromatic spin system of Phe 53. relaxation

For larger proteins the often rather small spectral dispersion piscussion
of the 'H and3C resonances in aromatic rings can complicate ) ) , ,
the resonance assignment. To overcome such limitations the Despite the now quite generally available unlf_orﬁ’c-
Ct-TROSY-(H)C(C)H-COSY spectrum can be resolved in a Iabellng and an impressive repertoire ofNMR expenmen_ts, the
second carbon dimension, using the 3D ct-TROSY-(H)CCH- assignment of aromatic spin systems remains achalllenglng task
COSY scheme of Figure 1b. In this experiment the chemical for'larger proteins because of fast transyé?ﬁbrglaxgtlon and
shift evolution of two neighboring aromaiéC spins is recorded ~ ypically very limited 'H and *3C chemical shift dispersion.
in the two indirectly detected spectral dimensions,and w,. Addl_tlonal d|ff|cult|t_es may arise for mgilwdu_al rings of phenyl-
Figure 4a shows contour plots ab{(13C),ws(*H)] strips from glanlne gnd tyrosine .because of “nng f||pplﬁgé.t slow or
a 3D ct-TROSY-(H)CCH-COSY experiment measured with |ntermed|ate frequenc!es on the chem|(_;al shift _tlm_e scales. In
uniformly 13C-labeled cyclophilin A, which identify the aromatic the foIIovymg we |_nvest|gate how these d|fferent_ limiting factor_s
spin system of Phe 53. Because the different signs of the direct2r® manifested in TROSY-type NMR experiments, also in
peaks and the relay cross-peaks may lead to cancellation wherfomparison with alternative experimental approaches.
such peaks are located in close proximity, it may be helpful to ~ Th€ major advance with the TROSY approach is the
inspect also thed,(1°C), ws(*H)] strips (Figure 4b), where improved sensitivity for detection of aromaﬁK_:_—_lH correla-
corresponding direct peaks and relay peaks are observed afions (Figures 2 and 3). To estimate t.he sensitivity enhancement
different proton chemical shifts. The probability of mutual of 2D Ct-TROSY-[SC,!H]-COSY relative to the corresponding
cancellation of positive and negative peaks in crowded spectral Standard experimefitFigure 5a presents the ratio of corre-
regions can be further reduced, either in the 3D or 2D versions sponcélng cross-peak amplitudes in these two experimévts,
of the experiment, through suppression of the direct correlation ?ndA , vs the effective isotropic correlation time for th€—
peaks relative to the relay peaks. This is achieved by choosing H Pond, ., calculated with
the periodT, shorter than 3/cc) and Ty, correspondingly T
longer than 1/(#cc), which obviously represents a compromise AT _ 100 [CZDeXp 4T (14)
with regard to obtaining maximal sensitivity. Another technical AS 2 [H,O
detail of the 3D experiment of Figure 1b contributes to optimal
sensitivity: Both carborcarbon polarization transfer steps are  whereH,[and[C,Jare the steady-state magnetizationsfér
combined with the recording of the carbon chemical shifts, so and!3C, 7 is the13C DD—CSA interference term given by eq
that the total time period with carbon magnetization in the 2, andT is the3C constant-time delay. The parameters used
transverse plane is not increased when compared to thefor the calculation of Figure 5a are listed in the figure caption.
corresponding 2D experiment. The third spectral dimension is The steady-state magnetizatiofii,[Jand [C,[Iwere estimated
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using eqgs 2230 in the paper by Goldman (198%)Six 'H
spins are placed at 0.25 nm from tHe spin of thel3C—1H
moiety to account for the influence of long-range DD interac-
tions onTy(*H). Since the'3C chemical shifts are recorded
during a constant-time period, the ratio of the cross-peak
amplitudes grows exponentially with, and hence with the
protein size (note the logarithmic scale in Figure 5a). &or
around 15 ns, an enhancement factor of 7 is predicted, which
corresponds closely to the experimental data obtained with
cyclophilin A at 10 C (Figure 3). Overall, Figure 5a predicts
that TROSY-type experiments will show superior sensitivity
for proteins of all sizes, when compared to the corresponding
conventional experiments.

Part of the signal enhancement for the TROSY-type experi-

ments shown in Figure 5a is due to the use of the steady-state

13C magnetization (eq 3). In Figure 5b, which compares the
relative contributions of the steady-staké and3C magnetiza-
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tions to the observed signal (see eq 14), this effect is considered

separately. For. values in the range 160 ns, the two
magnetizations are predicted to contribute comparably to the
resulting signal, which also opens the possibility to achieve
suppression of the fast relaxing component of @ doublet
by combined use of thiH and!3C steady-state magnetizations
(see Figure 6).

To verify the predictions of Figure 5 about the relative
contributions of the steady-statel and13C magnetizations to

Figure 6. Combined use ofH and*3C steady-state magnetization for
signal enhancement and suppression of unwanted peaks. The figure
shows 2D ct-TROSY3CH]-COSY spectra recorded with the uni-
formly 3C!*N-labeled hPrP(122231) in ?H,O solution (protein
concentration 1 mM, pD= 4.5, 20 °C) on a Bruker DRX-750
spectrometer using the pulse sequence of Figure 1a with the insertion
of Figure 1c. Cross sections along(*3C) are shown which comprise

the resonances of tHéC doublet of the aromati£’C°—*H? moiety of
Phel41. (a) The steady-stdf€ magnetization was dephased before

the observed signal, the experimental scheme of Figure 1a wadhe first 90 proton pulse by application of a high-power spin-lock pulse

used with the 14 kDa C-terminal domain of the human prion
protein, hPrP(121231). For this small protein at 20 both
components of thé3C doublet can be observed along the
dimension in the 2D ct-TROSYXC,H]-COSY spectra (Figure
6). In the first three of these test measurements (Figure 6a
c), the element of Figure 1twas used without application of
the pulsey,, so that the phase of one doublet component is
shifted relative to the other one by 9®%ee eqs 7 and 8). The

for 4 ms on the carbon channel followed by a 1-ms PFG of 30 G/cm.
The signals of the twé*C multiplet components$3* andS*?, have a
phase difference of 90 (b) The steady-stateH magnetization was
similarly dephased by applicatiorf @ 4 msspin-lock pulse on the
proton channel. In ¢ and d, neither of the steady-state proton or carbon
magnetizations was dephased so that both contributed to the observed
signal. In a, b, and c the element of Figure 1c was applied without
executing the pulse., so that both components of tR&C doublet

were retained. Otherwise the total recording time and the experimental

cross sections a and b in Figure 6 were taken from spectraparameters were identical in all four experiments, so that a comparison

measured with dephasing of either tH€ or the'H steady-

state magnetization before the start of the pulse sequence
Figure 6¢ is taken from a spectrum recorded without dephasing

of either of the steady-state magnetizations, which results in
nearly complete suppression of the higher field-shifted multiplet

of ¢ and d offers an illustration of the impact of the pulgg(Figure
1). Chemical shifts relative to DSS in ppm (bottom) and shifts in Hz
relative to the center of thé3C doublet (top) are indicated. The
resonance positions of the two multiplet components are indicated by

vertical dashed lines.

component. The combined use of the two steady-state mag-ar€ achieved over the range from 500 to 800 MHz, i.e., the
netizations also resulted in 2-fold enhancement of the amplitude €ntire frequency range that is currently of interest for high-

of the observed component (compare Figure 6¢ with Figure 6,
a or b). The nearly complete cancellation of the unwanted
component in Figure 6c¢ is not noticeably improved by additional
application of the pulse . (Figure 6d), showing that with the
use of13C steady-state magnetization the element of Figure 1c
can be safely omitted for all but the smallest proteins, since the
unwanted component of tHC doublet is attenuated beyond
detection. Thel*C steady-state magnetization, which was
recently also constructively used for obtaining axial peaks in
reduced-dimensionality triple resonance spettthyus contrib-
utes here directly to improved sensitivity of the desired multiplet
component.

An important practical consideration is the range of resonance
frequencies for which the TROSY approach yields the afore-
mentioned advantages of improved sensitivity. Maximal
suppression for one component of € doublet is achieved
at alH frequency near 600 MHz, and values near this maximum

(17) Meissner, A.; Duus, J.@.; Sgrensen, O.JMBiomol NMR 1997,
10, 89-94. Sgrensen, M. D.; Meissner, A.; Sgrensen, O.JMBiomol
NMR 1997, 10, 181—-186.

(18) Szyperski, T.; Braun, D.; Banecki, B.; Wuich, K. J. Am Chem
Soc 1996 118 8146-8147.

resolution NMR with proteins. This compares favorably with
the situation for'®\N—H moieties in proteins, where maximal
T, suppression is obtained atld frequency near 1 GHzThe
significance of each contributing relaxation mechanism can be
estimated using eqs 1 and 2. For an aromatic spin system at a
IH resonance frequency of 750 MHz the magnitudes of the
interactions underlying the different individual relaxation mech-
anisms arg = 2.83 x 10° (rad/s¥, s = 2.64 x 1 (rad/s¥
andK; + K, = 4.25 x 10° (rad/s§. This results in a residual
magnitude of the overall interaction of 1.22 10° (rad/s¥ in

the TROSY experiment, and 5.471(° (rad/s¥ in conventional
ct-[13C,'H]-COSY? These numbers show that the DD and CSA
autorelaxation terms of a proton-bound aromatic carbon-13 spin
are compensated in the extent of about 80% by the cross-
correlation terms, where the incomplete compensation is due
to the fact that the chemical shift tensor for aromatic carbons
deviates from axial symmetd¢. Another contribution to the
residual relaxation ofC, in the extent of about 1. 10° (rad/

s@, comes from homonuclear proteproton longitudinal
relaxation? This contribution of the longitudinal relaxation to
the transverse relaxation &iC in aromatic'3C—H groups is

due to DD interactions with remote hydrogen atoms and hence
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is nearly independent of the frequency. For studies of larger dispersion, the aromatitH resonances are intrinsically more

proteins, this relaxation pathway can be partially suppressedsensitive to the flipping motions than th#% resonances. As a

by reverselH-labeling of the aromatic residues in otherwise result, use of HMQC-type NMR experiments, where b#th

perdeuterated proteifs. and13C nuclei evolve in the transverse plane, is less favorable
Finally, line broadening for the aromatic rings of the Phe in critical situations than the single quantum coherence scheme

and Tyr due to slow “ring flipping®1°may prevent observation  used in the TROSY approach, where the evolution time of

of individual aromatic spin systems also by TROSY-type transverse proton magnetization is minimized.

experiments. It should, however, be considered that due to the

larger gyromagnetic ratio and the generally larger chemical shift ~ Acknowledgment. Financial support was obtained from the
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