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Abstract: A large fraction of hydrogens in proteins and nucleic acids is of the methylene type. Their detailed
study, however, in terms of structure and dynamics by NMR spectroscopy is hampered by their fast relaxation
properties, which give rise to low sensitivity and resolution. It is demonstrated that six different relaxation
interference processes, involving *H—3C and 'H—'H dipolar interactions and *H and 3C chemical shift
anisotropy, can be used simultaneously to mitigate these problems effectively. The approach is applicable
to the majority of NMR experiments commonly used to study side chain and backbone conformation. For
proteins, its efficiency is evaluated quantitatively for two samples: the third IgG-binding domain from
Streptococcal Protein G and the protein calmodulin complexed with a 26-residue target peptide. Gains in
both resolution and sensitivity by up to factors of 3.2 and 2.0, respectively, are observed for Gly residues
at high magnetic field strengths, but even at much lower fields gains remain substantial. The resolution
enhancement obtained for methylene groups makes possible a detailed analysis of spectral regions
commonly considered inaccessible due to spectral crowding. For DNA, the high resolution now obtainable
for Cs' sites permits an Hs'/Hs''-based sequential NOE assignment procedure, complementary to the
conventional base-Hi'/H,'/H," pathway.

Introduction IH—1H splittings that enhances spectral appearance, and bio-
logical macromolecules, where the benefits of the improved

relaxation properties selected in our experiments further enhance
spectral quality. Conceptually, the new approach is an extension

In recent years, it has been shown that transverse-relaxation-
optimized NMR spectroscopy (TROSY) methods can extend

the application of NMR to considerably larger systems. To date, i .
TROSY experiments have been described for optimizing of earlier E.COSY based technologgimed at measurement

observation of'SN—H amide groups? aromatic 3C—1H of _1H—13C and'H—H dipolar couplings in proteﬁand nucleic
sites3~5 and most recently3C-'Hs methyl group$. No such acid® methylene groups. The element introduced here for
methods have been available for methylene groups, even thougtPPtimized NMR ' observation of methylene groups can be
they represent 46% of the observable protons in proteins, andincorporated in many of today’s most common 2D and 3D NMR
the G’ methylene group in nucleic acids represents a critical €xperiments. As an example, we show its incorporation in 3D
backbone element. Frequently, these methylene regions are"*C-separated NOESY, enabling observation of the sequential
difficult to access due to severe spectral crowding. Hs'—H; NOEs in DNA and thereby providing sequential

Here we present an approach, based on relaxation-optimizedaSSignment information. The experiments also provide access
spectroscopy and multiplet simplification, that considerably to the measurement of the gemirttl—'H scalar and dipolar
improves both the resolution and sensitivity of methylene group coupling, as well as both corresponding one-béht-1C
NMR studies. The approach is applicable both to small interactions.

molecules, where it is primarily the suppression of geminal
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All data sets have been processed with nmrPigeor resolution and
sensitivity comparisons, no apodization of the time domain data was
employed. Data were zero-filled by a factor of 2 in all dimensions prior
to Fourier transformation.

Three different samples were employed. The first sample comprised
1.8 mM uniformly (- 95%) *3C *N-labeled third 1gG-binding domain
from Streptococcal Protein G, hereafter referred to as GB3, dissolved
in D20, pH 5.6, 50 mM sodium phosphate (data were acquired at 10
°C). The second protein sample contained 1 mM uniformi®%%)
13C 15N-enriched calmodulin, complexed with an unlabeled 26-residue
peptide comprising the calmodulin-binding domain of skeletal muscle
myosin light chain kinase, hereafter referred to as CaM/Mtigssolved
in D20, pH 6.8, 100 mM KClI (data acquired at 35). The third sample
corresponds to a 19-base-pair DNA binding site of the transcription
factors Oct-1 and Sox-2 in the HoxB1l promotérOne strand
(purchased from Silantes GmbH, Munich, Germany) is uniformly
13C >N-enriched (5TGTCTTTGTCATGCTAATG-3) and forms a
duplex with the unlabeled complementary DNA strand@ATTAG-
CATGACAAAGACA-3'). The DNA duplex was dissolved inD, at
a concentration of 0.8 mM, in 10 mM sodium phosphate, 10 mM
dithiothreitol, and 0.02% Nad\ pH 6.5 (data acquired at 3%).

Quantum chemical calculations of methylene proton chemical
shielding tensors were carried out using the GIAO method as
implemented in Gaussian@3the hybrid B3LYP functional, and the
6-311++G(3df,3pd) basis set on all atoms. Results reported are for
the methylene group of the model systersCHN(H)—C(O)—CH,—
N(H)—CHs, which was constructed using standard bond lengths and
angles, a NC'—C*—N dihedral angle (psi) of 135and a C-C*—
N—CMe dihedral angle of-13%, to mimic a glycine residue in an
antiparallel beta strand geometry. Calculations of the absolute chemical
shielding tensors for GlyH* methylene protons yield the following
parameters: for the Y proton (pro-R),0xx = 23.0 ppm,oyy = 28.3
ppm, oz, = 30.4 ppm; angles between the-€ vector and these three
principal components are equal to 82.8.4°, 89.5, and angles between
the H—H vector and these three principal components are equal t6,47.3
42.8, 89.7. For the H proton (pro-S), the principal components are
Oxx = 23.9 ppm,gyy = 27.9 ppm,o,, = 33.6 ppm; angles between the
C—H vector and these three principal components are equal t6,82.7
73.7, 18.0°; and angles between the-HH vector and these three
principal components are equal to 49.87.C°, 49.C°. Calculations at
the same level of theory on tetramethylsilane (B3LYP/6-BG
optimized structure) yield a proton isotropic chemical shielding of
31.6 ppm.

Theoretical Section

We consider a system of three coupled sfimuclei (3C,

1H1, and'H?), corresponding to an isolated methylene group.
Each spin is assumed to be characterized by an axially
symmetric chemical shielding tensor. The single quantum
NMR spectrum of each proton consists of a doublet of
doublets, corresponding to the different spin states of the other
1H and the!3C. Each of the four components of protor# H
(Figure 1a) can be described by a single-transition operator
(HPQ), which can be represented as a combination of product
operator term&? describing in-phase and antiphase transverse

(10) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
Biomol. NMR1995 6, 277-293.

(11) Ikura, M.; Clore, G. M.; Gronenborn, A. M.; Zhu, G.; Klee, C. B.; Bax, A.
Sciencel992 256, 632-638.

(12) Williams, D. C.; Cai, M. L.; Clore, G. MJ. Biol. Chem2004 279, 1449~
1457

(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Pople, J. A,,
et al. Gaussian O3revision B.04; Gaussian Inc.: Pittsburgh, PA, 2003.

(14) Sarensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.; Ernst, R.
R. Prog. Nucl. Magn. Reson. Spectrod®83 16, 163-192.
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Figure 1. NMR transitions in a3CH, group. (a) Energy level diagram of

an isolated CFHH2 spin system. Each eigenstate is defined by three signs
“+" or “ =" (with “ +" for m; = +%, and “=" for m, = —1/;), where the

first sign corresponds to th€C spin state and the two latter signs té H
and H. Long-dashed lines depi#t transitions, and short-dashed lines are
13C transitions, each labeled with its single transition operator, defined in
egs 1 and 3. (b) Schematic representation of the 2D multiplet pattern
observed for an individual methylentH in a fully coupled HSQC
experiment. The diagram correspondsdey > 0, 24y < 0 andlcy: =

Were > |2d2|. For et = ez, C-T andCH~ transitions have vanishing
intensity (open ellipsoids). The chemical shift frequencies are masked
anddn. Horizontal short-dashed lines and vertical long-dashed lines mark
13C andH frequency transitions, respectively. The transverse relaxation
rate for each transition is defined in egs 2, 4, and 5. Italic charaatens
correspond to the panels of Figure 4 which display this multiplet component
experimentally.

coherencesil, 2H.C,, 2H! HZ, 4HICH?%
HPO=H; + p x 2HIC,+ q x 2HIHZ + pg x 4H.CHZ (1)

where P and Q characterize the eigenstates ©f and H?
respectively: P,Q) € {(+,1);(+,—);(—,1);(—,—)}, with “+”
and “=” corresponding tan, = +%/, (JoOspin state) andn, =
—1/, (|80spin state), respectively. Correspondinglys= 1 for
P=+;p=-1forP=—;g=1forQ=+;q=—-1forQ
= —. With the relative magnitude and the sign of couplings
involved in a methylene spin system taken into account, the
position of each multiplet component, corresponding to an
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individual H transition, is indicated in Figure 1b. As a result be introduced for each pair of correlated interactions, in this
of interference between the different dipeldipole and chemical ~ study we assume a uniform value 8t = 0.8, frequently a
shift anistropy (CSA) relaxation mechanisms operating on a reasonable approximatiéh. The symbol Aoa denotes the
givenH, different line widths are expected for each multiplet chemical shielding anisotropy of spin A, defined/s, = (011
component. The relaxation rate of an individual transition is — (022 + 033)/2), whereo; is the chemical shielding tensor

described bip component furthest from the isotropic shielding value.
RHPQ) =20+ TERPD , + TSoACSA— Results and Discussion
-CSADD — Y CSADD DD,DD As described in the theoretical section, the fully coupled (in
pxT qxT +pgxT ) ) e t ' g !
HLC R Hic.He bothH and3C dimensions) HSQC spectrum will show eight
where the first three terms correspond to dipolBp '?H?c, multiplet component§ for each mgthylene proFon of an isolated
Tiore) and CSA [5PAC%) autorelaxation rates, and the 13CH, group. The different coefficients applicable for each

last three terms correspond to cross-correlated relaxationMultiplet component when calculating the total relaxation rate

_ i i ; i from the sum of the autorelaxation and cross correlation terms
beé\é\geDen H CSA and H-C dlpole—dlpole !nteract!on . o & [CSADD [CSADD ODOD . [CSADD [-CSADD - 1
(T, H CSA and H-—H? dipole-dipole interaction OLSAS <79, L » L HiHLHe L HicHIH2 “ccm » Locre o And
(Fﬁfﬁiaz ., and dipole-dipole cross-correlated relaxation be- Ichiche result in different line widths for each of these eight

ween H—C and H—H?2 (rach’,DHDle)- The four single-transition components, schematically indicated in Figure 1b. Analogous

1 . to the well-known!H—15N TROSY experiment,selection of
operators and corresponding relaxation rates for protbarkl . . .
. . L - the slowest relaxing component will enhance spectral resolution.
obtained by interchanging indices 1 and 2 in egs 1 and 2.

. . : As described below, such a selection can be made with high
1 ’
The four®®C transitions (Figure 12) are described by efficiency by a suitably optimized pulse scheme, yielding

PA—(c + 2C HL + 2C H2+ 4C HH2 considerable resolution enhancement and even increases in
c Gt P x 2GH; +ax 2GH; +pax 4CH; Z3 sensitivity over conventional HSQC experiments. Below, the
®) experiment is quantitatively analyzed for the three-spin system
whereP and Q now represent the eigenstatesl-d)j‘ and Hi, of Gly residues in uniformly*3C-enriched proteins, dissolved

respectively. In @H-coupled HSQC spectrum of a methylene N D20. Application to other methylene spin systems in
group, the two center components of the doublet-of-doublets, blomacromolecules, outside of the isolated-three-spin approxi-
corresponding to transitiol®™— andC—, are of opposite phase  Mation, will also be presented. S

and cancel one another. The spectrum then appears as a doublet Methylene Spin-State-Selective Correlation.Figure 2a

in the3C dimension, consisting of the two observable transitions SOWS the implementation of a 2D experiment that specifically
C*+ andC- -, separated bydeiit + Lcr. Analogous to eq 2 selects one of the eight methylene HSQC multiplet components.
the relaxation rates of thé*C multiplet components are 1hiS 2D CH-TROSY pulse scheme is very similar to the

; standard inverse heteronuclear two-dimensional sensitivity-
described by . . .
enhanced HSQC experiméhbut lacks!H decoupling during
P DD,DD DD,DD CSA,CSA CSA,DD 1 i i . ifi imi
R(C Q) =Tdiom T Dpere + TEE —px IgHe’— t anql 3C Qecoupllng d‘l‘mngg It alnso uses modified timing
CSA DD DD.DD durations in the final “RanceKay” element of the pulse
axTer +pax Tepicre (4) sequence to accomplisRCH, spin-state-selective coherence

transfer or CH-S°CT.

The pulse scheme starts with an initial INEPT transfef-bf
magnetization to!3C (time pointa). An S’E element?20
between time pointa andb, then selects the slowest relaxing,
most downfield component of tHéC multiplet,C~ ~. The total
S°E duration, normally 1/cy) for methinel3C—1H groups,

Assuming isotropic rotational diffusion in the slow tumbling
limit for a macromolecule with fast internal dynamics of
moderate amplitude, the individual auto- and cross-correlated
relaxation rates (eqs 2 and 4) are givert®oy

DD,DD _ +~DD,DD __ DDy2,
Tichc = Tewen = (Sne TCSZ/ ° (5a) is reduced to 1/Bcy) ~ 880 us, to account for the Acy
Rl (EDD )2r /4 (5b) separation between the outer multiplet components itiie
HiHzHIH2 — A5hR2! 5C dimension. Thect+ magnetization component is eliminated by
[$SACSA= 4(ESH2r S745 (5¢) the 90 13C pulse applied at time poitt which rotates it to the
’ z-axis, whereas th€~ ~ magnetization remains in the transverse
Lo = 45A Q0P (cosbiam DTcST15  (5d)  plane and evolves during with frequencydc + “Jeu. This
5,00 b DD 50,00 ma}gnetlzanon is then encoded _by gradientsddd G. As
TRvax = 2Eam EaxPo(COSORy 22 )TcS 5 (5e) pointed out aboveC™ ~ can be written as the sum of the four
product operator termsC~~ = Cx — 2CHs — 2CH?Z +

where AD,DM, and X denottza thg C,llglg/i H2 spins, in arbitrgry 4CHIHZ. The subsequent methylene spin-state-selective co-
order, Eay = (uohyaym/87)Bay Ll E57" = yaBoAoa, 04" is herence transfer (poir to e in Figure 2a) transform&= ~
the angle between the principal axis of interactiorendu’, 7. into the following fourIH single quantum coherencesi,
is the global correlation timeay is the distance between nuclei

A and M, and%? is the squared generalized order param&ter. (17
Although, strictly speaking, a specific order parameter should (8

Tjandra, N.; Bax, ASciencel997, 278 1111-1114.

)
) Kay, L. E.; Keifer, P.; Saarinen, 7. Am. Chem. S0d.992 114, 10663~
10665.
(19) Meissner, A.; Duus, J. O.; Sorensen, O. WMagn. Reson1997, 128
(15) Kumar, A.; Grace, R. C. R.; Madhu, P. IRrog. Nucl. Magn. Reson. 92—97.
Spectrosc200Q 37, 191—319. (20) Meissner, A.; Duus, J. O.; Sorensen, O. WBiomol. NMR1997, 10,

(16) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559. 89—-94.
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Figure 2. Pulse schemes of GHFTROSY experiments. Narrow and wide bars indicate nonselecti?ea®0 180 pulses, respectively. Unless specified,
pulse phases are Delay durations:A = 1/(2Jch); 71 = 0.34/Qch); T2 = 0.23/0cw). For selection of the downfield;™ ~ components:g; = —V; ¢2 =
(225, 45°); ¢s = x; and¢ge = x are used to select the"~ component in théH dimension (see Table 1¢5 = (X,X,Y,y), ¢4 = X andprec = (X,—X,—X,X). The
experiment is recorded in the regular Ran&@y mannert® for eacht; increment, two FID's are acquired, one withy,GGs, and ¢4 inverted, and

30, 10, 12, 30, 30, 18 G/cm; and directionsxy, y, =z z X, Y, Z, =z, XyZ (a)

2D CH-TROSY experiment, in the nonconstant-time mode (i.e., optimal

for Gly). The shaped3C* pulse has a REBURP profile (3.1 ms duration at 800 MHz 06 ppm bandwidth inversion}3C' 180° pulses (carrier at
177 ppm) are sine-bell-shaped and have durations ofus8@b) Pulse scheme of the 2D gMROSY and 3D CHHTROSY-NOESY adapted for nucleic
acids. The shapetfC,; pulse has been generated by coadding two REBURP prétildssigned to refocus selectively two separate frequency regions:
65—70 ppm and 3843 ppm (3.75 ms pulse duration at 800 MHz). Homonuclear band-seléé@yg , effective decoupling over the #89 ppm fre-
guency range is achieved by means of a train of°1&fiabatic pulses (WURST-4 created with the Bruker shape @gfactor = 4, for an inversion
bandwidth of+£1300 Hz, maximum radio frequency field strengtB,/27r = 804 Hz, 5.25 ms duration at 800 MH2)in a p5m4 composite decoupling
sequencd 2 x (0, 150, 60, 150, 0), X (180, 330, 240, 330, 18py3 1 decoupling during acquisition is only applied for the 3D experiments, using a

GARP decoupling sequence witfBi/27 = 4.2 kHz. Quadrature detection

MC (t1) and H (t2) dimension is achieved by recording four separate

free induction decays or FIDEA to E4) per pair of €1,t2) values, with the following phases and gradient settinGs= {¢4 = X, ¢7 = X, G4, Gs}; Ex =

{¢a=—X ¢7=x, =G4, —Gs}; E3 = {¢a =X, g7 =Y, G4, Gs}; andE4 = {

= —X, ¢7 =Y, —Ga, —Gs}. Prior to Fourier transformation, the FIDs are

rearranged as followsEy' = {E; + Ej}; By’ = {E4 — Eg}; Es' = {Es + E4}; andEs = {E1 — E}. Corresponding Bruker pulse programs and NMRpipe

macros are available at http://spin.niddk.nih.gov/bax/.

2HIC, —2HIH? —4HICH2. With identical values assumed
for the two one-bond coupling&lcrt = WcH2 = Jen, the transfer
efficiency in this CH-S*CT element is the same for generation
of Hi(t1, 72) and —4H.C,HZ(7y, 72) terms and described by a
factor f(z1, 12):

f(ry, T,) = cos@@IyTy) SiN(IeyT,) + sin@@deyry) (6a)

Generation of BILC,(1, 7o) and—2H:H (71, 7,) also carries a
common prefactor:

(71, 75) = sin(@eyty) COS(TIeyty) COSETIey 7o) +
cos@dcy Ty) Sin(mdey 7)1 + sinz(nJCHrl)] (6b)

If 71 and 7, delays are chosen such tHét:, 72) = g(r1, 72),
cancellation occurs for signals corresponding to transititiis

H- —, andH~* (Figure 3a). In contrast, the terms contributing
to H™™ magnetization add constructively, yieldingrmultiplet

in which only the most upfield component has nonzero intensity
(Figure 3a). Although a continuous range of, (r2) values can
satisfyf(z1, 72) = g(r1, 72) (Figure 3b), the solutionr{ = 0.34/
Uch; 12 = 0.23MJcy) corresponds to the highest transfer

efficiency (Supporting Information Figure S1), and use of these
values maximizes the sensitivity of correlatiog ~ andH*~
transitions.

Figure 4 demonstrates that each of the elght13C multiplet
components for a given methylene proton can be selected
separately with the pulse scheme of Figure 2a. The correlations
correspond to the @13 spin pair of Gly-41 in GB3. Different
correlations in théH dimension are selected by changing phases
¢s andgg in the CH-SCT element in the manner described in
Table 1. These phases control the signs of therf)-dependent
transverse!H magnetization terms, generated by the ,CH
S3CT element:Hi(t1, 72), 4H,C,H (11, 72), 2H.C,(71, 72), and
2HiH§(rl, 72). So, these terms can be individually inverted,
without affecting their absolute magnitude. Next to selection
of the desired proton transition bys and ¢, the phasep,
of the 13C 90 pulse preceding the®E element controls selec-
tion of the desired'3C multiplet component, evolving dur-
ing t;. Analogous to previously proposed TROSY experi-
ments for’>N—1H and aromaticd3C—H spin system$;2* the

(21) Geen, H.; Freeman, R. Magn. Reson1991 93, 93-141.
(22) Kupce, E.; Freeman, R. Magn. Reson., Ser. 2996 118 299-303.
(23) Fujiwara, T.; Nagayama, K. Magn. Reson1988 77, 53—63.
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Figure 3. Selection of individual multiplet components in GAIROSY.

(a) Schematic representation #1 resonances corresponding to in-phase
and antiphase terms (Hy, (i) 2HxC, (i) —2HxH, and (iv) —4HyC,H,,
generated after the GHspin-state selective coherence transfer. The
magnitudes of the (i) and (iv) terms are proportionate to the fundtan

77); (i) and (iii) are proportionate tg(z1, 72), with f(z1, 72) = cos@Icnt)
Sin(.T[JCHTz) + sin(nJCHrl) and g(‘[l, ‘[2) = sin(nJCHn) COSQ‘[JCHTl)
CoS(rIcnt2) + cos@lentz) Sin@rlcnt2)(l + sirk(ndcuti)). Forf(ry, 12) =
o(71, 72), only one'H multiplet component remains when coadding the
spectra. (b) Contour plot dfz1, 72) — g(z1, 72).

Table 1. Phase Settings in Figure 2 for Selection of Each of the
Eight Components of a CH; Group?

transition selected P2 @R o o5 component®
ct+ H+- y 135°/315 y X d
H++ y 135°/315 X y c
H™~ y 135°/315 y y b
H~ y 135°/31% X X a
Cc - H= -y 225/45° X X h
HH+ -y 225/45° y y 9
H™~ -y 225°/45° X y f
H-+ -y 225/45° y X e

aBold entries correspond to selection of the narrowest component, i.e.,
to the CH-TROSY experiment? The character corresponds to the Figure
4 panel containing this multiplet component.

steady-state BoltzmankC polarization can be added to the
magnetization transferred frok by appropriate selection of
the phase; in Figure 2, thereby enhancing sensitivity. For each

(24) Pervushin, K. V.; Wider, G.; Wuthrich, K. Biomol. NMR1998§ 12, 345~
348.
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of the eight multiplet components, the optimized combinations
of radio frequency phases are given in Table 1.

Incomplete suppression of multiplet components not selected
by a given combination of phases in Table 1 can arise from
deviations from the; = 0.34*)c andr, = 0.231)c condition,
which cannot be met simultaneously for the experimental range
of Wcy values (referred to adlcy mismatching}®26 Other
causes of incomplete suppression include differential relax-
ation?7-28the finite lifetime of the passive spin stafeand, in
particular for the methylene case, evolution resulting from the
relatively large?Juy coupling. The selection efficiency of the
S°E element in the presence &fcy mismatching has already
been well documentet$:3° Simulatior?! of effects induced by
the neglectedJyy evolution or due totJcy mismatch during
the CH-SPCT element demonstrate that the intensity of multiplet
components not selected by any given phase cycle combination
of Table 1 will be<0.6% (for2J yy = —18 Hz) and=<1% (for
Alcn/Jen = 0.1). Because the transfer delagisand 7, are
relatively short, the effect of passive spin state flips or
differential relaxation during the final G5°CT element is
relatively small and does not result in significant breakthrough
of unselected components. Perhaps surprisingly, initial experi-
ments using 500 sample volumes in regular NMR tubes
revealed that Bfield inhomogeneity can result in detectable
spurious peaks (up to 4% of the selected component). However,
in all tested cases (using 500 and 600 MHz cryogenic probe-
heads and 600 and 800 MHz room-temperature probes), this
artifact is reduced below 1% by restricting the sample height,
using a 28Q«L volume in a thin-wall Shigemi microcell. One-
dimensional cross sections, shown in Figure 4, confirm that no
selection artifacts are observable at the noise threshold. How-
ever, accurate pulse calibrations remain critical to achieve clean
selection: simulated and experimental results indicate'that
or 13C pulse miscalibration by as little as 5% can result in
selection artifacts of up to 7%.

Whereas, in standartH-coupled HSQC experiments, cor-
relations involving theC~" andC*~ transitions are not observed,
they can potentially lead to undesirable correlations in the
CH,-TROSY experiment. It can be shown that such artifacts
arise from thé3C Boltzmann polarization (vide infra, eq 8). In
this case, the CHS’CT element converts th€~+ and C*~
coherences into thd™+ — H™ ~ combination of single-transition
operators, with an efficiency that depends on delayandz,
(data not shown). To study this artifact more precisely,»CH
TROSY spectra with enhanced intensity of this artifact were
recorded for the GB3 sample by starting from in-pha%e
magnetization. The undesired signal at #f& chemical shift
frequency,dc, then consists of a doublet, antiphase in tHe
dimension and separated Bycy + 2Jun, in agreement with
theoretical analysis (data not shown). Calculationgfer 0.34/
1Jcn andr, = 0.23M)cy indicate that the intensity of this artifact

» (25) Meissner, A.; Schulte-Herbruggen, T.; Briand, J.; Sorensen, QVIb\/.
Phys.1998 95 11371142.
(26) Sorensen, M. D.; Meissner, A.; Sorensen, O.JWBiomol. NMR1997,
10, 181-186.
(27) Rance, M.; Loria, J. P.; Palmer, A. G. Magn. Reson1999 136, 92—
101.
( 8) Kojima, C.; Kainosho, MJ. Magn. Reson200Q 143 417-422.
29) Meissner, A.; Schulte-Herbruggen, T.; Sorensen, QJV&m. Chem. Soc.
1998 120, 7989-7990.
(30) Meissner, A.; Schulte-Herbruggen, T.; Sorensen, QJ.\Wm. Chem. Soc.
1998 120, 3803-3804.
) Nicholas, P.; Fushman, D.; Ruchinsky, V.; CowburnJDMagn. Reson.
200Q 145, 262—-275.
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Figure 4. Experimental spectra for the eight multiplet components of Figure 1b, recorded with the pulse scheme of Figure 2a, for the*Gily-@B31

The eight spectra were recorded at°f) 500 MHzH frequency, with the pulse phases listed in Table 1. Spectdh@rrespond to th€™+ transition;
e—h,toC~—;aande, ttH *; b and f, toH™ —; c and g, toH**, d and h, toH™~. A cross section through each of the selected components is shown to
highlight differences iftH line widths.

represents only ca. 2% of the selected correlation in the regular'H dimension {4) results from removal of théJyy splitting
CH,-TROSY spectrum. Use of longer delays, which still satisfy (%A4) and selection of the slowest relaxing multiplet component
the equalityf(z1, 72) = g(r1, 72) (Figure 3b), can decrease the (YAy). To a first approximation, it is described by

intensity of this artifact even further (Supporting Information,

Figure S2). Total cancellation can be obtained fpe= 0.50/ . Ry + 0 x [l

Jcn andr, = 0.25M)cy but would occur at the expense of a H™ R, + [CSADD _ [-CSADD _ [-DD,DD

20% drop in sensitivity (Supporting Information, Figure S1) HLHH2 = HLHIC HIC, HiH2

and an increase of other sources of artifacts. Therefore, as a 7% Pyl

compromise between sensitivity and artifact intensity, values = JAH X FAH =11+———| x

of 71 = 0.4~Jc andr, = 0.241)cy are used. With these delays, Ry

no artifact larger than 1% is observed and the experiment still Tﬁfﬁiﬂ? - Tﬁfﬁi'éD - TalDél,DHDle -
retains>95% of its maximum sensitivity. 1+ R, (7a)

High Resolution IH—13C Spectra. As expected, intensities
and line widths of the eight multiplet components of methylene whereRy is the proton autorelaxation ratdy = FalDCPH?C +

IH—13C correlation spectra vary considerably (Figure 4). The Tptirue + [in . Each of the three pertinent cross-

correlation between transitio® ~ andH*~ exhibits the most  correlated ratesIsrre: [omies and Tpiiop. €an be ex-
favorable relaxation properties (Figure 4h). The longer relaxation tracted from the difference 8H line widths for suitably chosen
time of H~ compared tdH~* indicates that at the position of  pairs of resonances (eq 2). Analysis of spectra recorded for the
proton H, the sum of the dipolar fields correspondingf€ CaM/M13 complex, at 38C and at &H frequency of 800 MHz

= |aCand H = |f0decreases the “local field” of theCSA (data not shown), yields average valued 05, = 27.4 +
Eerm+.+S_|m|_IarIy, the longer relaxation time & ~ compared 3.2 Hz, TSA = 6.2 4 3.9 Hz, andrSoAL0 = —0.6 & 3.9

0 C™ indicates that, at the C position, the sum of the dipolar p; Therefore, for moderate size proteins, the two most
fields decreases the “local field” of théC CSA term when  jmportant factors for the line narrowing effect in tHél

both protons are in théSUspin state. Therefore, optimal  4imension are the dipotedipole cross-correlated raR22:22

resolution is obtained when the GFTIROSY experiment selects 44 the suppression of tRéyy splitting (17-18 Hz forl(al;)z.
this correlation. Whereas the absolute line narrowing caused by removal of the

As an example, Figure 5 compares the Gly region of such a 23, splitting remains constant, the contribution from the cross-
CHTROSY spectrum, recorded for the 20 kDa CaM/M13 correlated relaxation increases with the correlation time and
complex, with a regular sensitivity-enhanced HSQC experiment, thereby the size of the protein. For the CaM/M13 complex, the
optimized for methylene correlatiot?>Comparison otH line experimentally determined resolution enhancement factay is
widths in these two spectra highlights the increased resolution. = 2 30, withJi,;, = 1.54 and"Ay = 1.49. For the tetrahedral

We define a resolution enhancement fadigias the ratio of geometry of the Gly methylene groups, substitution of our
the NMR signal line width measured in the HSQC and in the experimental value oF i n, into eq 5Se yields .S = 6.74
CHz-TROSY spectra. The resolution enhancement factor in the ns. With a generalized order parame&r= 0.8 for Gly-C*
assumed, this corresponds#o= 8.4 ns, in good agreement
(32) Schleucher, J.; Schwendinger, M.; Sattler, M.; Schmidt, P.; Schedletzky, \yith previous measuremer#&No prior experimental data for

O.; Glaser, S. J.; Sgrensen, O. W.; Griesinget].@Giomol. NMR1994 4, X L i N .
301-306. the Gly+H> chemical shielding tensor magnitude or orientation
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are available to confirm the measured cross-correlated relaxatior
rates, and instead we use the results from DFT calculations (seq

Methods). Forr.S> = 6.74 ns and DFT-derivetH shielding
tensors, the predicted cross-correlated relaxation rates average
over the two methylene protond'{Fern. = +6.56 Hz and
rﬁfﬁﬁ.‘? = —0.17 Hz) are in very good agreement with
experimental resultd e’ = +6.2 Hz andlipe = —0.6
Hz).

In the 13C dimension, the resolution enhancement fadtor
is defined as the ratio of the HSQC line width over that in,€H
TROSY:

DD,DD
Re + Tcricre

DD,DD CSA,DD | 1-CSA,DD
Fenicre T Icen T Tcer

A (7b)

R +
whereRc is the carbon autorelaxation rat® = T'gpien +
[ehiae + LS Again assuming tetrahedral geometry and
7.2 6.74 ns, calculation of the dipotalipole cross-
correlation rate yieldd'gniome ~ —20.5 Hz. Although this
corresponds to a ca. 25% decreasé&¥h transverse relaxation
rate compared tQRe, Teniere affects the twol3C multiplet
components,C~ ~ and C™*, observed in HSQC and GH
TROSY identically. In contrast, the two CSA-dipole cross-
correlated rate§'Cey” and [gHy " broaden the upfield*C
multiplet component and narrow the downfie@!; ~ transition,
observed in the CHTROSY experiment. For calmodulin Gly
residues at 800 MHz, measurement of the decay rat€s of
and C** yields TgHy° + IEgy® = —17 £ 5 Hz. This
corresponds to &C resolution enhancement factas = 1.4.

Assuming 0 4y° = 055" the value ofAoc x P(cos
0cr") is determined from eq 5d and the experimental

I’ + Iy rate. This yieldsAoe x Pa(cosOcH™") =
—25 ppm, in good agreement with the experimental CSA values
measured by solid-state NMR for Gly*G*

Finally, the total resolution enhancement factor of the;CH
TROSY over the HSQC experiment ig = Ay x Ac = 3.2.
With the relative sign of each cross-correlated relaxation rate
involved taken into account, the GHROSY experiment makes
it possible to benefit from all six relaxation interference effects
to reduce the decay rate of the selected multiplet component.
Cross-correlated relaxation rates increase with the molecular
correlation tumbling timerc. For the CSA values reported
above, the resolution enhancement resulting from interference
effects,"Ay x Ac, becomes larger thaliy for molecules with
S%rc above 5.3 ns. CSA-dipole cross-correlated relaxation
increases linearly with magnetic field strength, wheréhg
coupling and, to a good approximation, dipel¢ipole cross-
correlated relaxation rates are field-independent. However,
considering that the magnitudeslf and'3C CSA are moderate
for aliphatic groups, suppression of tRdyy splitting and
dipole—dipole cross-correlation are the dominant factors behind
the increased resolution. Therefore, the,dHRROSY experiment
remains quite efficient at low field: a resolution enhancement
factor of Ar = 2.8 is observed for the CaM/M13 complex at
500 MHz, compared to the above-mentiongd= 3.2 at 800
MHz (Table 2).

(33) Lee, A.L.; Sharp, K. A; Kranz, J. K.; Song, X. J.; Wand, ABibchemistry
2002 41, 13814-13825.
(34) Yao, X. L.; Hong, M.J. Am. Chem. So@002 124, 2730-2738.
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Figure 5. Comparison of (a) HSQC and (b) GHROSY spectra of Gly
C%H; groups in'3C-enriched calmodulin, complexed with unlabeled M13
peptide. Correlations are labeled by residue number. Both experiments were
optimized for methylene detection, with the delay of the RanceKay
element in the HSQC experiment adjusted to 1Kg).32 Spectra were
recorded at 800 MHz, 38C, with a relaxation delay of 2.5 s and total
measuring times of 2.3 h each. Identical acquisition and processing
parameters were used: time domain matrices of 19840* data points,

with acquisition times of 96 md) and 80 mstg), no apodization of the

time domain data. Spectra are plotted at identical contour levels, and
correlations are labeled by residue number. Inset cross sections, taken at
the position of the dashed lines, correspond to Gly-23. The average
resolution enhancement obtained with £FROSY is g = 3.2, while
sensitivity is increased by the factdg = 2.

Table 2. Average Observed Gly C*H; Resolution and Sensitivity
Enhancement Factors in a Calmodulin/Peptide Complex?

Bo (T)° An Act Ar° As®
11.75 2.3 1.2 2.8 1.6
18.8 2.3 1.4 3.2 2.0

aData at 35°C for a (3C, 15N)-labeled sample of the 20 kDa CaM/M13
complex in 0. ® The recycle delay, optimized for maximum sensitivity,
is1.8sat11.75 T and 2.5 s at 18.8°TT'he resolution enhancement factors
An andAc are defined as the ratios of tAel (An) and thel*C line widths
in the regular HSQC and GHIROSY spectra. The total resolution
enhancement factoig, equals the product ofy andAc. The sensitivity
enhancement factalg, is the ratio of the intensity in the G-TROSY and
regular HSQC spectra, recorded with identical acquisition and processing
parameters.

Sensitivity Enhancement.Compared to the regular HSQC
experiment only one-half of the initidH polarization is retained
after the SE filter (Asse= 0.5). This loss is partially compensated
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by the addition of thel3C Boltzmann polarization, which
contributes to the detected signal in the £HROSY experi-

durations in botiH and3C dimensions and process the spectra
without any apodization of the time domain data.

ment, as discussed previously. At the end of the INEPT element  Under these conditions, the expected sensitivity enhancement
(time pointa, Figure 2a) the signal intensity is described by factor coming from favorable relaxation properties of the;CH
the following: 1(0) = Mu(d) x [2CH? 4+ 2CHZ] + Mc() x TROSY experiment equals 2 Ac x TAy, whereic andTAy
[Cd, whereMx(0) is the initial Boltzmann magnetization for are defined in eq 7, and where the factor 2 is due to the
nucleus X, using a recycling delay, I(6) can be decomposed  suppression of th&lyy splitting, assumingJuy is resolved in
in terms of single-transition operato®° (eq 3): the HSQC spectrum. As discussed above, experimentally we
find Ac = 1.4 and"Ay = 1.49 for the Gly-CH, spin system at
M (9) 1+ [Mc(0)  My(9) Bo = 18.8 T. However, an additional factoty, needs to be
2 +C 4 2 + defined to account for the reduced transfer efficiency of the
Mc(0) CH-SCT transfer relative to a methylene-optimized, sensitivity-
4

Mc(0)
4

+

1(0)=C (
(C+C) (8) enhanced RaneeKay element. This factor depends on the
delaysr; andt, (Supporting Information Figure S1) and has a
maximum forz; = 0.348)cy andz, = 0.231)cy (AT = 0.85).
With all of the described effects taken into accout¥C(spin
state selection, use offC Boltzmann polarization, cross-
correlated relaxation, proterproton decoupling enhancements,
and transfer efficiency), the total sensitivity enhancement is then

Only C ~ ~ is selected in the CHTROSY experiment. Because
My is directly proportional to the gyromagnetic ratjg, of X
(ynlyc =~ 4;i.e, My/Mc =~ 4), eq 8 indicates that a 12.5% signal
increase is expected when tH€ Boltzmann magnetization is
added. A larger sensitivity gain is expected under nonequilib-

rium, steady-state conditions for the case wh&igH) > given by
T1(13C).4'24
Mc(0) + M, (6
The dependence of signal contributions resulting ftéhand Ag = Agp X M) X 2 x Ae x Ay x Ar (9)
13C steady-state polarization as a function of the recycle delay, My (9)

0, has been measured for the calmodulin Gly residues at a 18.8-T
(800 MHz H frequency) magnetic field strength (Supporting Yielding a value ofts = 2.2, in good agreement with a value
Information, Figure S3). Optimal signal-to-noise per unit of o0f 2.0, observed experimentally at 800 MHz (Table 2). The 10%
measuring time is obtained for~ 2.5 s. At this interscan delay, ~ discrepancy between predicted and experimentally determined
the 13C Boltzmann magnetization corresponds to a signal sensitivity enhancements is likely to result from two factors
increase of 33% over the case where only the magnetizationneglected in the above calculation: the effect of relaxation
transferred fromH is selected. In practice, shorter interscan during the very short ¥ filtering delay and partial overlap of
delay times are frequently used to complete all required phasethe two 'H doublet components in the reference HSQC
cycling steps in a finite amount of available measurement time. spectrum. This partial overlap increases the apparent HSQC
For a typicald ~ 1 s duration, thé3C Boltzmann component  intensity and, therefore, reduces the observed gain of the CH
increases the signal by 50%; i.e., the total amount of observed TROSY experiment. When it is considered that much of the
IH magnetization becomes 75% of that in a regular HSQC gain in resolution and sensitivity results from dipefgipole
experiment. cross correlation effects, which are independent of magnetic
The line narrowing effect resulting from cross-correlated field strength, the CHTROSY experiment remains advanta-
relaxation in both'H and 13C dimensions also contributes to ~ geous across the entire range of commonly used magnetic field
increased intensity of the detected signal in the;JROSY strengths. Indeed, a sensitivity enhancement factdg of 1.6
experiment. However, if the acquisition time in tH&C was observed for the CaM/M13 sample at 500 MHz, only 20%
dimension were adjusted to a fixed multiple of the effective €SS compared to the gain observed at 800 MHz.
13C magnetization decay constant, the slower deca}}3@f Effect of NongeminallH—lH Interactions. Above, discus-
magnetization has a negligible effect on the sensitivity of the sions focused on an isolated three-spin system, exemplified
experiment per unit of measuring time. In contrast, in the directly through the study of Gly methylene groups. However, the
detectedH dimension, where longer sampling does not increase experiment is directly applicable to all methylene sites in
the total time of the experiment, sensitivity per unit of measuring Macromolecules. For such nonisolated methylenes, rethete
time increases with the square root of the obtained resolution *H interactions need to be taken into account when evaluating
enhancement factor, again assuming that the acquisition timethe merits of the CHHTROSY experiment. Both passive scalar
equals a fixed multiple of the decay constant in the two interaction, ®Jus, and dipolar '*H—'H relaxation with the
experiments. In practice, sensitivity comparisons of regular and additional protons will broaden tréi signal, whereas the effect
TROSY type experiments are commonly carried out under Of the additional protons on th€C decay will be negligible
conditions where identical sampling times are used for the compared to that of its directly bonded protons. For the
regular and the TROSY-type experimeft§,a comparison methylene protons, the differencelid line width between the
which increases the apparent sensitivity in the TROSY-type CH2-TROSY and regular HSQC experiments is not affected by
experiment, but which obviates calculation of the precise, the additional presence of neighboring protons, but the relative
residue-dependent timing parameters needed for optimizing eactiesolution and sensitivity gain decrease as the remote protons
experiment. For simplicity, we therefore adhere to this common broaden théH line width in both types of experiments by the

practice and compare data sets that have identical samplingsame amount.
The effect of protons in the vicinity of a methylene group

can be described by adding the following terms to both the

(35) Tugarinov, V.; Kay, L. EJ. Mol. Biol. 2003 327, 1121-1133.
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numerator and denominator &f (eq 7a): =127 x 3w +
Sje12 Thiviw Where H (i = 1,2) denotes one of the methyl-

ene protons. For macromolecules, such line broadening often_CH:type

will cause the geminadJyy coupling to be unresolved in the
reference HSQC spectrum. Removal of thkyy coupling
contribution to the'H line shape will narrow the resonance in
the CH-TROSY spectrum but will appear less pronounced than
for the case of isolated methylenes. Also, the additidhiat
1H dipolar interactions increase the effectitte longitudinal
relaxation rate of methylene protons, without significantly
affecting the relaxation rate of3C, thereby reducing the
fractional contribution of the BoltzmantC polarization.

To evaluate the enhancement offered by theCTROSY

Table 3. Resolution and Sensitivity Enhancement Factors for
Methylene Sites in Proteins and DNA?

G C,S,D,N,F Y, W, H M, Q, E, K, R C,° Cs'®
A 2.3 1.7 14 1.6 1.9
As 1.7 1.0 0.8 1.0 13

a Data recorded at 800 MHz, using the pulse sequence of Figure 2a for
samples of {¢C, 1*N)-enriched GB3 T = 10 °C), and using the pulse
sequence of Figure 2b for a 19-basepair DNA oligonie+(35 °C), both
in D20. The resolution enhancement factay, corresponds to the average
line width in the regular HSQC experiment divided by that in the,CH
TROSY experiment. The sensitivity enhancement fadtgris the ratio of
the intensity in the CHTROSY spectrum divided by that in the regular
HSQC spectrum, recorded with identical acquisition and processing
parameters? One-letter amino acid residue type. Numbers listed apply for
CPH,. On average, the optimal GFTROSY recycle delay was found to be

experiment for nonisolated methylene groups experimentally, ca. 1 s for Gly-C and ca. 0.5 s for side chain GH Methylene groups in

we recorded CHTROSY and regulatH—13C HSQC spectra
for GB3 at 800 MHz and 10C. The GB3 protein (56 residues)

the DNA oligomer. The optimal CHTROSY recycle delay for Ckigroups
in DNA was 0.8 s.

is much smaller than calmodulin and yields resolved correlations the 1—1H network: H'/Hs" are only coupled to ¥, whereas

for most of its methylene resonances, in both the-CROSY
and HSQC spectra (Supporting Information, Figure S4). The

H,'/H;'" protons arel-coupled to both ki and H'. Nevertheless,
as will be demonstrated below, even this moderate-@b)

spectra can be recorded either in the constant-time (CT) modeggain in resolution can considerably enhance spectral appearance.

(using a CT*C evolution period of £0cc ~ 28 ms¥® or in the
regular manner. If the CHTROSY spectrum is recorded in the
CT mode "Jcy couplings ( = 2) are not decoupled and cause
some attenuation at the end of the CT evolution period: for
exampleJcy = 7 Hz results in a 20% loss of magnetization.
On the other hand, as is the case for 3N TROSY-based
experiments/ the favorablé3C relaxation properties apply for
the full duration of the CT period], whereas in the regular
CT-HSQC favorable relaxation applies to the two multiplet
components for durations af — t3/2 andty/2. This changes
the intensity of the CHTROSY signal by a factor of
20EEP° + TEGPD) x (1 — exp —2(TEEY° + TEEPI
relative to that in the HSQC experiment. In the CT mode, this
factor should substitute foic in eq 9 when calculating the
sensitivity enhancement factdsis. ThisAsfactor increases with

the size of the molecule, and its magnitude becomes larger than
the enhancement obtained for regular, non-CT acquisition mode

(eq 7b) wherf*rc = 5.7 ns, assuming a regular CT duration of

T = 28 ms. For side chain methylene carbons, we find that the

intensity ratio observed in GHTROSY versus HSQC spectra
is also strongly influenced by the amplitude of internal dynamics
of the methylene group, with more internal motion resulting in
a smaller value o£s.38 In constant-time experiments, improved

The smaller enhancements observed in the,-CTROSY
experiment when applied to groups embedded in an environment
rich in protons is similar to that observed in other TROSY
methods, such as those employed for enhancing signétsl ef
IH pairs or 13C—H3 groups?® In these latter experiments, signal
enhancement is considerably enhanced when neighboring
protons are replaced by deuterons. For the,TROSY
experiment described here, in the absence of deuteration, a dense
proton environment may lead to a small loss in sensitivity
compared to a standard, methylene-optimized HSQC experi-
ment. However, the gain ifH resolution remains quite
pronounced, making the experiment useful for unravelling the
typically crowded methylene region of protein and nucleic acid
spectra.

Application to Sequential Assignment of Nucleic Acids.
The CH-TROSY enhancement can readily be incorporated in
the wide range of commonly used 3D experiments. Here, its
benefit is illustrated for the 3B°C-separated NOESY experi-
ment, applied to DNA.

In nucleic acids, NOE interactions between adjacent nucle-
otides constitute the mainstay of sequential assignment3Eer
enriched RNA, the conventional TROSY approach has been

spectral appearance therefore mainly results from the line Shown to improve substantially th€C resolution of base

narrowing obtained in théH dimension. This latter effect

carbons, benefiting the 3E¥C-separated NOESY experiment

depends strongly on the number of protons geminal to the for observation of sequential basgi#to Hy' NOEs? However,

methylene carbon in question? @ethylenes of Cys, Ser, Asp,
Asn, Phe, Tyr, Trp, and His each have only a single proton
(H®) that isJ-coupled to M. For these residues, the gainti
resolution is, on averaggy, = 1.7 (Table 3). Smaller gains are
obtained for @ methylenes of Met, Glu, GIn, Arg, and Lys
residues (Table 3), where three vicinal protons h#g and
dipolar interactions with

When comparing € to G5 methylene groups in DNA, we
also find smaller enhancements in resolution and sensitivity:
An=1.6vs1l.9ands=1.0vs 1.3 (Table 3). The disappearance
of a sensitivity gain is again consistent with the topology of

(36) Vuister, G. W.; Bax, AJ. Magn. Reson1992 98, 428-435.

(37) Salzmann, M.; Pervushin, K.; Wider, G.; Senn, H.; Wuthrich,PKoc.
Natl. Acad. Sci. U.S.A1998 95, 13585-13590.

(38) Yang, D. W.; Mittermaier, A.; Mok, Y. K.; Kay, L. EJ. Mol. Biol. 1998
276, 939-954.
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the shortest distances between sequential nucleotides in a
standard duplex helix involve protons in the) Gind G
positions3® These NOEs are often difficult to analyze because
of spectral overlap, especially in thes’Gegion. Below, we
demonstrate that incorporation of the £HROSY element
considerably improves spectral resolution, thereby permitting
the study of sequential NOEs involving,H,"" and H'/Hs"
protons.

Table 3 reports the resolution and sensitivity enhancement
factors for the @ and G' methylene groups in a 19-base-pair
DNA fragment!? when comparing the 2D version of the gH
TROSY experiment of Figure 2b with that of the analogous
methylene-optimized HSQC experiment. Comparison of tie C

(39) Wijmenga, S. S.; van Buuren, B. N. Mrog. Nucl. Magn. Reson. Spectrosc.
1998 32, 287—387.
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Figure 6. Comparison of (a) sensitivity-enhanced HSQC and (b)-CH
TROSY spectra of the £region of a 19-base-pair DNA oligomer for which
one strand was uniformly enriched 1C. Spectra were recorded at 800
MHz, 35 °C, with measuring times of 1.2 h per spectrum. Spectra result
from identical time domain matrices, consisting of 200512* data points,
recorded with acquisition times of 96 mg)(and 64 mstp). Data were
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Figure 7. Sequential connectivity involving methylene protons in a DNA
oligomer. (a) Strips taken for nucleotides T3, C4, and T5 from thé%D
separated CHTROSY-NOESY spectrum, recorded on the 19-base-pair
DNA duplex with the pulse scheme of Figure 2b. The spectrum was recorded
at 800 MHz, 35°C, 250 ms NOE mixing time, and a total measuring time
of 48 h. The time domain matrix consisted of 122*55* x 512* data
points, with acquisition times of 55 mg;), 50 ms z), and 64 mstg).

Only sequential NOEs are labeled in the figure. Due to partial overlap, the
T3-C;' strip also contains correlations for T18, marked by asterisks. (b)
Summary of the observed sequential connectivities for T3-C4-T5, modeled
in B-form helical geometry.

processed identically, without apodization of the time domain data. Spectra 13C5', and3C,’, band-selective adiabatic homonuclear decou-

are plotted at the same contour levels. Cross sections show ghe C
correlations of T5 and C14.

regions of the 2D CHTROSY and HSQC spectra (Figure 6)

pling was used to eliminate the large one-bdde: couplings
(lJcc ~ 40 HZ).40
Figure 7 shows small regions of strips taken through the 3D

confirms a considerable enhancement in spectral resolution,CH,-TROSY-NOESY spectrum of the 19-base-pair DNA oli-
resulting in a nearly 2-fold increase in the number of resolved gomer, highlighting some of the NOE connectivities observable

resonances.

for C; and G' methylene protons. Because of the absence of

In B-form DNA, the two shortest distances between sequential homonucleat3C—13C and geminatH—'H J splittings, as well

nucleotidesi andi + 1 involve pairs H'(i)/Hesg(i + 1) and
Hi'(i)/Hs" (i + 1). We demonstrate that the latter interaction can
be readily observed when the GHROSY element is incor-
porated in the 3D?C-separated NOE experiment. In our
implementation (Figure 2b), the TROSY element is placed

as the slower transverse relaxation resulting from the-CH
TROSY element, high spectral resolution is obtained in both
the indirect'3C (F;) andH (F,) dimensions. This, for example,
yields resolved correlations for the,Qorotons of nucleotide
T3, which overlap with T18 in the regular HSQC-NOESY

before the NOE mixing period, such that the enhancement spectrum (data not shown). As expected, sequential NOEs

resulting from thé3C Boltzmann magnetization is retained and
the relatively well dispersed H and Hys resonances are
observed during the detection peridgl, When it is considered
that3C,’ and3Cs' chemical shifts are well separated fréf@;’,

among H'"(T3)/Hs(C4), H,"(C4)/Hs(T5), Hs'' (C4)/H'(T3), and
Hs"(T5)/H,'(C4) are clearly visible and readily permit the
sequential assignment to be made. Relatively intense intranucle-
otide NOE cross-peaks are also visible betweehdtd the
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base H proton, with a weaker correlation betweeg'thnd H; enhancement resulting from the gHROSY element is largest
resulting from spin diffusion via K during the relatively long when applied to isolated methylene groups, such as those found
NOE mixing time (250 ms). For this mixing time, intranucle- in Gly residues. These are often located in turn regions in
otide correlations betweenstfHs' and H' are absent and only  proteins, whose precise geometry is frequently difficult to
the H''/H;' sequential connectivity is observed. Therefore, the identify from the low number of restraints that typically can be
3D 13C-separated CHTROSY-NOESY experiment offers two  extracted for these residues from conventional spectra. When
separate pathways for sequential assignment, which complementhe molecule is weakly aligned relative to the magnetic field,
each other in cases of ambiguities resulting from spectral the ability to separately observe any of the methyl&ge-H
overlap. multiplet components also permits measurement of all three
dipolar couplings for such a group. Besides the important
structural information this offers, we currently are also inves-

Detailed analysis of NMR signals involving the abundant tigating the application of the measurement of three independent
methylene protons in macromolecules is frequently hampereddipolar couplings in the plane of the methylene moiety to
by severe spectral crowding and rapid transverse relaxation. Thischaracterize its dynamic properties.
problem provided the impetus behind a powerful but labor-
intensive new isotope labeling procedure, known as SAlL, Acknowledgment. We thank F. Delaglio for writing the
where one of each pair of methylene hydrogens is substitutedSPecial processing macro required for the Fourier transform of
stereospecifically by deuterium. Instead, the ,OHROSY the 3D TROSY-NOESY and H. Kovacs for help in implement-
enrichment, but no selective deuteration, is used. The-CH an HFSP fellowship; E.M., by an ARC fellowship; D.C.W., by
TROSY experiment yields considerable enhancement in resolu-& PRAT fellowship; and D.L.B., by an NSERC fellowship. This
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of the 23y splitting, which are both independent of magnetic
field strength, the approach is beneficial over the entire range
of commonly used magnetic field strengths.

The CH-TROSY element can be incorporated in a wide
variety of NMR experiments, thereby potentially facilitating both
resonance assignment and the extraction of structural and
dynamic parameters involving methylene groups. The spectral

Concluding Remarks

Supporting Information Available: Four figures showing the
following: CH,-TROSY transfer efficiency as a function of
transfer delays; andzy; the relative intensity of spurious peak
corresponding to transitioB~+ andC*~; experimental signal-
to-noise as a function of interscan delay in £FROSY;
comparison of side chain methylene regions of GB3, recorded
with CH,-TROSY and regular HSQC. This material is available
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