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Abstract: A carbon-detected TROSY-optimized experiment correlating *HV, *°N, and 3C’' resonances,
referred to as c-TROSY—HNCO is presented, in which the *HN and **N TROSY effects are maintained in
both indirect dimensions, while the directly detected *3C' is doubly TROSY-optimized with respect to *HN
and *N. A new strategy for sensitivity enhancement, the so-called double echo-antiecho (dEA), is described
and implemented in the c-TROSY—HNCO experiment. dEA offers sensitivity enhancement of V/2 in both
indirect dimensions and is generally applicable to many multidimensional experiments. A carbon-detected
HNCO experiment, c-HNCO, without TROSY optimization and sensitivity enhancement is also designed
for comparison purposes. Relaxation simulations show that for a protein with a rotational correlation time
of 10 ns or larger, the c-TROSY—HNCO experiment displays comparable or higher signal-to-noise (S/N)
ratios than the c-HNCO experiment, although the former selects only 1/4 of the initial magnetization relative
to the later. The high resolution afforded in the directly detected carbon dimension allows direct measurement
of the doublet splitting to extract *Jcc scalar and *Dcc residual dipolar couplings. Simulations indicate
that the c-TROSY—HNCO experiment offers higher precision (lower uncertainty) compared to the c-HNCO
experiment for larger proteins. The experiments are applied to SN/*3C/°H/[Leu,Val]-methyl-protonated
|IBMannose 3 protein of molecular mass 18.6 kDa with a correlation time of ~10 ns at 30 °C. The experimental
pairwise root-mean-square deviation for the measured *Jcc couplings obtained from duplicate experiments
is 0.77 Hz. By directly measuring the doublet splitting, the experiments described here are expected to be
much more tolerant to nonuniform values of 'Jcec (or *Jeec + Do for aligned samples) and pulse
imperfections due to the smaller number of applied pulses in the “out-and-stay” coherence transfer in the
c-HNCO—TROSY experiment relative to conventional *H-detected “out-and-back” quantitative J correlation
experiments.

Introduction technology, and in particular the advent of cryogenic probes
Multidimensional 2*C-detected NMR spectroscopy has optimized for'*C detectiort? H-start’*C-observe experimerits

recently attracted considerable attention as an alternatité-to ~ SNOW particular promise for large macromolecules since they

detected NMR spectroscopy for studying large macromole- combine the advantages of high initial magnetization and
culed~19 and paramagnetic protei#s!2 These developments reduced deuteron relaxation. Particularly useful are 3D HCC

have been fueled in large part by progress in hardware TOCSY-type experiments designed for the assignment of side-
chain 1H and 13C resonance$!%15 Experiments correlating

(1) Maudsley, A. A.; Muller, L.; Emst, R. Rl. Magn. Resorl977, 28, 463~ backbone'H, 1N, and 13C resonances, however, suffer from
(2) Oh, B. H.; Westler, W. M.; Darba, P.; Markley, J. Sciencel 988§ 240, low signal-to-noise ratios owing to the long residence'®f
3) 9C?\Ba_ngll'l.M ; Westler, W. M.; Santini, R. E.; Markley, J.1..Am. Chem and:C magnetization in the transverse plane'
Soc.1982 104, 4008-4010. T T . The introduction of transverse relaxation-optimized spectros-
@ 3222”5"pw‘pé Eﬁégw' 'C"h'gr‘j]ma}h{-'iz';%'(')é"ﬁ"S%rgg%g'-z" Pierattelli, R.; copy (TROSY}® has extended the molecular mass range for
(5) Bermel, W.; Bertini, I.; Felli, I. C.; Piccioli, M.; Pierattelli, Rerog. Nucl. IH-detected experiments from proteins of-4D kDa to>100
Magn. Reson. Spectros2006 48, 25—45. 17-20 i i
(6) Bermel, W.; Bertini, I.; Felli, I. C.; Kummerle, R.; Pierattelli, B. Magn. kDa. In a_smgle-qu_antum TROSY eXperlment' the trans-
. EFSOEZ%G ’\%78 ‘56—(6)54.K P hin. K Biomol. NMR2003 verse relaxation rate is reduced by selection of the slowly
etsky, A.; Moreira, O.; Kovacs, H.; Pervushin, X .Biomol.
26, 167—-179. (12) Bertini, I.; Luchinat, C.; Parigi, G.; Pierattelli, &hemBioChen2005 6,
(8) Bertini, I.; Felli, I. C.; Kummerle, R.; Moskau, D.; Pierattelli, B. Am. 1536—-1549.
Chem. Soc2004 126, 464—465. (13) Kovacs, H.; Moskau, D.; Spraul, NProg. Nucl. Magn. Reson. Spectrosc.
9) 2H(;JS K. F.; Vogeli, B.; Pervushin, KJ. Magn. Reson2005 174, 200~ 14 %005 4?‘1,_ 13é_1|§|5i o AL Bi . NMR2003 25, 147152
. ervushin, K.; Eletsky, Al. Biomol. , 147-152.
(10) Jordan, J. B.; Kovacs, H.; Wang, Y. F.; Mobli, M.; Luo, R. S.; Anklin, C.;  (15) Hu, K. F.; Vogeli, B.; Clore, G. MJ. Biomol. NMR2006 36, 259—
Hoch, J. C.; Kriwacki, R. WJ. Am. Chem. So2006 128 9119-9128. 266.
(11) Bermel, W.; Bertini, I.; Felli, I. C.; Kummerle, R.; Pierattelli, B. Am. (16) Pervushin, K.; Riek, R.; Wider, G.; Wuthrich, Rroc. Natl. Acad. Sci.
Chem. Soc2003 125 16423-16429. U.S.A.1997 94, 12366-12371.
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relaxing doublet component of a sp8 scalar coupled to a
spinl in thea or § state. For example, at a polarizing magnetic
field of ~1 GHz, the cross-correlated relaxation between the
HN—N dipolar interaction (DD) and theHor N chemical shift
anisotropy (CSA) can almost completely cancel their auto-
correlated relaxation fdPN—HN bonds. Two-dimensional (2D)
[*HN,15N]-TROSY can be implemented in most 3D triple-
resonance experiments as a basidN[!>N]-correlation ele-
ment16.2-24 Concomitantly 13C relaxation can be significantly
suppressed by deuteration of nonexchangeable prétorise
same TROSY principle reducé$SC relaxation in aromatic
13C—1H bonds?® Recent implementations include methylene
TROSYZ” methyl TROSY?8-30 and hNcaNH TROSY¥! Re-
laxation optimization for methylene groups makes use of
favorable interferences betwelt—13C and'H—1H dipole and
1H and!3C CSA relaxation mechanism$Kay and co-workers
have shown that the'JC,'H]-HMQC experiment is in fact a
TROSY experiment for methyl groups due to cancellation of
intra-methyl dipolar relaxation rates in large proteins such that
the rapidly relaxing coherences do not mix with the slowly
relaxing ones throughout the whole pulse sequéhétUsing
a [3C H]-HZQC experiment{?C/*H zero-quantum) improves
resolution even furthe®

In this paper we present a noviél-start*3C-observe experi-
ment, termed c-TROSYHNCO, that is TROSY-optimized in
all three dimensions correlatifgi™, 15N, and!3C’ resonances.
To our knowledge, this represents the first time that both the
[*HN,15N]-TROSY building block is applied in the indirect
dimensions and the directly detect&@’ dimension is doubly
TROSY-optimized with respect 81N and'>N. The coherence

transfer selecting TROSY components has been well demon-

strated for biomacromolecul@%:1822.26.28.30|n gddition, we

experiment can serve as the basis for a large range of triple
resonancé3C-direct detection experiments. For example, the
magnetization on the carbonyl carbon can be further transferred
to the side-chain carbons for detectiSnin addition, imple-
mentation of the dEA scheme represents a general concept for
sensitivity enhancement.

Under most circumstancel${-detect triple resonance experi-
ments exhibit higher S/N than the correspondi?@rdetect ex-
periments. This includes the out-and-bakkdetected TROSY
HNCO which is one of the most sensitive triple resonance
experiments. Nevertheless, there are certain situations in which
the13C-detect triple resonance experiments are clearly superior
in particular under circumstances where the backbone amide
IHy resonances are selectively broadened relative td*de
and 13C resonances. Examples of such situations include the
presence ofHy line broadening arising from water exchange
or paramagnetic relaxation enhancement (either due to the
presence of an intrinsic paramagnetic center or an extrinsic one
added for other purposes). In general, protein NMR is usually
carried out at pH values below 7 where backbone amide water
exchange is slow. However, there are numerous examples of
proteins that behave poorly (e.g., aggregate) at such pH values,
necessitating the need to carry out NMR measurements at pH
values>8. Likewise, any study on unfolded or partially folded
proteins or proteins with large disordered regions will suffer
from backbone amid&Hy exchange line broadening at pH val-
ues above around 7. It is under these types of conditions that
13C-detect experiments come to the fore. In addition to these
considerations3C-detect experiments permit one to readily
obtain high resolution in th&C dimension without impacting
experimental measurement time. This is particularly useful, for

employ a new strategy, the so-called double echo-antiecho€xample, in the measurement'8€—*C couplings (e.g.Jcec

(dEA), that provides\/i sensitivity enhancement in both

indirect dimensions by coherence order selectivity (COS). The

in HNCO experiments).
We show both experimentally, using@/13C/H/[Leu,Val]-

coherence order selective transfer throughout the experiment ismethyl-protonated sample of IM8"™°se(18.6 kDa,z. ~ 10ns

obtained by concatenating a ST2-PT coherence trai$fem
IHN to 15N and a with regard t&°N “coherence order selective”
to “spin-state selective” (COS¥Bcoherence transférfrom 15N
to directly detected®C'. The design of the c-HNCOTROSY

(17) Salzmann, M.; Wider, G.; Pervushin, K.; Wuthrich, X.Biomol. NMR
1999 15, 181-184.

(18) Pervushin, KQ. Rev. Biophys.200Q 33, 161-197.

(19) Riek, R.; Pervushin, K.; Wuthrich, Rrends Biochem. S&@00Q 25, 462—
468.

(20) Tzakos, A. G.; Grace, C. R. R.; Lukavsky, P. J.; Riek,ARnu. Re.
Biophys. Biomol. StrucR006 35, 319-342.

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

(22) Salzmann, M.; Wider, G.; Pervushin, K.; Senn, H.; WuthrichJKAm.
Chem. Soc1999 121, 844—848.

(23) Salzmann, M.; Pervushin, K.; Wider, G.; Senn, H.; Wuthrich].K8iomol.
NMR 1999 14, 85—-88.

(24) Yang, D. W.; Kay, L. EJ. Biomol. NMR1999 13, 3—10.

(25) Venters, R. A.; Farmer, B. T.; Fierke, C. A.; Spicer, L.DD.Mol. Biol.
1996 264, 1101-1116.

(26) Pervushin, K.; Riek, R.; Wider, G.; Wuthrich, B. Am. Chem. Sod998
120, 6394-6400.

(27) Miclet, E.; Williams, D. C.; Clore, G. M.; Bryce, D. L.; Boisbouvier, J.;
Bax, A.J. Am. Chem. So2004 126, 10560-10570.

(28) Ollerenshaw, J. E.; Tugarinov, V.; Kay, L. Hagn. Reson. Chen2003
41, 843-852.

(29) Tugarinov, V.; Hwang, P. M.; Ollerenshaw, J. E.; Kay, LJEAm. Chem.
Soc.2003 125 10420-10428.

(30) Tugarinov, V.; Sprangers, R.; Kay, L. E. Am. Chem. SoQ004 126,
4921-4925.

(31) Frueh, D. P.; Sun, Z. Y. J.; Vosburg, D. A.; Walsh, C. T.; Hoch, J. C;
Wagner, GJ. Am. Chem. So@006 128 5757-5763.

(32) Pervushin, K. V.; Wider, G.; Wuthrich, K. Biomol. NMR1998 12, 345~
348.

at 30°C) as a test case, and theoretically from simulations that
the S/N ratio for the c-TROSY¥HNCO experiment is compa-
rable to that of a regular carbon-detected HNCO experiment
(c-HNCO) for systems with a rotational correlation time>

10 ns, although the former selects only a quarter of the initial
magnetization. The high resolution afforded in the directly
detected™®C' dimension allows straightforward measurement
of splittings arising from one-bond’c-C' scalar couplings and,

in an aligned mediur® residual dipolar couplings (RDC).
Simulations indicate that, as the molecular weight of the
macromolecule increases, the c-TROSNNCO experiment
yields higher precision and therefore lower uncertainty in the
measurement of the °C' couplings than the c-HNCO
experiment. In the case &iN/13C/H/[Leu,Val]-methyl-proto-
nated lIBYamnosethe experimental pairwise root-mean-square
deviation (rmsd) for the measurédtec couplings is 0.77 Hz.

It can be expected that the c-HNEOROSY experiment will

be extremely useful for RDC measurements when the corre-
sponding!H-detect experiment suffers sensitivity loss, due to
rapid backbone amide water exchange or the presence of a
paramagnetic center.

(33) Lee, D.; Vogeli, B.; Pervushin, KJ. Biomol. NMR2005 31, 273~
278.
(34) Tjandra, N.; Bax, ASciencel997 278 1697-1697.
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Experimental Section

I5N/ECPH]/[Leu,Val]-methyl-protonated [1anose (J|BMan) of the
Escherichia colphosphotransferase system was expressed and purified
as described previousty.The sample for NMR comprised 0.75 mM
IIBMan in 20 mM phosphate buffer, pH 6.5, containing 0.01% (w/v)
sodium azide and 8% JO®. Spectra were recorded at 3C on a
Bruker AVANCE 800 MHz spectrometer equipped with a cryo-
genic zgradient DUL 8C{'H} probe. 24()) x 40(;) x 2048¢s)
complex points were acquired for both the 3D c-TROS¥NCO and
c-HNCO experiments with maximum acquisition times of 7 mg)(H
16.44 ms PN), and 127.8 ms C). The total experiment
times for the c-TROSYHNCO and c-HNCO experiments, re-
cored with 40 scans per increment and an interscan delay of 0.8 s,
were 44 and 42 h, respectively. The NMR data were processed using
the program NMRPipé> Note that the dataset for the 3D c-TROSY
HNCO is linearly recombined in both indirect dimensions prior to
Fourier transformation due to the dEA acquisition mode. For better
resolution along théH dimension, linear prediction of size 36 was
applied.

Results and Discussion

Description of the c-TROSY—HNCO Experiment. Figure
1A shows the experimental scheme for the!¥Ddetected
HNCO with TROSY optimization in all three dimensions,
which we refer to hereafter as c-TROSYINCO. The initial
1H polarization is excited by a 90pulse on'H and gen-
erates transverse coherence (p@iptwhich can be written in
the single-transition operator basis as a linear combination
of {(1V2)H,N® (1V2)H_N® (1n/2)H, NP (1/v/2)H_NPy
(symbol in parentheses indicates the transition state of the sp|n)
from which only the first term is selected through phase cycling
to give the final NMR signal. The normalization factor is(1)/
(x/ﬁ). After H constant time (Z;) chemical-shift encoding,
the corresponding density operator (pdits:

o, =€ —Run(0)-2T1 |, Fi(wyt+mdnn)- tl(l/\/_)H N(fl) (1)
where the &7t term represents the echantiecho
quadrature detection in th#d dimension andRyZn© is the
transverse relaxation rate of the TROSY component intthe
dimension. RHiN(a) can be expressed J%D oo T FCSACSA+
FDD csa Where FDD op and I“CSACSA are the auto-correlated
relaxation rates due to dipetelipole OD) interaction and
chemical shift anisotropyGSA, respectively, and“BDYCSA is
the cross-correlated relaxation rate betwB&handCSA The
following is the ST2-PT elemer which transfers the coher-
ence to point:

e:k

o,=e —Ran(0)2Ty | Fi(ont+adun)t, [ i «<iN H(a)) 2

( \/E + ( )

For simplification, relaxation during the transfer is not in-
cluded here, and a detailed analysis of the relaxation is given
in a following section. Subsequently, theN chemical shift

is encoded during the second constant timd@,)2period,
while the magnetization is transferred té tBrough J-coup-
ling. The Jyce coupling is effectively refocused by applying

(35) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJ A.
Biomol. NMR1995 6, 277—293.
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Figure 1. Pulse sequences for (A) the carbon-detected 3D c-TROSY
HNCO experiment and (B) the carbon-detected 3D c-HNCO experiment.
The radio frequency pulses d&C', 1H, and15N are applied at 174 ppm
(58 ppm for & by setting the offset to-116 ppm), 8.5, and 118 ppm,
respectively. Narrow and wide bars on thé and 15N channels indicate
nonselective 90and 180 pulses, respectively. To have null excitation on
each other 90and 180 pulses for'3C' and C* are set to 42 and 3is,
respectively.. Unless indicated otherwise, all radio frequency pulses are
applied with phase. The delays have the following values:= 1/(4Jun)
= 2.65 ms,T = 1/(4nc) = 17.5 ms. In (A), the constant time periodls
and T, can be set according to the desired resolution in'thend 15N
dimensions, bearing in mind relaxation considerations and INEPT transfer
efficiency (herelT; = 3.5 ms,T, = 10.0 ms). The phase cycle igh = {y,

X y, =4 p2={~y} dzs={-y, ~y, y, VYV YW e ={-y, Y,

= ¢s—{XXy,y} #6 ={X. ¥, =%, —V}; ¢7 = {X}; ds = {X, X, X,

, —x, =X, =X, =X} Prec = {Y, =X X, y, -y, X, =X, —Yy}. Quadrature
detection in bothtH(t;) and 1°N(t;) dimensions is achieved by the echo-
antiecho method through shifting the 288ulses on'H (¢s) and 5N (¢7)
forward and backward for each time increment point, respectively, as
indicated by the arrows. Note, to refocljg= evolution, the 180 pulse on
C> during the!®N constant time is synchronized with the movitity 180
(¢7) pulse; that is the pulses on®Gare alternately applied, as in the
rectangular box when th®N 180 (¢7) pulse is moving forward (thick
arrow) and as in the dashed rectangular box whedHel 80 (¢7) pulse
is moving backward (thin arrow). In (B), tHél chemical shift is encoded
during a semiconstant time period with effective evolution tinag; Dy
settinga = b + c. The constant time periof, can be set according to the
desired resolution in thé®N dimension bearing in mind relaxation
considerations and INEPT transfer efficiency (h@e= 10.0 ms). The
180 pulse on @ is applied during thé®N constant time to refocudyc
evolution. The phase cycle ispy = {X, =X}; ¢2 = {X, X, =X, —=X}; ¢3 =
{X X X, X, =X, =X, =X, =X}; ¢rec = {X, =X, =X, X, =X, X, X, —x}. Pulsed
field gradients indicated on the line marked PFG are applied alorgakis
with durations and strengths as followgi, 600us and 30 G/cmg,, 900
us and 30 G/cm. Quadrature detection in tHét;) and®N(t;) dimensions
is achieved using States-TPPdpplied to the phases and¢,, respectively,
together withgrec

a 180 pulse on @ synchronized with the movin§N (¢7) 180°
pulse (see Figure 1 legend). At poiht

— e*RNiH((l)'ZTz . atilontadun)tz , e*RHiN(&)'ZTl .

(_i

V2

where the &t term represents the echantiecho
quadrature detection in théN dimension andRytn@ is the
transverse relaxation rate of tH&l TROSY componenRy.y©
can be expressed dﬁgDDD + Tispcsa + Ihpcsa Where

ED DD FQSACSA andl“DD csaare defined similarly to theitH

Li(wpHrda) b

e . NCZH(“)) (3)



dEA Sensitivity Enhanced c-HNCO-TROSY

ARTICLES

dimension counterparts. The final element in the dashed
rectangular box of the pulse scheme with phagesnd ¢s
transfers magnetization frod¥N to 13C' for direct detection.
This element performs “coherence order selective” to “spin-
state selective” (COS35? transfer with regard té°N, thereby
yielding the final magnetization-[1/(~/2)]C_H“N® (point

e). Without applying any decoupling during detection, the
detected NMR signals can be written as:

Ca .
_— ReHeNG) " tgti(wo—mtIne +70hcirdicee) s
g,=¢€ .

e_RNiH(a)'ZTZ . eii(01N+ﬂJHN)'12 . e_RH:tN(a)'ZTl, eii(wH+ﬂJHN)'t1 .

( 1

. C HON®
7 _H®N )(4)

Chemical Shifts and Experimental Signal-to-Noise Ratio
for the 3D c-TROSY—HNCO. For comparison purposes, a
non-TROSY optimized carbon-detected HNCO experiment,
c-HNCO (Figure 1B), was run as reference, in which there is
no spin-state selectivity in any dimension and conventional
decoupling ort>N (and'H) is applied during detection. Figure
2A shows a schematic representation of the position of a cross-
peak in the 3D c-TROS¥HNCO experiment (black) relative
to that in the 3D ¢c-HNCO one (red). There are offsets of
+Iun/2, —Inun/2 (H@ state), (notey is negative) and-1Jyc/2
+ 23uc/2 in HY, N, and C dimensions, respectively, corre-
sponding to the &), H®, and NA/H® states, while chemical
shifts are encoded in these three dimensions in 3D c-TROSY
HNCO. A selected region of the experimental spectra obtained
for 15N/13C/2H/[Leu,Val]-methyl-protonated 182" (7. &~ 10 ns

Thus, a clear doublet pattern is expected for carbonyl resonanceit 30°C) is analyzed in panels-BG of Figure 2. Cross-peaks

at frequencies ofvc — #lIne + 72w £ 78cec) due to
J-coupling to & while under a single spin state with respect to

both 5B (g state) andHN (o state). RS, e iS the transverse
relaxation rate of3C' doubly TROSY-optimized with respect

to HN and®>N. Briefly, using single-transition product operator
notation, the relevant coherence transfer pathway can be
described as:

0 1 180e2T 4 ST2-PT
H,— ——=H,N“ (a) — H_N® (p)—— —
V2
1821, 4 COss3

1. L@ (@)
——iN,H® () — — 2N_CHY (d)—— —
V2o T 2

% C_HON® () (5)

Selection of the doubly TROSY optimized component with
regard to these two nuclei offers narrowing of line width
compared to the conventional nonselective detection under
decoupling.

It is worth noting that sensitivity enhancement can usually
only be achieved in the indirect dimension immediately preced-
ing the directly detected dimension. Here, for the first time, we
show that sensitivity enhancement of2 in both indirect
dimensions can be obtained using the double eamiecho

(dEA) scheme. We considered applying sensitivity enhancement

in only the Hy (t1) dimension and removing coherence order
selectivity in thel>N (t;) dimension (i.e., without sensitivity
enhancement in th&N (t;) dimension). This would result in
loss of spin-state selectivity f8PN, and'>N decoupling would
then be applied during carbon detectibydimension). Without
considering the effects of relaxation, this scheme should in
principle be+/2 more sensitive than the dEA scheme. How-
ever, because the coherence gpddnnot be directly transferred

to the directly detected carbon (since thg #imension does
not immediately precede the directly detected dimension), the
removal of coherence order selection (COS) inttrdimension

will inevitably result in loss of the COS property in the
dimension; that is, sensitivity enhancement will actually be lost
in both thet; and t, dimensions, rather than only in thg
dimension. Removal of the sensitivity enhancement scheme in
the pulse sequence in Figure 1A will therefore effectively result
in the non-TROSY version of the carbon-detected HNCO
experiment presented in Figure 1B.

arising from the —N(Asp159)-C'(Thr158) correlation are
viewed in three orthogonal planes,-@&N (Figure 2B), C—N
(Figure 2C), and M—N (Figure 2D), and clearly illustrate the
positions and relative shifting of the cross-peaks in all three
dimensions of the 3D ¢c-TROSYHNCO spectrum (black)
relative to those in the 3D c-HNCO spectrum (red). One-
dimensional slices from the two spectra taken through the H
N(Asp159)-C'(Thrl158) cross-peaks (indicated by the dashed
lines in Figure 2, B, C, and D) along the directly detectéd C
dimension (Figure 2E), and the indirectly detected (Rigure

2F) and N (Figure 2G) dimensions, are aligned. Dashed lines
in Figure 2E denote the peak intensities in the 3D c-TROGSY
HNCO (black) and 3D c-HNCO (red) after normalization of
the noise level, demonstrating that the experimental S/N ratios
for the two spectra are comparable.

Under most circumstances, the c-HNEDROSY will
generally have a lower S/N ratio than the conventidRatietect
TROSY—-HNCO experiment® For the 0.75 mM 1B sample
in 20 mM phosphate buffer, pH 6.5, the average estimated S/N
loss is about a factor of 2 to 4 (see Figure S2 in the Supporting
Information). However, the c-HNCOTROSY can be extremely
useful for the measurement of*€C’' one-bond scalar and
residual dipolar couplings under conditions where'thaletect
experiment suffers severe sensitivity loss due, for example, to
extensivé'Hy line broadening arising from rapid water exchange
or the presence of a paramagnetic center with an isotrgpic
tensor. Note that for the measurement &C' one-bond scalar
and residual dipolar couplings, a truly fair comparison between
carbon- and proton-detected HNCO experiments requires that
similar high resolution in the carbonyl dimension be obtained.
This necessitates a significant increase in the number of points
in the indirectly detected 'Cdimension with a concomitant
increase in measurement time for the-detected TROSY
HNCO.

In addition, we note that the nonconstant time nature of the
1H-detect TROSY-HNCO in both the'Hy and C indirect
dimensions is an important contributory factor to its high
sensitivity. In contrast, the carbon-detect c-TRGSWNCO
experiment presented in Figure 1A uses constant time evolution

in both theHy and!°N dimensions that optimizes resolution

. while sacrificing signal-to-noise. However, modifying tHey

(t2) constant time evolution period for the c-TROSMNCO

(36) Yang, D. W.; Venters, R. A.; Mueller, G. A.; Choy, W. Y.; Kay, L. E.
Biomol. NMR1999 14, 333-343.
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Figure 2. Three-dimensional c-TROSYHNCO and c-HNCO spectra. (A) Schematic 3D representation of the position of a cross-peak in the 3D c-TROSY
HNCO spectrum (black) relative to that in a 3D ¢c-HNCO spectrum (red). CN, CH, and HN are the three orthogonalmanpings are not shown in
proportion to their real values. (BE) Experimental spectra recorded BiN/*3C/2H/[Leu,Val]-methyl-protonated II82". (B—D) show the overlaid C-HN,
C'—N, and H'—N planes taken from the 3D c-TROSNCO (black) and 3D c-HNCO (red) spectra for th&-HN(Asp159)-C'(Thrl58) cross-peaks at
different chemical shifts in the third dimension indicated at the top-right corner of each pan€@l) how the aligned 1D slices through thé+N(Asp159)-
C'(Thr158) cross-peaks along the directly detectéddi@ension, and the indirectly detected ldnd N dimensions, respectively. Slices are taken from
(B—D) as indicated by the dashed lines. Spin-state selectivity in all dimensions in the 3D c-FRE@BYO experiment (see the text) is demonstrated by
the observed chemical shift difference between the cross-peaks in the c-TR@OEYO and c-HNCO spectra in all three dimensions. The theoretical
difference corresponds tbJun/2 (N state),—Jun/2 (H® state), (noteyy is negative) and-JInc/2 + Juc/2 (N® state and K state) in HY, N, and C
dimensions, respectively. Note thify andJyc are negative. Dashed lines in (E) show the peak intensity in the 3D c-TR®BNCO (black) and c-HNCO
(red) spectra with normalized noise levels. These data indicate that the experimental S/N ratio for the c-HRGIRY, (S/Nx-Trosy, iS comparable to that

of c-HNCO, (S/N}-unco, recorded orfSN/X3C2H/[Leu,Val]-methyl-protonated 182" (z. ~ 10 ns at 30°C).

pulse sequence to a nonconstant time version while still constant time period = tnax, the S/N improvement is given

maintaining TROSY and sensitivity enhancement properties is by (X7 — 1)/(R-T)), which depends on the productRT. That

feasible by changing phase cycles to seteair — spin order is, when the transverse relaxation ratelldf, is high, such as

(stored separately) for evety (*Hy) point. Changing théHy in a protein with a paramagnetic center or the presence of

(tl) dimension from constant time to nonconstant time results extensive NH water exchangﬁj_detection will suffer severe

in an improvement in S/N given by sensitivity loss, while the nonconstant time version of the
c-TROSY—HNCO will bring obvious advantages.

Theoretical Signal-to-Noise Analysis: 3D c-TROSY-
HNCO versus 3D c-HNCO.The S/N ratio for a detected NMR
signal can be estimated by multiplying the signal relaxation
factors of the relevant product operators during all elements on

(S/N)non—ct — (1 B eR‘tmaX)
(SIN), Rt e ®

whereR is the transverse relaxation rate’sfy. Assuming the
5488 J. AM. CHEM. SOC. ® VOL. 129, NO. 17, 2007
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the coherence pathway by a facfdaccounting for number of  the selectivity of the spin state &fl or 15N compared to spin-
scans, nuclei detection sensitivity, spin-state selectivity, and state nonselective detection: and the fast@ is the sensitiv-
acquisition mode), a consta@t(reflecting sample and hardware  ity-enhancement factor obtained from the echo-antiecho acqui-
properties), and the product of the square roots of the numbersition mode for quadrature detectionttd and/or!>N dimensions

of time domain data pointsTQ) in all dimensions as: relative to a non-sensitivity-enhanced acquisition mode. Here-
“ ot Rt after, for SIN comparisons, we assume that the sample and
_ 1—e Ve hardware properti ta@), th ber of time domai
~ C-f- RT; f properties (consta@}, the number of time domain
SIN=CA ||_| € |J_| Rt i I:I D (6) data pointsTDy) in a specific dimensiok, andNSare same in
max:.

both experiments. It is noteworthy that in the 3D c-TRGSY
where eRTiis the signal scaling factor due to relaxation during HNCO experiment, double ech@ntiecho (dEA) acquisition
a constant time element (ct, including the chemical shift constant i used for quadrature detection in békhand**N dimensions,
time encoding period and the coherence transfer period of fixed which gives a total of/2:v/2 = 2 times sensitivity enhance-
duration) with relaxation rat® and duratiorT;, and the scaling ment.
factor (1 — e Rmad)/(Ritmaxj)) is the S/N decay due to In eqs 7 and 8, the relaxation rates for the single-transition
relaxation during a nonconstant time element (norj-¢t) some product operators are calculated from eqs Al and A2 provided
pulse sequence elements, several different product operatorsn the Appendix in Supporting Information, in which the auto-
contribute to the final NMR signal, and these product operators correlated relaxation rates of tHé spins are calculated as
decay with different relaxation rates, for example during the described in ref 37 and the cross-correlated relaxation rates are
ST2-PT and COSStransfer periods. In such cases, the calculated from eqs A3 and A7, depending on the properties of
relaxation rate is calculated as the average of the relaxation rateghe CSA* tensor. Equation A3 is suitable for a general axially
of the product operators involved. asymmetric CSA* tensor (such as carbonyl CSA* tensor), while
The S/N for the 13C-detected c-TROSYHNCO (with the simplified eq A7 can be used for an approximately axially
subscript C-Trosy) and tH8C-detected non-TROSY optimized ~ Symmetric tensor (such &N and H CSA* tensors). The
HNCO (with subscript C-HNCO) experiments can be expressed relaxation due to dipolar interaction with deuterons, suctHés
as follows (with the signal relaxation factors arranged according and?H?, in a perdeuterated sample, is scaled down by a factor
to the order of the relevant product operators along the coherencedf 8/3 x (yolyn)? ~ 1/16 compared to that due to dipolar

pathway): interaction with protons at the same positidhslowever, this
effect is very small. In our simulations, isotropic tumbling is
(S/N)c—trosy U fe—Trosy * expRiw2Ty) * assumed, and the following mechanisms causing relaxation are
N — considered: CSA ofHN, 15N, and3C’; dipole/dipole interac-
exp[= (RN} + Rygenn)/2)-27] + exp[— (R + tions of tHN(i)/AN(i), tHN()AHNG + 1), THN(i)2H (i), THN(i)/

« 2Ho(i 4 1), HNG)2HI + 3), THNG)/2HA(), 1N(i)/A3CH(),
Ruaenn)/2)-27] * expl-Ryiiw * 2T, - expl- (R + 15N((i)/13C'()i - 1)(,)13c'(i()/13ca()i), an((i 2HN(ig/)Bc(i v 1); iﬁd
1- expRS tocd all corresponding cross-correlations between them. Standard
—HONG “ac @) expressions for the relaxation ratésand typical geometrical
Rcu -t parameters are used (see Figure 3 legend). We also note the
~HENG Tacq following features: (i) During the COS2®lement, the relevant
N product operators, both single-quantum opera@H®) and
(SIN)c—hnco U femhinco * eXPERGL2T)) - multiple-quantum operatoMQcnH®) are completely TROSY

RMQ(C,N)HJ)IZ)'ZT]

exp[-RICC (2T, + 21)] - optimized with respect to the amide protoAHT is in the
relaxation favorabler-state.) (ii) In the 3D c-TROS¥HNCO
1 — expRENC ¢ o experiment, the directly detected operator on carb@yd@N®
N, C ac . o . :
exp(—Rcy -2T) 8) is TROSY optimized with respect to both the amide proton and
Rgf"cl-tacq nitrogen. tHN is in the relaxation favorable-state, and®N is

in the relaxation favorables-state.) The doubly TROSY
where 1 and 2T, are the'H and!*N constant time evolution  optimized carbonyl relaxation rate typically decreases by 15%
periods, respectively, set to 7.0 and 20 ms (which can be varied,for proteins with a correlation time larger than 20 ns (see Figure
depending on the required resolution and considerations of S1, Supporting Information). However, the nonuniform CSA*
relaxation and INEPT transfer efficiency); & 5.3 ms; dnc tensor of the carbonyl results in a rather disperse relaxation
and I are set to be (& + 2r) and 35 ms, respectively, counting  attenuation. (jii) The limiting factor for the carbon detected
the 1N to 13C' forward and backward INEPT transfer times. ¢-TROSY-HNCO experiment is the dominant relaxation due
fc-rosy, @nd fc-nnco are the products of factors including  to the large carbonyl CSA* witihoco ~ 130 ppm (given by
number of scansNS), nuclei detection sensitivity, spin-state  Ags = o5 — o5y = 0s.72— (0sxx+ 0svy/2). The relaxation

selectivity, and acquisition mode given by: rates become approximately linearly proportional to the square
of the polarizing field. This implies that these experiments could
fe trosy = VNS 1/8:(1/2:1/2):(vV2:V/2) ) have even higher S/N ratio at low polarizing field, although

this would compromise the TROSY effect in thgN and >N

fe_pnco = VNS1/8 (10)
(37) Korzhnev, D. M.; Billeter, M.; Arseniev, A. S.; Orekhov, V. Prog. Nucl.
H H FFERC Magn. Reson. Spectros2001, 38, 197—266.
whe_re the factor of 1/8 is the nucleus detection sensitivity on (38) Mal T. K. Matthews, S. J.: Kovacs, H.. Campbell, 1. D.: Boyd]. Biomol.
13C instead oftH ((yc/yn)®? ~ 1/8); the factor 1/2 accounts for NMR 1998 12, 259-276.
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Figure 3. Contour plot of S/N ratio for thé’C-detected c-TROSYHNCO
experiment versuBp andz.. The relative scale is arbitrary. The red curve
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Figure 4. Theoretical comparison of the S/N ratios #8€-detected HNCO
experiments, (S/N)-Trosy (S/N)c—Hnco, versus the polarizing fiel@, and
correlation timer.. Dark-orange squares (black arrows) indic&g) sets
with (S/N)c—Trosy/(S/N)c-Hnco & 1. The S/N ratio is calculated using the
same parameters as in Figure 3.

for measurement of side-chalfC—13C RDCs3° and very

is the equidistance line corresponding to the experimental S/N ratio observedrecently for measurement oft€C’, C*—C#, and even M—N

for the 0.75 mM sample dfN/13C2H/ [Leu,Val]-methyl-protonated I1H8a",

The following parameters were used for the S/N ratio simulations. The
chemical shielding anisotropy (CSA*) tensors of H and N were assumed
to be symmetric withAopyv = +8 ppm, Aoy = —170 ppm; the angles
between the NH bond and the tensor main axes &@é'A*H" = 0° and
gHNAON = 15° The carbonyl CSA* tensor is highly asymmetric with xx

= —73 ppm,ocyy = —15 ppm, andrc zz = 88 ppm; the angles between
the N—C' bond and the axes a@\CX*%c = 40°, ONCYY.c = 13, and
ONC2Zc = 90°, and the angles between th&HC' bond and the axes are
OHCXXe = 70°, GH'C Yo = 1607, ando™"C-ZZc = 90°.47 The bond lengths
areryy = 1.04 A, ryc = 1.09 A andrcc = 1.53 A. The intra- and
interresidue distances correspond to those hrelices and turn&® rynyy =

2.70 A, rivuegy = 3.50 A, riiega1) = 3.50 A, rimiegag) = 3.40 A, vy =

3.00 A rne = 1.33 A, ripvea = 1.47 A, andrpve: = 2.00 A.

dimensions. Figure 3 shows a contour plot of S/N ratio for the
13C-detected c-TROSY¥HNCO experiment versus the polar-
izing field Bg and the correlation time.. For a specific desired

and H*—C*, RDCs in the 9 kDa protein calbindingR with

one of the calcium sites substituted by a paramagnetic lan-
thanide?® The relationshipAD = LW/(S/N), where LW is the
line width in the directly detected carbon dimension, can be
used to approximate the lower limit for the uncertainty of the
measured RDC%.“2Assuming a Lorentzian line shape, LW is

proportional to the relaxation rates BE® ., andREN" for

the c-TROSY-HNCO and c-HNCO experiments, respectively.
(S/N)c-Trosyand (S/N-wnco can be calculated from eqs 7 and
8. Simulations indicate that the c-TROSYINCO experiment
yields higher precision (lower uncertainty) compared to the
c-HNCO experiment as the molecular weight of the macromol-
ecule increases (Figure 5). Selecting TROSY-optimized com-
ponents in all dimensions in the c-TROSWYINCO experiment

S/N value . can increase (that is, the molecular mass becomestherefore makes it ideal for RDC measurements in large

larger) with decreasinBo. For example, the S/N ratio obtained
experimentally at 800 MHz for the 18.6 kD®&N/*C/H/-
[Leu,Val]-methyl-protonated 182" sample (0.75 mMg, ~ 10

ns at 30°C) can be achieved for a protein with a correlation
time of 25 ns (at 30C, equivalent to a molecular mass-o#6
kDa) if the experiment is run at 500 MHz, as indicated by the
red curve in Figure 3. Figure 4 shows a comparison of the S/N
ratios for the c-TROSY¥HNCO and c-HNCO experiments.
Even though only one-fourth of the initial magnetization is
transferred to carbonyl for detection in the TROSY-based
experiment, the S/N ratio for proteins with a correlation time
of 10 ns or larger is in fact comparable to or even higher than
that of the c-HNCO experiment due to more favorable relaxation
properties in all dimensions (cf. the experimental data oMa1B
shown in Figure 2E).

Application to Measurement of 1Jcoc (!Dcac). The high
resolution in the directly detectéddC' dimension afforded by
the c-TROSY-HNCO and c-HNCO experiments permits the
observation of the doublet splitting due to th&e«c scalar
coupling in an isotropic medium or to the sum of the—«C’
one-bond scalar and dipolar couplings«c+Dcec, in a weak
alignment medium. This suggests that these experiments ca
be used to accurately meastiBr«c RDCs from the difference
in the doublet splitting observed in anisotropic and isotropic

macromolecules. In the case BN/3CLH/[Leu,Val]-methyl-
protonated lIB2", the experimental pairwise rmsd for the 114
measuredJcec couplings (excluding overlapped cross-peaks
and cross-peaks with shape distortion) measured from two
independent experiments, is 0.77 Hz. In contrast to quantitative
J correlation methods for the measurementDg«c RDCs#?

the ¢c-TROSY-HNCO and c-HNCO experiments directly
measure the doublet splitting and are therefore expected to be
more tolerant to nonuniform values &kec (or {Jcec + Do

for aligned samples) and thus not strictly limited by alignment
strength. Thus, considering that the magnitude!gec is
approximately one-fifth that dfDyp,*3 the degree of alignment
can be increased significantly relative to that used for the
measurement dDyp, thereby increasing the size and therefore
the relative accuracy of th®c«c RDC couplings. In addition,

the measuretDcec RDCs in the c-TROSY-HNCO experiment
should not be affected by incompleféC labeling and will be
less affected by small passive couplings and pulse imperfections

(39) Vogeli, B.; Kovacs, H.; Pervushin, K. Am. Chem. So2004 126, 2414~
2420

(40) Bala).lssac, S.; Bertini, |.; Luchinat, C.; Parigi, G.; Piccioli, MAm. Chem.
Soc.2006 128 15042-15043.

41) Kontaxis, G.; Clore, G. M.; Bax, Al. Magn. Resor200Q 143 184—196.

(42) Jaroniec, C. P.; Ulmer, T. S.; Bax, A. Biomol. NMR2004 30, 181—
194.

(43) Bax, A.; Kontaxis, G.; Tjandra, NMethods EnzymoR001, 339 127—

media. Indeed, carbon-detected spectroscopy has been proposed * 174.
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Figure 5. Theoretical comparison of the precision of the meastiegc
RDC couplings using c-TROSYHNCO and c-HNCO experiments as a
function of the correlation time; of the macromolecule. HeeD = LW/
(S/N) is used to approximate the lower limit for the uncertainty of the
measured dipolar couplingé#2 LW is the line width in the carbon
dimension. With the assumption of a Lorentzian line shape, LW is

proportional to the relaxation rates BE™" and RS” e for c-HNCO

the measurement dDcec,*? directly measuring the doublet
splitting is expected to be more tolerant to nonunifddec
(or Ueee + Deee for aligned samples). In addition, the out-
and-stay coherence transfer in the c-HNETIROSY experi-
ment uses a smaller number of INEPT elements relative to
conventional'H-detected out-and-back experiments which is
advantageous since each additional INEPT element can lead to
additional signal loss due to nonuniform effective one-bond
couplings (which is especially the case in an anisotropic
medium). Finally, the doublet arising from tAd-«c coupling
can also be converted to a single cross-peak with even higher
S/N ratio by applying band selective homodecougtrduring
acquisition or by appropriate deconvolution during signal
processing®

The design principles of the c-TROSYNCO experiment
are quite general and can be readily extended to other experi-
ments, such as a c-HNCA-TROSY experiment. Because the
CSA of C* is smaller than that of Cconsiderations of carbon
relaxation suggest that detection of €an be advantageous,
especially at high fields where relaxation due to CSA is
dominant. In designing a c-HNCA-TROSY experiment, it

and c-TROSY-HNCO, respectively. Relaxation rates are calculated at 800 should be borne in mind that N¢@, i — 1) is anlS; spin system

MHz.

compared to quantitativd correlation methodd due to the
smaller number of pulses applied in the out-and-stay coherence
transfer used in the c-HNCOTROSY experiment.

Concluding Remarks

(instead oflS) due toJ coupling of 15N to both the intra- and
interresidue € and that the passive coupling of @ C’ could
potentially lead to some signal loss during the CG®i8ment.
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uniform definition of single-transition product operators and the

and I5N. In addition, a new, generally applicable, sensitivity corresponding formulas to calculate their relaxation rates as

enhancement method, the so-called double ecmdiecho

applied throughout this manuscript; one figure providing a

(dEA), is described that provides sensitivity enhancement of comparison of carbonyl relaxation as a function of correlation

V2 in both indirect dimensions.

time for c-TROSY-HNCO and c-HNCO experiments; and one

The c-HNCG-TROSY experiment can be used to accurately figure providing an experimental comparison of the signal-to-
measuréDcc RDCs in the direct carbon dimension. Selecting Noise ratios for the c-TROSYHNCO and conventionalH-
TROSY-optimized components in all dimensions makes it detected TROSY¥HNCO experiments. This material is avail-
suitable for application to large-sized proteins. Selection of the @ble free of charge via the Internet at http://pubs.acs.org.
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