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Abstract

By using the mixed solvent of 50% H2O/50% D2O and employing deuterium decoupling, TROSY experiments exclusively detect
NMR signals from semideuterated isotopomers of carboxamide groups with high sensitivities for proteins with molecular weights up
to 80 kDa. This isotopomer-selective strategy extends TROSY experiments from exclusively detecting backbone to both backbone
and side-chain amides, particularly in large proteins. Because of differences in both TROSY effect and dynamics between 15N–HE{DZ}
and 15N–HZ{DE} isotopomers of the same carboxamide, the 15N transverse magnetization of the latter relaxes significantly faster than
that of the former, which provides a direct and reliable stereospecific distinction between the two configurations. The TROSY effects on
the 15N–HE{DZ} isotopomers of side-chain amides are as significant as on backbone amides.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Carboxamide moieties of asparagine (Asn) and gluta-
mine (Gln) residues can serve as either hydrogen bond do-
nors and/or acceptors. Consequently, many Asn and Gln
residues play important structural and functional roles in
proteins [1]. The geminal protons of the carboxamides usu-
ally have different chemical shifts, as a result of the slow
interconversion of two possible configurations due to the
partial double-bond character of the side-chain C 0–Nd/e

(Asn/Gln) amide bond. The geminal amide proton with a
trans (E) configuration with respect to the carboxamide
oxygen atom normally shows a relatively downfield chem-
ical shift, whereas the other in the cis (Z) configuration has
an upfiled chemical shift. However, this order could be re-
versed due to neighboring aromatic ring current effects
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and/or strong hydrogen bonding interactions. Therefore,
the stereospecific assignment of carboxamide resonances
is the kickoff step towards further structural and functional
studies of these important groups by NMR.

Traditionally, the resonance assignment of side-chain
amide groups in small proteins is obtained mainly through
the analysis of HNCACB [2] and (H)CC(CO)–NH–TOCSY
[3,4] data, or by employing H2N–HSQC-based [5] triple-res-
onance NMR experiments [2,5–8]. Very often, the task can
not be fulfilled exclusively with these through-bond correla-
tions, and the through-space information, i.e. NOE [9] data,
is required as a remedy. Alternatively, the assignment can
be achieved by performing H2NCO–E.COSY [10],
EZ-HMQC-NH2 [11] and the multiplicity-edited 15N–1H
HSQC experiments [12,13]. However, all these methods rely
on small scalar couplings and hence the procedure is rather
time-consuming and uncertainties may arise in practice. For
large proteins, the requisition for partially or fully deuter-
ated NMR samples has significantly limited the amount
of NOEs available and resonances from 15N1H2 groups
are not observable at all if TROSY-based triple-resonance
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experiments are performed under normal experimental and
sample conditions.

The TROSY [14] NMR technique, which makes con-
structive use of chemical shift anisotropy/dipole-dipole
(CSA/DD) relaxation interferences in protein backbone
amides and imino groups in nucleic acids, has pushed the
size limit of biomacromolecules for NMR structural stud-
ies beyond 100 kDa [15–17]. However, the resonances of
amino moieties, e.g. Asn/Gln side-chain amides in proteins
and NH2 groups in nucleic acids, are not observed in
standard TROSY experiments. Pervushin et al. reported
a simple modification of the normal TROSY method for
the simultaneous detection of backbone 15N–1H amide,
aromatic 13C–1H and side chain 15N–1H2 moieties [18].
By shortening delay times in both INEPT [19] and ST2-
PT [20] elements from the usual 2.7 ms, which is optimized
for 15N–1H moieties, to 1.7 ms, resonances stemming from
some 15N–1H2 moieties of OmpA solubilized in DHPC
could be restored at the cost of some attenuation of signals
of backbone amides [18]. The observed NH2-TROSY sig-
nal is the narrowest component among eight possible mul-
tiplets for each amide proton in the fully coupled HSQC
spectrum, assuming the scalar coupling between geminal
protons can be ignored. Unfortunately, unlike an NH moi-
ety, whose CSA/DD interactions may cancel out almost
completely at the magnetic field strength around 1 GHz
of proton frequency [14], relaxation properties of
15N1H2/13C1H2 groups are much more complicated [21–
23]. The TROSY effect on 15N1H2 groups is rather limited
in comparison with 13C1H2 groups, due to the additional
large CSA interaction of the 15N nucleus. Apparently, all
NH2 TROSY signals in the literature were from flexible
solvent-exposed side-chain amides (see Fig. 3 in reference
[18]).

In this communication, we show that the TROSY
methodology is also applicable to the detection of side-
chain amides with high sensitivity, especially for large
proteins, by using the mixed solvent of 50% H2O/50%
D2O and employing deuterium decoupling. Such TROSY
experiments exclusively detect semideuterated isotopomers
of side-chain carboxamides of Asn/Gln residues with en-
hanced sensitivity just as in the detection of backbone
amides. This isotopomer-selective (IS) TROSY strategy
has been applied to the NMR measurement of side-chain
amides of yeast cytosine deaminase (yCD), a 35 kDa
homodimeric protein with 11 Asn/Gln residues in each
protomer. All side-chain amides showed strong signals
in the IS-TROSY-based experiments, whereas signals of
about half of these amides were either very weak or not
detectable at all in standard HSQC experiments with a
comparable measuring time. In addition, due to differ-
ences in both TROSY effects and dynamics between the
15N–HE{DZ} and 15N–HZ{DE} isotopomers of the same
carboxamide, the 15N transverse magnetization of the for-
mer relaxes far more slowly than that of the latter, which
provides a direct and sensitive method for the stereospe-
cific assignment of side-chain amide protons.
2. Results and discussion

Instead of detecting NH2 signals directly with standard
protein NMR samples in 95% H2O/5% D2O, there is another
way around for the observation of side-chain amides. In the
mixed solvent of 50% H2O/50% D2O, there are four possible
isotopomers, NHEHZ, NHEDZ, NDEHZ and NDEDZ, for a
given NH2 moiety, where E stands for the configuration in
which the amide proton or deuteron is trans to the carbox-
amide oxygen and Z for the cis configuration. Without losing
generality, it is assumed that the relative population of each
isotopomer is about equal, i.e. D/H isotope fractionation
factors at all sites are close to one [24,25]. Since the gyromag-
netic ratio of a deuteron is 6.5 times smaller than that of a
proton, semideuterated NHD isotopomers potentially have
a much better relaxation behavior than an NH2 group. In
fact, the Wüthrich group reported an elegant scheme for
the indirect measurement of deuterium relaxation rates of
Asn/Gln side-chain amides through selectively observing
NHE{DZ}/NHE{DZ} isotopomers with 15N-labeled pro-
tein/DNA samples in the solvent of 45% H2O and 55%
D2O [26]. However, the pulse sequence was derived from
the conventional 2D 15N–1H HSQC experiment and no
TROSY was included. Moreover, signal intensities were sig-
nificantly attenuated by the strong scalar relaxation of the
second kind [27] from deuterium during the total 24 ms
15N M

2H magnetization transfer periods since deuterium
relaxes so fast. As a result, the method could only be applied
to relatively small proteins. The observed small difference in
deuterium relaxation rates between NHEDZ and NDEHZ

isotopomers confirmed the earlier prediction and led to the
conclusion that in general the E configuration is slightly
more flexible than the Z configuration [26].

In this work, we employed TROSY NMR techniques
for the exclusive detection of semideuterated NHE{DZ}
and N{DE}HZ isotopomers of protein side-chain amides
with high sensitivities in the 50% H2O/50% D2O mixed sol-
vent. To demonstrate this strategy, we recorded a set of 2D
15N–1H IS-TROSY and conventional 15N–1H HSQC spec-
tra of yCD, a 35 kDa homodimeric enzyme [29,30], in com-
plex with the inhibitor 5FPy, a transition state analogue for
the activation of the prodrug 5-fluorocytosine, on a Bruker
AVANCE 900 MHz (1H frequency) spectrometer running
at either room temperature, 25 �C, or 5 �C to mimic a lar-
ger molecule. The ratio of principle components of the dif-
fusion tensor, Dz:Dy:Dx, is 1.14:1.07:1.00 for the yCD
complex based on 15N spin relaxation data recorded on a
600 MHz NMR spectrometer at 25 �C, indicating that
the motional anisotropy of yCD is very small. Thus, we
adopted an isotropic model in the dynamic analysis [31].
The global tumbling time (correlation time sc) is 18.6 ns.
The rotational diffusion tensor and correlation time were
obtained from R2/R1 ratios using the program TENSOR2
[32]. The correlation time was estimated to be �40 ns at
5 �C using Stokes’ Law, which corresponds to a 70–
80 kDa protein at room temperature [33]. This estimation
is consistent with the result of the 42 kDa MBP/b-cyclo-
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dextrin complex that has correlation times of 23 ns at 25 �C
and 46 ns at 5 �C [16]. yCD has six Asn and five Gln resi-
dues per protomer. In 2D 15N–1H HSQC spectra of yCD,
only 8 pairs out of all 11 Asn/Gln side-chain NH2 reso-
nances showed up after an hour of data accumulation;
side-chain NH2 resonances of Asn 51 and Gln 55 were
hardly seen even after up to 2 h of accumulation and those
of Asn 40, Asn 111 and Asn 113 were rather weak and
could not be assigned with conventional triple-resonances
NMR experiments [34–36]. Ironically, all Asn/Gln residues
with missing or weak side-chain resonances are either
structurally or catalytically important and those that
showed strong signals are flexible and exposed to solvent
[29,30,37]. However, strong signals of side-chain amide
for all 11 Asn/Gln residues can be restored through the
combined use of 50% H2O/50% D2O mixed solvent and
deuterium decoupling in TROSY/HSQC experiments.
Most importantly, just like backbone resonances, the line-
shape of these side-chain signals in TROSY spectra is shar-
per than the corresponding peaks in HSQC spectra,
demonstrating the applicability of the IS-TROSY tech-
nique to side-chain amides of large proteins.

Shown in Fig. 1 are close-ups of (a) 2D 15Nd–1HE and
(b) 2D 15Nd–1HZ correlation peaks of Asn 113, where E

stands for the trans configuration and Z for the cis config-
uration, together with neighboring resonances of backbone
amides of Gln 55, Asn 113, Lys 115 and Glu 119. For a gi-
ven side-chain amide, the relative population of each of
four isotopomers, NHEHZ, NHEDZ, NDEHZ and
NDEDZ, is about 25% in the solvent of 50% H2O/50%
D2O. On the other hand, the population of the NH2 group
is over 90% in the solvent of 93% H2O/7% D2O. Thus, one
would expect a twofold sensitivity enhancement of either
the downfield or upfield NH2 resonance in the solvent of
93% H2O/7% D2O over the resonance of either NHEDZ

or NDEHZ isotopomer in the solvent of 50% H2O/50%
D2O. In practice, however, the sensitivity of NH2 reso-
nances is largely offset by faster relaxation rates and the
resonance intensity is significantly attenuated. This is
clearly indicated by comparing relative intensities of corre-
sponding resonances as shown in Fig. 1. At 25 �C, the
HSQC resonance of semideuterated isotopomers in 50%
H2O/50% D2O (panel B) is at least two times stronger than
the NH2 resonance in 93% H2O/7% D2O (panel A) and at
5 �C the NH2 resonance is not even observable (panel F).
More importantly, the TROSY resonance of the semideu-
terated isotopomers is much stronger than the correspond-
ing HSQC signal. At 25 �C, in the deuterium decoupled
15N–1H HSQC spectrum (panel B), the upfield NH{D} res-
onance in 15N dimension is much stronger (six times in
peak height) than the downfield NH2 signal, although the
populations of the two isotopomers are expected to be sim-
ilar [24,25]. Without 15N/1H decoupling (panel C), TROSY
components in the HSQC spectrum, which are at upfield in
1H dimension and downfield in 15N dimension in each
quartet, are much stronger than the corresponding non-
TROSY components for both backbone and side-chain
amides. The corresponding TROSY peak (panel D), as re-
corded with the deuterium-decoupled TROSY experiment
which exclusively detects the NH{D} isotopomer, is two
times stronger than the corresponding peak in the HSQC
spectrum (panel B), i.e. 12 times stronger than the NH2

peak, and has a narrower linewidth. By shortening the de-
lay time in INEPT [19] and ST2-PT [20] elements from
2.7 ms (panel D) to 1.7 ms (panel E), the intensity of
NH{D} TROSY resonance is similar, but a tiny NH2

TROSY peak, as suggested by Pervushin et al. [18],
emerges at �90 Hz downfield in 15N dimension, which is
much weaker than that of NH{D} isotopomer. Lowering
the measuring temperature to 5 �C, which makes the
apparent molecular weight of yCD commensurate with
an 80 kDa protein at room temperature, neither the NH2

HSQC peak (panels F–H) nor the NH2 TROSY peak (pan-
els I and J) is detectable, but the NH{D} IS-TROSY reso-
nance is still prominent (panels I and J, with 2.7 and 1.7 ms
INEPT/ST2-PT delay times, respectively), verifying the
importance of employing IS-TROSY for large proteins.
Significant TROSY effects on both E, panels of (a), and
Z, panels of (b), configurations have been observed. The
large TROSY effect on side-chain carboxamides makes it
possible to perform triple-resonance experiments for
NMR structural and dynamics studies on these important
side-chain groups in large proteins. Even more interest-
ingly, the TROSY component of the E configuration has
a narrower linewidth than that of the corresponding Z con-
figuration (panels D, E, I and J), in particular at lower tem-
perature (panels I and J), i.e. for larger proteins, indicating
that the TROSY effect is more significant in the E configu-
ration (see Fig. 2 and the discussion in the text).

It is worthwhile to point out the importance of employ-
ing broad-band deuterium decoupling whenever the 15N
magnetization is transverse. At the outset of the develop-
ment of heteronuclear NMR techniques for biomolecular
applications, it had been noticed that adjacent to Asn/
Gln side-chain NH2 correlation peaks there were distinct
shadow-like signals at about �0.70 ppm upfield in the
15N dimension [38]. These small peaks are known as the re-
sult of deuterium isotope effects from the semideuterated
NHD isotopomers, since protein NMR samples usually
contain 5–10% D2O for locking the field. The lineshape
of these satellites is sharp in 1H dimension. Because the
strong proton-proton DD interaction in an NH2 moiety
has been substituted by the much weaker proton-deuteron
interaction, and the small scalar coupling between geminal
protons is removed. On the other hand, the short longitu-
dinal relaxation time, T1, of the coupled deuterium signifi-
cantly shortens the transverse relaxation time, T2, of the
nitrogen and thus a broad lineshape in the indirect dimen-
sion results. Fortunately, the scalar relaxation can be effi-
ciently quenched with continuous broad-band deuterium
decoupling schemes [38,39]. Consequently, a much better
relaxation behavior of the semideuterated NHD isotopo-
mers is restored and the shadow signals are sharpened in
the indirect dimension. The use of 50% H2O/50% D2O



Fig. 1. Close-ups of (a) 2D 15Nd–1HE correlation peaks and (b) 2D 15Nd–1HZ correlation peaks of Asn 113 side-chain amide of 100% 13C/15N-labeled and
75% deuterated (random) yCD (1.8 mM protomer concentration) in complex with the inhibitor 5FPy (20 mM). The mixed solvent of 50% H2O/50% D2O
or 93% H2O/7% D2O was buffered with 100 mM potassium phosphate (pH 7.0) with addition of 100 lM NaN3 and 20 lM DSS as an internal NMR
reference. The NMR sample had been equilibrated at room temperature for weeks before measuring. All spectra were recorded on a Bruker AVANCE
900 MHz spectrometer equipped with a room temperature TXI probe with three-axis actively shielded pulsed field gradients. Each spectrum was
accumulated for about 2 h with eight scans and a 2 s delay time. Maximum acquisition times were 71 and 66 ms in the direct and indirect dimensions,
respectively. Data were zero-filled before Fourier transformation by a factor of 2 in 1H dimension and 3 in 15N dimension. All spectra were processed in
the same manner. NMR experiments were performed at either 25 �C (A–E) or 5 �C (F–J). (A) and (F) are FHSQC [28] spectra with deuterium decoupling
in the indirect dimension using the sample in 93% H2O/7% D2O and all other panels are spectra with the sample in 50% H2O/50% D2O. (B) and (G) are
FHSQC spectra with deuterium decoupling in the indirect dimension; spectra in (C) and (H) were recorded with the same experiment but without 15N/1H
decoupling in both dimensions. (D) and (I) are IS-TROSY spectra with a 2.7 ms delay time in both INEPT [19] and ST2-PT [20] elements; spectra of (E)
and (J) are the same as (D) and (I), respectively, but with a shorter (1.7 ms) INEPT/ST2-PT delay time. The small arrow in each panel indicates the
position where the slice was taken. The tiny peak indicated with an asterisk in (D) and (E) of (a) is the folded side-chain resonance of an arginine residue.
Backbone resonances of residues Q55, N113, K115 and E119 that are close to the side-chain resonances of N113 are also indicated.
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mixed solvent maximizes the population of NHD
isotopomers.

The rationale of the application of TROSY techniques
to side-chain carboxamides lies in the fact that the
electronic distribution and molecular geometry, and thus
magnitudes and orientations of DD and CSA interactions,
of Asn/Gln side-chain carboxamides are very similar to the
backbone peptide bond [40], and thus the large TROSY
effect on backbone amide is expected to hold on Asn/Gln
side-chains as well. Because physical constants and spatial
variables of Hamiltonians for both DD and CSA interac-
tions can be expressed with second-order spherical har-
monics, they have the same transformation properties
under rotation. Therefore, interference processes or the
so called ‘‘cross-correlations’’ between the two different
relaxation mechanisms may arise. For simplicity, we con-



Fig. 2. Transverse relaxation rates of Asn/Gln residues in yCD as
measured with the isotopomer-selective TROSY-CPMG experiment,
which is derived from the standard TROSY-CPMG relaxation dispersion
experiment [48] with the addition of broad-band deuterium decoupling
whenever the 15N magnetization is transverse. Data were recorded at
25 �C with 32 transients for each FID and a 2.5 s repetition time, resulting
in �5 h for each spectrum. A 0.5 ms CPMG interval was used and 10
points were measured with total CPMG delay times of 0, 4, 8, 16, 24, 36,
64, 88, 112, and 160 ms. Relaxation decays were fitted with a monoex-
ponential function and errors were propagated from the noise level of
NMR spectra. (a) and (b) are the histograms of 15N transverse relaxation
rates, R2, of the side-chain and main-chain amides of Asn/Gln residues,
respectively. For side-chain amides (a), each residue has two bars has a
pair of bars with the left and the right bar corresponding to the
15N1HE{DZ} isotopomer and the right bar to the 15N1HZ{DE} isotopom-
er. Note that the 1HE resonance of Asn 51 is upfield relative to the 1HZ

resonance.
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sider a backbone amide or a side-chain NH{D} isotopomer
moiety of a deuterated protein in 50% H2O/50% D2O
mixed solvent as an isolated 15N–1H spin pair. For
1JNH < 0, if neglecting the contribution from conforma-
tional exchange, the 15N transverse relaxation rate of the
TROSY [14] component (the downfield 15N doublet com-
ponent) can be denoted as [41–44]

Rb
2 ¼ k� g ð1Þ
where k is the autorelaxation rate and g the cross-correla-
tion relaxation rate. Both of them can be expressed in terms
of spectral density functions [27]

k ¼ D½4J ddð0Þ þ 4a2J ccð0Þ þ 3J ddðxNÞ þ 3a2J ccðxNÞ
þ 3J ddðxH � xNÞ þ 3J ddðxHÞ þ 6J ddðxH þ xNÞ� ð2Þ

and

g ¼ 2aD½4J cdð0Þ þ 3J cdðxNÞ� ð3Þ

in which

D ¼1=8ðl0=4pÞ2ðcNcH�hr�3
NHÞ

2 ð4Þ
a ¼� 2=3ð4p=l0ÞB0ðrk � r?Þr3

NH=ð�hcHÞ ð5Þ

where a is defined as the ratio of the strength of 15N CSA and
15N–1H DD interactions, rNH is the 15N–1H internuclear
distance, ri and r^ are the parallel component (aligned with
the unique axis) and perpendicular component of the CSA
tensor, respectively, and Jdd(x), Jcc(x), and Jcd(x) are the
spectral density functions for dipolar autocorrelation,
CSA autocorrelation, and dipolar-CSA cross correlations,
respectively. For a rigid molecule with isotropic rotational
diffusion, the following relationship holds among the spec-
tral density functions [41]:

JðxÞ ¼ J ddðxÞ ¼ J ccðxÞ ¼ J cdðxÞ=½ð3 cos2 h� 1Þ=2� ð6Þ

As pointed out by Tjandra et al. [42], this relationship is
still a good approximation even in the presence of internal
motion that can be described by equivalent independent re-
stricted rotations around three mutually orthogonal axes,
as long as the angle h between the unique axes of the
CSA and dipolar tensors is small. For large molecules un-
der slow isotropic tumbling rotations, the contribution of
the high frequency terms in Eq. (2) can be safely ignored
and the equation is reduced to

k � D½4J ddð0Þ þ 4a2J ccð0Þ þ 3J ddðxNÞ þ 3a2J ccðxNÞ� ð7Þ

Taken Eqs. (3), (6) and (7) together, the ratio of the cross-
correlation relaxation rate and the autorelaxation rate
becomes

qN ¼ g=k ¼ 2a=ð1þ a2ÞP 2ðcos hÞ ð8Þ

Similarly, analysis of the 1HN transverse relaxation rate of
the TROSY [14] component (the upfield 1H doublet com-
ponent) leads to the ratio

qH ¼ 2a=½1þ a2 þ 3JðxNÞ=4Jð0Þ�P 2ðcos hÞ ð9Þ

Now a is the ratio of the strength of 1HN CSA and 15N–1H
DD interactions. When the DD and CSA interactions can-
cel out completely, qN reaches its maximum, 1, and a perfect
TROSY effect results. But due to imperfect cancellation the
TROSY effect is smaller in practice. As pointed out by Per-
vushin et al. [14], at a magnetic field around 1 GHz (1H fre-
quency), strengths of DD and CSA interactions within the
15N–1H moiety are about equal, i.e. a � 1, and therefore
the second-rank Legendre polynomial of cosine function
of the angle h, P2(cosh) = (3cos2h � 1)/2, serves as a scaling
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factor for the TROSY effect. When a � 1, the ratio qH is
close to qN for large biological molecules at high magnetic
fields, since J(0) is much larger than J(xN). Because the an-
gle h is small (17–24�) [45,46] for protein backbone amides,
both ratios of Eqs. (8) and (9) are rather close to 1 (0.75–
0.87) and a significant TROSY effect results.

For side-chain amides, however, the situation is not
apparent due to the existence of geminal amide protons.
In essence, both the electronic distribution and the molec-
ular geometry and thus the strengths and orientations of
corresponding DD and CSA interactions of a side-chain
carboxamide are very similar to those of a backbone pep-
tide bond, if taking the position of the E proton as the
backbone amide proton and the Z proton as the a-carbon
atom [40,47]. Hence, without considering the contribution
from the 1HZ proton, the TROSY effect on the 15N–1HE

pair should be similar to that on the backbone, provided
that the angle between the unique axes of CSA and dipolar
tensors is small. Indeed, previous solid-state NMR studies
[47] have shown that the angle h within the 15N–1HE pair of
an Asn side-chain amide is about 30� and the correspond-
ing angle within the 15N–1HZ pair is about 150�. Thus,
both moieties have the same TROSY scaling factor, 0.63,
which should lead to similar significant TROSY effects
on the two configurations, but the TROSY effects are
slightly smaller than that on the backbone amides. The sit-
uation for a Gln side-chain amide is likely to be the same as
for an Asn carboxamide. The simplest way to mimic the
absence of either the E or Z proton is replacing one of
them, but not both, with a deuteron, which has a much
smaller gyromagnetic ratio, then either 15N–1HE{DZ} or
15N–1HZ{DE} isotopomer should behave just like the
backbone 15N–1HN moiety. These semideuterated isotopo-
mers can be most conveniently prepared with NMR sam-
ples in the 50% H2O/50% D2O mixed solvent. Moreover,
signals of semideuterated isotopomers can be exclusively
detected by the TROSY technique and manifest a high sen-
sitivity as those of backbone amides, when broad-band
deuterium decoupling is employed. As shown in Fig. 1, sig-
nificant TROSY effects on both semideuterated isotopo-
mers are observed, but the relative transverse relaxation
rates of the two isotopomers appear different.

Fig. 2 shows histograms of transverse relaxation rates,
R2, of 15N spins of side-chain amides in yCD as measured
with an IS-TROSY-CPMG experiment. Unexpectedly, the
15NHZ{DE} moiety (the Z configuration) relaxes much fas-
ter than the corresponding 15NHE{DZ} moiety (the E con-
figuration), particularly those of ‘‘rigid’’ hydrogen-bonded
ones, Asn 40, Asn 51, Gln 55, Asn 70, Asn 111 and Asn
113. The 15NHZ{DE} moieties of these residues relax about
two times faster than the corresponding 15NHE{DZ} moi-
eties (note that the 1HE resonance of Asn 51 is upfield rel-
ative to the 1HZ resonance). More interestingly, the latter
have similar relaxation rates to the backbone amide. It
should be noted that backbone amides of all Asn/Gln res-
idues are hydrogen bonded, with the sole exception of Gln
12. Dose such a significant difference in relaxation rates be-
tween the two isotopomers reflect a major contribution of
different dynamics? The deuterium relaxation studies per-
formed by Pervushin et al. [26] nicely confirmed the previ-
ous prediction that the E configuration is more flexible
than the Z configuration for a given Asn/Gln side-chain
amide due to the restricted rotational freedom in the latter.
However, this difference in dynamics is too small to ac-
count for the difference in transverse relaxation rates of
the TROSY components as observed in the IS-TROSY-
CPMG experiment. Therefore, the observation in Fig. 2
must stem from the difference in the cancellation between
DD and CSA interactions. Although 15N–1HE and
15N–1HZ bonds are assumed to have the same length
(1.02 Å) for most NMR applications, the 15N–1HE bond is
likely to be 1–2% shorter than the 15N–1HZ bond [49,50],
resulting in up to 4% larger DD interaction and possibly a
10% difference in the TROSY effect. But this is still marginal
to account for the large difference in the relaxation rates.
Then, the only possible explanation is that the angle h for
the 15N–1HE pair is not 30� but smaller. For instance, a
20–25� angle leads to a scaling factor of 0.73–0.83, similar
to that for backbone amides. On the other hand, the corre-
sponding angle for the 15N–1HZ pair will be 140–145� and re-
sult in a scaling factor of 0.38–0.50, about half of that for the
15N–1HE pair. Side-chain amides of the rest Asn/Gln resi-
dues, Q12, N39, Q123, Q143 and Q150, are not hydrogen
bonded. The difference in relaxation rates of these side-
chains is much smaller, because of conformational and
chemical exchange averaging, but still very clear.

Because the above difference in the relaxation properties is
independent of chemical shifts, the measurement can be
directly used for the stereospecific NMR assignment of
Asn/Gln carboxamides. Relaxation rates of semideuterated
isotopomers with the E configuration are similar to that of
the corresponding backbone amides, indicating a similar
TROSY effect and thus justifying the applicability of TRO-
SY-based NMR experiments for the measurement of side-
chain amides. Actually, we have achieved a simultaneous
assignment of both backbone and side-chain amides of
yCD with IS-TROSY-based triple-resonance NMR experi-
ments [51].

3. Conclusions

In this work, we have demonstrated that the TROSY
methodology, which has been very successful in the
NMR detection of backbone amides of large proteins,
can be used for the measurement of side-chain carboxa-
mides of Asn and Gln residues. By using the mixed sol-
vent of 50% H2O/50% D2O and employing deuterium
decoupling, TROSY experiments exclusively detect signals
from semideuterated isotopomers of carboxamide groups
with high sensitivities for proteins of up to 80 kDa. The
strategy has been applied to the 35 kDa yCD, a homodi-
meric protein, which contains 11 Asn and Gln residues
per protomer. This IS-TROSY approach can be readily
incorporated into the existing TROSY-based NMR exper-
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iments for both structural and dynamics studies of side-
chain amides in large proteins. For instance, NOEs
involving side-chain amides are missing in normal TRO-
SY-based NOESY measurements [52–55], but can be re-
stored with the strategy as described in this work. The
strategy can also be readily incorporated into the existing
CPMG-based 15N relaxation dispersion methods [48,56]
for measuring the dynamic properties of this class of
important functional groups.
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